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Abstract

:

Referring to our previous laboratory results related to the tyrosinase and urease inhibition by pyrazolo[4,3-e][1,2,4]triazine sulfonamides, we examined here in silico the mechanism of action at the molecular level of the investigated pyrazolotriazine sulfonamides by the molecular docking method. The studied compounds being evaluated for their cytotoxic effect against cancer cell lines (MCF-7, K-562) and for recombinant Abl and CDK2/E kinase inhibitory potency turned out to be inactive in these tests. The pyrazolotriazines were also investigated with respect to their lipophilicity and plasma protein binding using HPLC chromatography in isocratic conditions. The observed small affinity for plasma proteins could be advantageous in the potential in vivo studies. Moreover, the compounds were sensitive to metabolic transformations with phase I enzymes, which led to the hydroxylation and dealkylation products, whereas phase II transformations did not occur.
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1. Introduction


Among 1,2,4-triazines condensed with a five-membered heterocycle, the pyrazolo [4,3-e][1,2,4]triazine system is a novel scaffold and important source for the construction of bioactive molecules. Moreover, it has been studied less in comparison with the other fused pyrazolotriazines. Its natural derivatives, such as pseudoiodinine, nostocine A and fluviols A-E, have been indicated in the extracellular metabolites of cyanobacterium of the class Pseudomonas fluorescens var. pseudoiodinine [1] and Nostoc spongiaeforme [2]. These compounds inhibit the growth of gram-positive and gram-negative bacteria and exhibit antitumor activity [3]. The lack of significant biological properties in the group of simple substituted pyrazolotriazine derivatives forced further functionalization of the heterocyclic core. The combination of the naturally occurring pyrazolo[4,3-e][1,2,4]triazine ring system with pharmacophore groups enabled the design of higher potential biological activity for new derivatives. An important group among pharmacophores is a sulfonamide moiety characteristic for many chemical compounds used in medicine [4,5]. Its importance stems from the diverse biological activity of such substituted compounds, which includes antibacterial, antimalarial, hypotensive, diuretic, hypoglycemic, antithyroid, antiparasitic, anti-inflammatory and antiglaucomatous properties [6]. The literature reports show that sulfonamides can act as inhibitors of enzymes such as phosphodiesterase type 5 (PDE5) [7], carbonic anhydrase [8,9], tyrosinase [10,11] or cyclin-dependent kinases (CDKs) [12,13]. Furthermore, studies have shown that sulfonamides may exhibit a cytotoxic effect by inhibiting the activity of carbonic anhydrase in tumor cells (CA; EC 4.2.1.1) [14,15,16]. It has been shown that two isoenzymes of carbonic anhydrase, such as CA IX and CA XII, are clearly associated with significant overexpression in many tumors [17,18], and they are involved in key processes associated with the tumor progression and the response to treatment [19].



In order to characterize the structural and electronic parameters—as well as the reactivity and stability parameters—of all investigated compounds 8a–m, theoretical calculations at the DFT level were performed. Our previous pharmacological studies showed that all chiral sulphonamides 8a–j exhibited significant inhibitory activity on mushroom tyrosinase and jack bean urease [20]. Therefore, molecular docking studies were carried out to investigate in silico the affinity for the active sites of protein enzymes selected from the PDB database.



Adsorption distribution and other pharmacokinetic properties of the molecules were considered in the next step of the drug discovery process. The high throughput measurements of membrane interactions and plasma protein binding (PPB) are performed using different chromatography techniques. Reversed phase chromatography on octadecyl (C-18), cholesterol or phosphatidylcholine (immobilized artificial membrane (IAM)) in a stationary phase are used for lipophilicity determination [21]. To evaluate the extent of compound-to-plasma protein binding, HPLC affinity chromatography with immobilized human serum albumin (HSA) and α1-glycoprotein (AGP) is applied [21]. Continuing our research on the chiral pyrazolo[4,3-e][1,2,4]triazine sulfonamides [22], here we will discuss their biological activity, lipophilicity and metabolic transformations. The isocratic HPLC chromatography studies include the assessment of the compounds’ lipophilicity using octadecyl (C-18) and IAM stationary phases, while the extent of compound-to-protein binding was determined in the relation to the human serum albumin (HSA) and α1-glycoprotein (AGP). Moreover, the characterization of molecular structures and electronic parameters of the molecules of all investigated compounds was carried out using the theoretical calculations at the DFT/B3LYP/311++G(d,p) level. Virtual screening by the molecular docking method was performed based on the obtained results of biological tests for analyzed sulfonamides.




2. Results and Discussion


2.1. Chemistry


The multistep synthesis of the target sulfonamides 8a–m is presented in Scheme 1. Briefly, in the first step, oxime 2 was obtained and readily transformed into ketone 3 in a good yield [23,24]. Next, the appropriate hydrazone 4 was prepared as a key intermediate for the preparation of 1H-pyrazolo[4,3-e][1,2,4]triazine 5. The hydrazone 4 could be converted into derivative 5 under conventional heating (10% HCl, EtOH, reflux, 1 h) [25] or under solvent-free reaction conditions, according to our previously published procedure [26]. In the next step, using palladium-catalyzed cross-coupling reaction conditions and 2-ethoxyphenylboronic acid in the presence of copper (I) 3-methylsalicylate derivative 6 furnished in an excellent yield [27]. The chlorosulfonylation reaction of compound 6 in neat chlorosulfonic acid at 0 °C proceeded smoothly and selectively at the 5′-position of the phenyl ring to give the desired product 7 [28] as a key intermediate for the synthesis of the final sulfonamides 8a–m in a high yield.




2.2. Theoretical Calculations


The theoretical calculations at the DFT/B3LYP/311++G(d,p) level for all investigated sulfonamides were carried out in order to characterize the molecular structures and electronic parameters of molecules 8a–m. In addition, theoretical calculations provided the molecular structures of the analyzed molecules for the molecular docking study. The view of molecules 8a–m in conformation obtained after energy minimization and geometric parameter optimization with the vector’s dipole moment is shown in Figure 1.



The conformation of the common pyrazolo[4,3-e][1,2,4]triazine-ethoxybenzene-sulfonamide structural part of the molecules was described by five torsion angles: φ1 = N2–C3–C12–C13, φ2 = C12–C13–O18–C19, φ3 = C13–O18–C19–C20, φ4 = C17–C16–S21–N24 and φ5 = C16–S21–N24–X (Figure 2). The values of these torsion angles are presented in Table 1.



The torsion angle φ1 shows that the pyrazolotriazine and benzene rings were twisted to each other, adopting the gauche conformation for all molecules. The ethoxy substituent of the benzene ring had trans–trans conformation, as shown by the torsion angles φ2 and φ3. The sulfonamide part of molecules 8a–m adopted gauche–gauche conformation, confirmed by torsion angles φ4 and φ5. It should be noted that in all molecules, a very similar conformation of their common structural part was observed, with greater differentiation being observed in the conformation of the sulfonamide fragment, where the torsion angles φ4 and φ5 varied within a range of 33° and 53°, respectively. Moreover, this conformation did not depend on the type of sulfonamide substituent and its chirality. It should be noted that the conformations of 8a–m obtained from theoretical calculations were similar to that observed in the crystalline state for the structurally similar 3-(1,3-dimethyl-1H-pyrazolo[4,3-e][1,2,4]triazin-5-yl)-4-ethoxybenzene-sulfonamide, where the torsion angles φ1, φ2, φ3 and φ4 were 38.1(3)°, 172.94(17)°, 178.53(18)° and −109.85(19)°, respectively [29].



The electronic parameters theoretically calculated for compounds 8a–m in the conformation of the molecules obtained in their minimum energy are presented in Table 2.



For the reactivity and stability descriptors of molecules 8a–m, the frontier orbitals HOMO and LUMO were used. The energies of the HOMO and LUMO orbitals were very similar for all investigated compounds, changing in the range of 9.124 and 2.253 kcal/mol for EHOMO and ELUMO, respectively. It is worth noting that the lowest value of ionization potential of 145.160 kcal/mol and the lowest energy gap ΔE = ELUMO − EHOMO of 82.304 kcal/mol had a compound 8m, while for the other compounds, the energy gap varied within a narrow range from 87.355 kcal/mol for 8l to 89.927 kcal/mol for 8a. The graphical representation of the wave functions of the HOMO and LUMO orbitals for compounds 8a and 8j, exhibiting the highest inhibitory activity among the tested compounds on mushroom tyrosinase and jack bean urease, respectively, is shown in Figure 3. For both molecules, the HOMO orbital was concentrated practically on the pyrazolo[4,3-e][1,2,4]triazine-ethoxybenzenesulfonamide system, while the LUMO orbital was distributed on the atoms of the pyrazolo[4,3-e][1,2,4]triazine ring. A similar distribution of frontier orbitals was observed in the molecules of other compounds. This indicated the clearly similar reactivity and stability of the investigated compounds and their similar behavior under physiological conditions.



Theoretical calculations showed that all molecules were polar with the dipole moment values changing from 6.287 D for 8e to 8.453 D for 8i. The dipole moment vectors were directed in most cases from the ethoxybenzenesulfonamide substituent to the pyrazolo[4,3-e][1,2,4]triazine system (Figure 1). The value and spatial orientation of the dipole moment vector is strictly connected with the net charge distribution on the atoms. The net atomic charges calculated using the NBO method are presented for selected atoms in Table 3. As expected, relatively large negative charges were observed at the nitrogen and oxygen atoms of the pyrazolo[4,3-e][1,2,4]triazine and sulfonamide systems, while the largest positive charge was observed at the sulphur atom. It can be seen that the atomic charges were very similar in all analyzed molecules; however, slight differences were observed in the charge value on the amine nitrogen atom N24, depending on the type of substituent of the sulfonamide group.




2.3. Antiproliferative Activity against Tumor Cell Lines


Scientific reports indicated that some pyrazolo[4,3-e][1,2,4]triazine sulfonamides showed moderate anti-cancer properties and represented new scaffolds of protein kinase inhibitors, which are still of interest for oncological drug discovery, especially because of the emerging resistance to currently used drugs [30,31]. Therefore, cytotoxic activity was suspected for these molecules. We examined the effect of compounds 8a–l on the viability of breast (MCF-7) and leukemia (K-562) cancer cells, the inhibitory potency against protein kinases Abl and CDK2/cyclin E, as well as protein p53 as a tumor suppressor that triggers apoptosis via multiple pathways, including cell cycle arrest and the regulation of autophagy through transactivating proapoptotic genes and repressing antiapoptotic genes. The obtained results are presented in Table 4 as IC50. Unfortunately, none of the compounds expressed cytotoxicity within the tested concentration range.




2.4. Lipophilicity and Protein Affinity


Considering the lack of cytotoxicity against the selected tumor cell lines and against several in vitro tests we undertook for the studies presented above, which were expected to explain the reason for these results, we undertook studies on the detailed analysis of the physicochemical properties of our compound as lipophilicity and protein affinity.



At the beginning, the UV-Vis spectra of compound 8g were made to find out the influence of a pH solution on the electronic structure of the compound and its retention in the chromatographic system. The lack of influence of the pH solution on the electron structure of the compounds was demonstrated. As a pH = 7.4 was recommended for the IAM chromatographic studies, C-18 chromatography evaluation was made at this physiological pH. There were regular changes in the retention of compounds in a function of the organic modifier (MeOH, ACN) content in the mobile phase for both chromatographic systems. That relationship is described by the Soczewiński–Wachtmeister equation [32]:


log k = log kw + S φ



(1)




where φ is the volume fraction of the organic modifier in the mobile phase, log kw is the intercept and S is the slope of the regression curve. Log kw refers to the retention parameter of a compound with pure water as the mobile phase. The S and log kw quantities, estimated by the extrapolation procedure, are commonly applied as lipophilicity descriptors [33,34,35]. The obtained data are presented in Table 5. The estimated log kw values for both phases were significantly different, but they were highly correlated. The relationship between the log kw values is expressed by the following equation:


log kw(IAM) = 0.7821(±0.0545) log kw(RP-18) − 0.6026 (±0.1461)   n = 13, r2 = 0.9493, s = 0.127



(2)







The differences between the log kw(RP-18) and log kw(IAM) values were the result of various interactions of considered pyrazolo[4,3-e][1,2,4]triazine sulfonamides on the octadecyl and IAM phases. Ong and Pidgeon assumed that partitioning was the principal retention mechanism in IAM retention, including both hydrophobic and polar interactions with the solvated layer(s) of the stationary phases and ionizable groups of immobilized phospholipids [36]. The studies showed that the compounds were characterized by weaker affinity to the immobilized phospholipids than to the octadecyl phase. Significant electrostatic interactions with the IAM phase resulted in different retention of compounds and different values of log kw in the IAM phase compared with those obtained using the C-18 one. A similar trend was observed for other pyrazolo[4,3-e][1,2,4]triazines [37]. A significant though relatively stable difference between the log kw values for both phases (Δ log kw in the range of 1–1.3) may suggest that these were the result of mainly heterocycling-sulphonamide moiety interactions (unmodified element of the considered compounds) (Table 5).



The molar refractivity (MR) and the polar surface area (tPSA) were estimated according to the fragmentation method introduced by Crippen [38]. ACD log P was calculated using ACD/Labs methodology [39]. C log P and M log P were estimated for comparison (Table 6). Using the selected methods, the calculated log P values proved to be significantly different but colinear (correlation coefficient r was in the range of 0.93–0.98). Particularly, the Moriguchi estimation of the log P values gave low values. The obtained log P values expressed the lipophilicity changes of the studied set of compounds, but they did not describe the actual octanol-water coefficient distribution value. This phenomenon was observed in some groups of new synthesized and studied compounds as well as applied drugs [40]. The results depended on the algorithm and base data used in the log P calculation [41]. In this group of compounds, the differences were particularly pronounced.



The log P values obtained by the numerical methods C log P and M log P were smaller than log kw—obtained by RP C18 HPLC or IAM chromatography—but they were colinear, which was observed for some groups of compounds [42]. The relationship between log kw and C log P is expressed by the following equation:


Log kw = 0.50818(±0.0539)Clog P + 2.3107 (0.0504)   n = 13, r2 = 0.8898, s = 0.1238



(3)







The obtained chromatographic and numerical data indicated that the lipophilicity of the compounds increased with the increase of the alkyl chain of the substituent at the -SO2N- group. The highest lipophilicity expressed by the chromatographic as well as computational descriptors for the compounds with the leucine moiety was found. Slightly weaker lipophilic character was exhibited by the compounds with the 2-amino-3-methyl-1-hydroxybutyl substituent. The lowest lipophilicity was found for the compounds with amine and two hydroxyl groups (8g, 8h and 8k). Their properties were the result of large polar surface areas (tPSAs) (Table 6). The compounds being the pairs of enantiomers had the identical lipophilic-hydrophilic characterization. The tPSAs of the compounds were on the borderline or above the range indicated as beneficial for potential drugs [43].



The plasma protein affinity of the compounds was analyzed using immobilized human serum albumin (HSA) and α1-glycoprotein (AGP), which are the main blood proteins. Measurements were performed under the isocratic conditions using the propan-2-ol/acetate ammonium buffer at pH = 7.4 (15:85, v/v) as the mobile phase. The log k values of all compounds are presented in Table 7. Based on the calibration curve log K = f(log k) (Equations (4) and (5)) of a set of drugs of the known percentage of protein binding, the log K values of the compounds were calculated. Next, they were converted to a percentage of protein plasma binding (% PPB) [44]. The results are presented in Table 7. They show that the compounds bound poorly to the plasma proteins, particularly to AGP. The calculated pKa values of the compounds and the analysis of various microspecies distributions indicated the molecular forms of the compounds at pH = 7.4 and, therefore, they bound poorly to the proteins [45,46]. In the case of only compound 8m, 4% of the cationic form was found at pH = 7.4. This was associated with the piperazine ring protonation. This was revealed by the greater extent of compound-to-AGP binding. Thus, this confirms a general trend that glicoproteins bind bases better than the other microspecies. The quantitative structure-binding relationship analysis confirmed the positive contribution of lipophilicity in the HSA binding. The compounds of the highest lipophilicity exhibited the strongest affinity for HSA (compounds 8i, 8j and 8m) [46]. The HSA and AGP binding was also largely correlated with the molar refractivity (MR) of the compounds.



Summing up, the above-described chromatographic studies (IAM and RP-18) and the calculated in silico log P values gave very different values of log kw and log P, but they were collinear and described well the lipophilicity changes in the test series of compounds. The studied compounds were characterized by a small affinity for plasma proteins, which could be advantageous in potential in vivo studies.




2.5. Susceptibility to Metabolic Transformation


In looking for the reasons for the poor cytotoxicity of the studied compounds, we also considered their potency to metabolic transformations, which are possible in tumor cells. This metabolism is able to transform active compounds into their less- or non-active metabolites, which would be the case of the investigated agents. Three compounds among the studied pyrazolo[4,3-e][1,2,4]triazine derivatives—8m, 8i and 8j—were selected for the studies on their susceptibility in phases I and II of metabolic transformations, which were performed with rat liver microsomes.



2.5.1. Phase I Metabolism of 8m, 8i and 8j with Rat Liver Microsomes


Phase I metabolism was considered in the first step of the studies on transformations of 8m, 8i and 8j compounds. Each compound was incubated with rat liver microsomes (RLMs) and NADPH as a cofactor of phase I metabolism, and the reaction mixtures were monitored by HPLC analysis with UV-Vis detection. The chromatograms recorded after 60 min of incubation are shown for each compound in Figure 4. The chromatographic peaks were analyzed by their ESI-MS spectra, and the m/z values related to the HPLC bands are presented in Table 8. The UV-Vis spectra of 8m, 8i and 8j and their metabolites obtained with RLM in the presence of NADPH are presented in Figure 5.



After 60 min of incubation with 8m, we observed in Figure 4a two metabolite peaks of very low intensities: P1 at Rt near 17 min and P2 near 19 min, whereas Rt of the substrate was much lower. Analyses of the metabolite spectra also indicated the strong changes in comparison with that of the substrate 8m. Bathochromic shifts were observed in the spectra of both metabolites P1 and P2. Thus, a strong difference in metabolites Rt and the UV-Vis spectra suggest significant modifications in the structure of the heterocyclic part of 8m metabolites. The analysis of their ESI-MS spectra also showed that 8m underwent metabolic transformations to two products: P1 of m/z = 448.1 and P2 of m/z = 404.1 (Table 8). These results indicated a mass of metabolites equal to [448.1 (P1)] = [431.1 (8m) + 16 (O)+ 1 (H+)] and to [404.1(P2)] = [431.1 (8m)—28 (C2H4) + 1 (H+)]. Therefore, the attachment of oxygen atoms and the loss of the ethyl group were postulated, respectively, for the metabolites P1 and P2 of the 8m substrate. The results indicated higher polarity of both 8m metabolites and significant changes in their chromophore structures. Thus, metabolic transformations would occur in the N-methyl piperazinyl substituent as well as in the molecule core. All of these together are suspected to improve the metabolite penetration in the living organism.



Three metabolite peaks of different intensities at Rt near 6.5 min (P3/P6), 9 min (P4/P7) and 13.5 min (P5/P8) were observed after 60 min of 8i and 8j incubation (Figure 4b,c). The UV-Vis spectra of one metabolite of both compounds (P3/P6) were very similar to those of the substrates, whereas the spectra of the next two metabolites—P4, P5 and P7, P8 of the 8i and 8j substrates—were of low intensity. Therefore, significant changes in the structure of the heterocyclic chromophore in these metabolites were proposed. The analysis of the ESI-MS spectra of these compounds showed that 8i and 8j underwent metabolic transformations to three products described by the following m/z values: 465.1, 435.1 and 421.1 (Table 8). This would suggest the attachment of an oxygen molecule in the products [m/z 465.1 (P3/6)] = [448.1 (8i/j) + 16 (O) + 1 (H+)] and the demethylation, for the metabolites [m/z 435.1 (P4/7)] = [448.1 (8i/j)—14 (CH2) + 1 (H+)] as well as the loss of the ethyl group [m/z 421.1 (P5/8)] = [448.1 (8i/j)—28 (C2H4) + 1 (H+)]. The comparison of the described metabolite characteristics indicated that the compounds with long aliphatic chains in 8i and 8j resulted in one more product than 8m. Metabolites P3 and P6 of the chromophore, identical to that of the substrate and higher than that of the substrate polarity, would be the result of hydroxylation without changes in the chromophore. Therefore, it would occur in the aliphatic chain. The next products, P4, P5 and P7, P8, were suspected to be the result of dealkylations. Similar to 8m, more polar hydroxylation products as well as dealkylation metabolites should be suspected not only to be easier in the organism distribution, but also express easier interactions with molecular targets, including serum albumins.




2.5.2. Phase II Metabolism with Rat Liver Microsomes


The compounds 8m, 8i and 8j were also studied in respect to their phase II metabolisms. The incubation with rat liver microsomes was performed in the presence of glucuronyltransferase (UGT) and the cofactor of this enzyme family, UDPGA. As a result, we did not observe any glucuronidation product of 8m, 8i and 8j after 60 min of incubation of these compounds with rat liver microsomes (RLMs) in the presence of UDPGA. The ESI-MS analysis also did not indicate any characteristic mass value increase for glucuronidation product equal to m/z + 176 Da. Therefore, the results demonstrated that none of the studied compounds were the substrate for UGT in RLM.



Finally, the three studied compounds 8m, 8i and 8j were incubated with rat liver microsomes (RLMs) together with two activating cofactors, NADPH and UDPGA, to stimulate both phase I and phase II metabolism. However, only the products of phase I (m/z + 16, m/z − 14 and m/z − 28) were found in the chromatograms with ESI-MS detection. The results indicate that the phase I metabolites did not undergo transformation in the following phase II metabolism in the presence of UGTs.



In conclusion, we proposed similar metabolic pathways of pyrazolo[4,3-e][1,2,4]triazine sulfonamides for compounds 8m, 8i and 8j, which are presented in Figure 6. The studied compounds were sensitive to metabolic transformations with phase I enzymes, which led to oxidized metabolites as hydroxylation and dealkylation products. Phase II transformations were not demonstrated either directly by UGT or upon activation with phase I enzymes. Therefore, the best known detoxification pathway, UGT-mediated glucuronidation, was not observed in the case of the studied compounds. It cannot be excluded that the proposed phase I metabolites were responsible for the deactivation.





2.6. Molecular Docking


The investigated pyrazolo[4,3-e][1,2,4]triazine sulfonamides showed no antiproliferative activity against tumor cell lines in in vitro tests. However, our previous pharmacological studies showed that all chiral sulphonamides 8a–j exhibited significant inhibitory activity on mushroom tyrosinase and jack bean urease [20]. Therefore, the biological activity of 8a–j prompted us to investigate in silico the mechanism of action at the molecular level of the investigated pirazolotriazine sulfonamides by the molecular docking method.



All chiral sulphonamides 8a–j exhibited significant inhibitory activity on mushroom tyrosinase, with IC50 values in the range of 27.9–40.17 μM, comparable to the activity of kojic acid (IC50 = 16.69 μM), which was used as a reference compound in the test [20]. The most active compounds 8j and 8b showed inhibition of tyrosinase at IC50 of 27.9 and 30.76 μM levels, respectively. Moreover, compounds 8a–j were tested for their inhibitory effects on jack bean urease, exhibiting inhibitory activity that changed from an IC50 of 0.037 μM for 8a to 0.084 μM for 8b, better than the activity of reference thiourea with an IC50 value of 20.7 μM [20].



Tyrosinase is the enzyme which is responsible for the synthesis of melanin, a ubiquitous pigment in living organisms. In the crystalline state, Agaricus bisporus mushroom tyrosinase occurs as tetramer H2L2 subunits in complex with its inhibitor tropolone, forming a pre-Michaelis complex with the enzyme and a binuclear copper binding site in H subunit (PDB ID: 2Y9X) [47].



The results of the molecular docking of the most active in vitro testing of 8j and 8b to the binding site of tyrosinase are presented in Figure 7. The ligands 8j and 8b bound to the active site with the values of scoring function ChemPLP of 62.70 and 63.50, respectively. These values were significantly better than the value of 50.14 obtained for the re-docked molecule of tropolone, which indicates a greater affinity of 8j and 8b for the enzyme than that observed for tropolone. The molecule of 8j bound to the binding site of tyrosinase by intermolecular hydrogen bonds N2… C (PHE264A) and C11… O (SER282A), with the distances between interacting atoms being 3.152 and 2.921 Å, respectively.



Moreover, short contacts between the hydroxyl group of (R)-(-)-leucinol substituent and Cu2+ ions with distances of 2.493 and 3.474 Å were observed. The molecule of 8b interacted with the active site of tyrosinase through the O22…C (HIS263A; 3.001 Å) hydrogen bond and, similar to 8j, short contacts to the Cu2+ ions with distances of 2.598 and 2.475 Å were observed.



Urease is a nickel-containing enzyme. Catalyzing the hydrolysis of urea and its inhibitors plays an important role in the therapy of human and plant disorders [20]. For the docking study, the crystal structure of a jack bean urease complex with acetohydroxamic acid, 1,2-ethanediol and two Ni2+ ions in the binding site was used (PDB ID: 4H9M) [48]. Compounds 8a and 8i, being the most active in the test of the inhibitory effect on urease, bound to the active site of this enzyme with ChemPLP values of 77.60 and 66.72, respectively. It should be noted that the redocking of the acetohydroxamic acid molecule gave a relatively smaller ChemPLP value of 39.08, which indicates that the molecules of 8a and 8i fit better to the active site than the molecule of acetohydroxamic acid. The molecule of 8a bound to the active site of urease via O22… O (ASP494A), N1… N (ARG439A), C14… O (ALA636A) and C15… O (ALA636A) hydrogen bonds, with distances between the interacting atoms of 2.980, 2.871, 2.973 and 3.095 Å, respectively. Moreover, the hydroxyl group of (S)-(+)-2-amino-1-propanole substituent interacted with the Ni2+ ions with distances of 2.306 and 2.255 Å between the O atom and Ni2+ ions (Figure 8a). As can be seen in Figure 8b, the molecule of 8i bound to an active site of urease through N1… C (ALA636A; 3.175 Å) but in a different pose than the molecule of 8a with the pyrazolo[4,3-e][1,2,4]triazine ring in the vicinity of Ni2+ ions.



The molecular docking study showed that the compound 8a–j, showing experimentally confirmed activity in the direction of inhibitory effects on mushroom tyrosinase and jack bean urease, had better affinity to these enzymes than their ligands in a crystalline state. The Cu2+ and Ni2+ ions present in the active site of tyrosinase and urease, respectively, were important centers in the interactions of ligands with enzymes.





3. Conclusions


Theoretical calculations performed at the DFT/6-311++G(d,p) level showed that all investigated pyrazol[4,3-e][1,2,4]triazine sulfonamides showed large similarity in structural and electronic parameters (torsion angles, dipole moments and net charge at the atoms), and they were characterized by similar reactivity and stability indexes. Therefore, it can be assumed that they should behave similarly under physiological conditions.



The molecular docking of the most active compound, in the direction of inhibitory effects on mushroom tyrosinase and jack bean urease, revealed that the analyzed compounds had high affinities to the active sites of these enzymes and the Cu2+ and Ni2+ ions in the binding pockets of tyrosinase and urease, respectively, and they may play a key role in the mechanism of these enzymes’ inhibition.



All presented sulfonamides were obtained using a multistep procedure and appeared to be inactive against cancer cell lines. They also did not show kinase inhibitory potency toward Abl or CDK2/cyclin E.



The compounds were characterized by a small affinity for plasma proteins, which could be advantageous in potential in vivo studies. Their lipophilicity may be connected with the large polarities of the molecules, confirmed by large values of dipole moments theoretically calculated for the investigated sulfonamides using the DFT method.



The investigated pyrazolotriazines, being not active against the selected tumor cell lines, were sensitive to metabolic transformations with phase I enzymes, which led to the hydroxylation and dealkylation products, whereas phase II transformations did not occur. It cannot be excluded that the observed phase I metabolites would be responsible for the modification of the final activity of the studied compounds. Moreover, polar metabolites would not only be easier for distribution in the organism, but they would also interact easier with molecular targets, including the selected plasma proteins.




4. Experimental


4.1. Chemistry


4.1.1. Materials and Methods


For preparation and spectroscopic data of compounds 2–7, 8a-8j and 8m, see [20,28,48].




4.1.2. Synthesis of Sulfonamides 8a–m


A mixture of chlorosulfonyl chloride 7 (100 mg, 0.29 mmol) and amine (1 mmol) in anhydrous acetonitrile (5 mL) was stirred overnight at room temperature, and then the reaction mixture was concentrated in vacuo to afford the crude sulfonamide as a yellow solid. The residue was purified on silica gel using a mixture of CH2Cl2:EtOH (25:1) as an eluent to give the titled compounds as a yellow solid.



3-(1,3-dimethyl-1H-pyrazolo[4,3-e][1,2,4]triazin-5-yl)-4-ethoxy-N-(1,3-dihydroxy-2-methyl-propan-2-yl)benzenesulfonamide (8k) yield 89%; m.p. 119–122 °C. 1H NMR (CDCl3): 1.34 (t, 3H, J = 6.8 Hz), 1.39 (s, 3H), 2.69 (s, 3H), 3.79–3.81 (m, 2H), 3.78 (d, 2H, J = 11.6 Hz), 3.98 (d, 2H, J = 11.6 Hz), 4.18 (q, 2H, J = 6.4 Hz), 4.32 (s, 3H), 7.13 (d, 1H, J = 8.8 Hz), 7.98 (dd, 1H, J1 = 8.8 Hz, J2 = 2.4 Hz), 8.27 (d, 1H, J = 2.4 Hz). 13C NMR (CDCl3): 11.04, 14.43, 20.26, 34.82, 58.52, 64.94, 67.61, 112.78, 126.97, 130.48, 131.42, 132.49, 134.56, 142.45, 147.13, 158.42, 160.46. HRMS (ESI, m/z) Calcd for C18H24N6O5S [M+] 436.4921. Found [M+] 436.4926. Anal. Calcd for C18H24N6O5S: C, 49.53; H, 5.54; N, 19.25. Found: C, 49.69; H, 5.70; N, 19.08.



3-(1,3-dimethyl-1H-pyrazolo[4,3-e][1,2,4]triazin-5-yl)-4-ethoxy-N-(1-hydroxy-2-methyl-propan-2-yl)benzenesulfonamide (8l) yield 92%; m.p. 130–132 °C. 1H NMR (CDCl3): 1.35 (t, 3H, J = 6.8 Hz), 1.44 (s, 6H), 2.68 (s, 3H), 3.78 (s, 2H), 4.17 (q, 2H, J = 6.4 Hz), 4.30 (s, 3H), 4.68 (t, 1H, J = 6.4 Hz, OH, exchanged with D2O), 7.13 (d, 1H, J = 8.8 Hz), 7.96 (dd, 1H, J1 = 8.8 Hz, J2 = 2.4 Hz), 8.20 (d, 1H, J = 2.4 Hz). 13C NMR (CDCl3): 11.04, 14.43, 24.60, 34.82, 55.80, 64.94, 70.30, 112.78, 126.97, 130.48, 131.42, 132.49, 134.56, 142.45, 147.13, 158.42, 160.46. HRMS (ESI, m/z) Calcd for C18H24N6O4S [M+] 420.1423. Found [M+] 420.1426. Anal. Calcd for C18H24N6O4S: C, 51.42; H, 5.75; N, 19.99. Found: C, 51.38; H, 5.89; N, 19.85.





4.2. Lipophilicity and Protein Affinity Determination


4.2.1. UV-Vis Spectroscopy


The UV-Vis spectra were recorded in a water (phosphate buffer)–methanol (1:1) solution by means of a UV-160A Shimadzu spectrophotometer. Quartz cuvettes (1 cm) were used for measurements.




4.2.2. RP-18 Chromatography


A Eurosil Bioselect C18 (5 μm, 300 × 4.6 mm) column was used as the stationary phase. The mobile phase consisted of different volume mixtures of methanol and a 20 mM acetate buffer as the aqueous phase to give a pH of 7.4. The methanol concentration ranged from 0.3 to 0.90 (v/v), depending on the structure of the compound, in intervals of 0.05. The flow rate was 1 mL/min at room temperature. The measurements were made at 280 nm. The retention time of an unretained solute (t0) was determined by the injection of a small amount of acetone dissolved in water.




4.2.3. IAM Chromatography


A Rexchrom IAM.PC.DD2 (12 μm, 100 × 4.6 mm, 300 Å) (Regis Technologies) column was used as the stationary phase. The mobile phase consisted of different volume mixtures of acetonitrile and a 20 mM phosphate buffer as the aqueous phase to give a pH of 7.4 (0.02 M KH2PO4, Na2HPO4 and 0.15 M KCl). The acetonitrile concentration ranged from 0.05 to 0.5 (v/v), depending on the structure of compound, at intervals of 0.05. The flow rate was 1 mL min−1 at room temperature. Measurements were made at 280 nm. The retention time of an unretained solute (t0) was determined by the injection of a small amount of citric acid dissolved in water.




4.2.4. Affinity Chromatography


Human serum albumin (HSA) immobilized on the 5 µm, 100 × 3 mm silica gel column (Chiralpac) and an α1-acid glycoprotein (AGP) immobilized on the 5 µm, 100 × 4 mm silica gel column (Chiralpac) were used. The mobile phase was composed of a 50 mM ammonium acetate solution (pH = 7.4) and propan-2-ol at 85/15 (v/v). Its flow rate was 0.5 mL min−1 at room temperature. The measurements were conducted at 280 nm. The retention time of an unretained solute (t0) was determined by the injection of a small amount of citric acid dissolved in water. The log k values for the selected mobile phase were determined for all compounds. The percentage of protein plasma binding (% PPB) values were calculated from the calibration curve according to Valko et al. [35].



HPLC measurements were performed using a Knauer liquid chromatograph (Knauer, Berlin, Germany) with a dual pump and a UV-visible detector.




4.2.5. Calibration of the Protein Columns


The column performance check and calibration were performed before the measurements. The racemic mixture of warfarin was used for their performance evaluation. The following calibration set of drugs was applied: bromazepam, carbamazepine, diclofenac, nicardipine, nizatidine, piroxicam and warfarin for the HSA and bromazepam, imipramine, nicardipine, nizatidine, propranolol and warfarin for the AGP. The drugs were dissolved at a 0.5 mg/mL concentration in a 50% propan-2-ol and ammonium acetate solution (pH = 7.4) mixtures. The log k values of the drugs were determined under the assumed conditions. The obtained log k values from HPLC were plotted against the calculated log K values (K = binding equilibrium constant and log K = linearized PPB), based on the literature data for plasma protein binding (% PPB).



The following relationships were obtained:


log KHSA = 0.377 + 1.011 log kHSA; r2 = 0.947; s = 0.190



(4)






log KAGP = 0.231 + 0.926 log kAGP; r2 = 0.940; s = 0.156



(5)







The calculated log K values of the compounds were transformed to HSA and AGP bindings (% PPB) [44].




4.2.6. Computational Methods


The tPSA values and molar refractivity CMR were calculated using the ChemDraw Ultra 10.0, according to the fragmentation method introduced by Crippen [39]. The Moriguchi estimation of log P was made using the MedChem Designer (TM) version 3.0.0.30 (Simulations Plus, Inc.) and ACD log P using ACD/ChemSketch of ACD/Labs [39]. The pKa values were calculated using MarvinSketch 19.9 (ChemAxon Ltd., Lublin, Poland). Statistics 7.1 (StatSoft, Inc., Lublin, Poland) was used for the statistical analysis.





4.3. Metabolic Transformation


4.3.1. Chemicals


The following chemicals were obtained from Merck KGaA (Darmstadt, Germany): methanol (gradient grade for liquid chromatography), HEPES, NADPH and UDPGA. The ammonium formate was from Fisher Scientific (Loughborough, UK). All other chemicals and solvents were of the highest purity available.




4.3.2. Enzymes


Rat-pooled liver microsomes (RLMs) (20 mg of microsomal protein per mL) were purchased from Tebu-Bio (Le Perray-En-Yvelines, France).




4.3.3. Methods


Metabolism with Phase I Enzymes in Rat Liver Microsomes


The RLMs (2 mg/mL of protein) were assayed for activity toward tested compounds as follows. The proteins were incubated in a buffer containing 0.1 M HEPES (pH 7.4) and 2 mM MgCl2 with either 0.05 mM substrate in a total volume of 70 µL. The substrates were also added in the buffer HEPES, with a pH of 7.4. Reactions were started by the addition of NADPH (2 mM) and were incubated for a specified time at 37 °C. The reactions were stopped by the addition of 8.75 µL of 1 M HCl, followed by centrifugation at 13,400 rpm for 10 min to pellet the denatured protein. The supernatant fractions were used for high-performance liquid chromatography (HPLC analysis). Control reactions omitting the substrate were run with each assay. All incubations were performed in two repetitions.




Metabolism with Phase II, UGT and Enzymes in Rat Liver Microsomes


The RLMs (2 mg/mL of protein) were assayed for activity toward the tested compounds as follows. The proteins were incubated in a buffer containing 0.1 M HEPES (pH 7.4) and 2 mM MgCl2 with either 0.05 mM substrate in a total volume of 70 µL. Substrates were also added in the buffer HEPES with a pH of 7.4. Reactions were started by the addition of UGPGA (5 mM) and were incubated for a specified time at 37 °C. The reactions were stopped by the addition of 8.75 µL of 1 M HCl, followed by centrifugation at 13,400 rpm for 10 min to pellet the denatured protein. The supernatant fractions were used for high-performance liquid chromatography (HPLC analysis). Control reactions omitting the substrate were run with each assay. All incubations were performed in two repetitions.




Metabolism with Phase I (NADPH) and Phase II (UDPGA) Enzymes in Rat Liver Microsomes


The RLMs (2 mg/mL of protein) were assayed for activity toward the tested compounds as follows. The proteins were incubated in a buffer containing 0.1 M HEPES (pH 7.4) and 2 mM MgCl2 with either 0.05 mM substrate in a total volume of 70 µL. The substrates were also added in a buffer of HEPES with a pH of 7.4. Reactions were started by the addition of NADPH (2 mM) and UGPGA (5 mM) and were incubated for a specified time at 37 °C. The reactions were stopped by the addition of 8.75 µL of 1 M HCl, followed by centrifugation at 13,400 rpm for 10 min to pellet the denatured protein. The supernatant fractions were used for high-performance liquid chromatography (HPLC analysis). Control reactions omitting the substrate were run with each assay. All incubations were performed in two repetitions.





4.3.4. HPLC UV-Vis Analysis


HPLC analyses of the supernatants were performed using an LC-2040C 3D HPLC system and the LabSolution software package (Shimadzu, Kioto, Japonia). Samples were separated using a reversed-phase 5 μm Suplex pKb-100 analytical column (0.46 × 25 cm, C18) (Supelco, Bellefonte, PA, USA) warmed to 25 °C. The analyses were performed at a flow rate of 1 mL/min with the two following mobile phase systems, listed individually for the studied compounds.



For the 8m compound, a linear gradient from 15% to 60% methanol was used in an ammonium formate buffer (0.05 M, pH 3.4) for 20 min, followed by a linear gradient from 60% to 100% methanol in ammonium formate for 10 min. The column was then re-equilibrated at the initial conditions for 10 min between runs. The elution of each metabolite was monitored at 380 nm.



For the 8i/j compound, a linear gradient from 50% to 100% methanol was used in an ammonium formate buffer (0.05 M, pH 3.4) for 30 min. The column was then re-equilibrated at the initial conditions for 10 min between runs. The elution of each metabolite was monitored at 380 nm.




4.3.5. Liquid Chromatography–Tandem Mass Spectrometry Analysis


HPLC–tandem mass spectrometry analyses of the products were performed by electrospray ionization (ESI) with positive ion detection and an LCMS-2020 mass spectrometer (Shimadzu, Kioto, Japonia). Samples were separated according to the procedure described under HPLC UV-Visible Analysis.





4.4. Theoretical Calculations


The energy, geometrical and electronic parameters (torsion angles, frontier orbitals, dipole moments and NBO net charge distributions on the atoms) for all investigated compounds were obtained after energy minimization and geometry optimization of molecules 8a–m with GAUSSIAN 03 [49] at the DFT/B3LYP/6-311++G(d,p) level. The initial geometries were built de novo using the semiempirical method AM1, implemented in the HyperChem ver. 8.0.10 package [50]. The visualization of theoretical calculation results was performed using GaussView [51]. Calculations were carried out at the Academic Computer Centre in Siedlce.




4.5. Molecular Docking


The crystal structures of tyrosinase from Agaricus bisporus in complex with tropolone (PDB ID: 2Y9X) [47] and jack bean urease in complex with acetohydroxamic acid (PDB ID: 4H9M) [48], downloaded from Protein Data Bank, were used in a molecular docking procedure carried out for 8a, 8b, 8i and 8j using the GOLD Suite v. 5.8.1 software [46]. The enzyme preparation, including the addition of hydrogens, removal of water molecules and extraction of original ligand from the protein binding site, were done with the GOLD default settings. The binding site of the tropolone molecule in the crystal structure of tyrosinase and the acetohydroxamic acid molecule in the crystal structure of urease were used as the active sites, with a selection of atoms within 6 Å in the molecular docking of the investigated ligands. The tropolone and acetohydroxamic acid, as reference ligands, were removed from the X-ray structures of their protein–ligand complexes and docked back into their binding sites with the RMS values of 2.875 and 1.713 Å, respectively. The docking stimulations were run with the default parameters of GOLD, and the docked ligand was kept flexible, but the amino acid residues of the enzyme were held rigid. The number of dockings to be performed on each ligand was 10, starting each time from a different ligand conformation. The results of the different docking runs were ranked by fitness score. The pose with the best value of the scoring function was used to analyze the ligand interaction with the active site of the enzyme. The ChemPLP scoring function was used to evaluate the degree of ligand fit to the active site. ChemPLP is an empirical fitness function optimized for pose prediction, which is used to model the steric complenmentarity between the protein and the ligand [52,53]. The analysis of interactions between amino acid residues and the ligand was performed using Hermes v. 1.10.5 [52].




4.6. Cell Cultures


Detailed descriptions can be found in [54,55].




4.7. MTT Assay


The assay was performed according to the method described in [54,55].




4.8. Kinase Inhibition Assay


Kinase assays were performed according to the established protocols [55,56,57].
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Scheme 1. Synthetic pathway to the sulfonamides 8a–i. Reagents and conditions include (a) CH3CH2NO2, KOH, DMSO, 2 h, 80–86%; (b) Na2S2O4, H2O/dioxane, rt, 12 h, 55–65%; (c) CH3NH-NH2, PTSA, EtOH, rt, 1 h, 50–55%; (d) method A: 10% HCl, EtOH, reflux, 1 h, 58–61%; method B: PTSA, 140 °C, 1 min, 61%; (e) ethoxyphenylboronic acid, Pd(PPh3)4, CuMeSal, THF, Ar, reflux, overnight, 75–80%; (f); ClSO3H, 0 °C to rt, 2 h, 75–95%; and (g) appropriate amine, anhydrous MeCN, rt, overnight, 72–93%. 
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Figure 1. Molecules 8a–m with the vector’s dipole moment in the low-energy conformation obtained from calculations at the DFT/B3LYP/6-311++G(d,p) level. 
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Figure 2. The numbering of the atoms and the definition of the torsion angles φ1, φ2, φ3, φ4 and φ5, describing the conformation of the pyrazolo[4,3-e][1,2,4]triazine-ethoxybenzene-sulfonamide part of molecules 8a–m. 
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Figure 3. Graphical representation of the HOMO and LUMO orbitals for 8a and 8j, as calculated using the DFT/B3LYP/6-311++G(d,p) method. 
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Figure 4. Metabolism of 8m (a), 8i (b) and 8j (c) with rat liver microsomes (RLMs) and NADPH as cofactors. Representative HPLC chromatograms of the incubations of 0.05 mM 8m, 8i and 8j at 37 °C with 2 mg/mL of RLM in the presence of 2 mM NADPH. 
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Figure 5. UV-Vis spectra of the metabolites of 8m (a), 8i (b) and 8j (c) formed with RLM and NADPH. Spectra were recorded directly during HPLC analysis by means of a multidiode array detector in an ammonium formate pH 3.4/methanol mobile phase. 






Figure 5. UV-Vis spectra of the metabolites of 8m (a), 8i (b) and 8j (c) formed with RLM and NADPH. Spectra were recorded directly during HPLC analysis by means of a multidiode array detector in an ammonium formate pH 3.4/methanol mobile phase.



[image: Applsci 11 02660 g005]







[image: Applsci 11 02660 g006 550] 





Figure 6. The proposed metabolic pathways of compounds 8m, 8i and 8j. 
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Figure 7. A view of the interaction of (a) 8j and (b) 8b with amino acids of the binding site in mushroom tyrosinase. 
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Figure 8. A view of the interaction of (a) 8a and (b) 8i with amino acids of the binding site in jack bean urease. 
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Table 1. The torsion angles φ1, φ2, φ3, φ4 and φ5 (°) calculated at the DFT/B3LYP/311++G(d,p) level for 8a–m.
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	Comp.
	φ1
	φ2
	φ3
	φ4
	φ5





	8a
	48.34
	−176.79
	177.69
	−61.88
	−86.87



	8b
	48.12
	−176.14
	177.58
	−79.54
	−65.17



	8c
	48.49
	−176.67
	177.30
	−71.34
	−91.70



	8d
	48.27
	−176.62
	177.40
	−73.26
	−105.64



	8e
	48.38
	−175.89
	177.14
	−82.67
	−64.24



	8f
	47.82
	−176.36
	177.66
	−74.63
	−92.87



	8g
	48.02
	−176.50
	177.62
	−70.19
	−91.80



	8h
	48.24
	−176.20
	178.03
	−84.06
	−65.37



	8i
	48.12
	−175.91
	177.43
	−77.67
	−52.71



	8j
	48.21
	−175.98
	177.62
	−76.04
	−62.26



	8k
	48.82
	−176.71
	177.24
	−57.63
	−86.19



	8l
	48.99
	−176.38
	177.10
	−56.25
	−93.33



	8m
	−47.34
	−176.31
	178.33
	−89.01
	69.02










[image: Table] 





Table 2. Total energy ET (kcal/mol.), dipole moment MD (D), energy of HOMO, EHOMO, LUMO, ELUMO, orbitals (kcal/mol) and ΔE = ELUMO − EHOMO (kcal/mol) for 8a–m calculated at the DFT/B3LYP/6-311++G(d,p) level.
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	Comp.
	ET
	MD
	EHOMO
	ELUMO
	ΔE





	8a
	−1,059,794.579
	7.896
	−154.284
	−64.357
	89.927



	8b
	−1,059,793.306
	7.177
	−151.234
	−62.386
	88.848



	8c
	−1,109,145.745
	7.857
	−153.795
	−64.086
	89.709



	8d
	−1,109,143.310
	6.350
	−153.380
	−64.024
	89.356



	8e
	−1,059,794.523
	6.287
	−153.619
	−64.363
	89.256



	8f
	−1,059,795.508
	7.522
	−153.631
	−63.905
	89.726



	8g
	−1,107,011.827
	7.035
	−153.387
	−63.579
	89.808



	8h
	−1,107,007.271
	7.434
	−151.253
	−63.114
	88.139



	8i
	−1,133,819.771
	8.453
	−155.050
	−65.474
	89.576



	8j
	−1,133,818.278
	6.853
	−151.467
	−62.738
	88.729



	8k
	−1,131,683.174
	8.171
	−152.809
	−64.639
	88.170



	8l
	−1,084,469.221
	7.549
	−150.193
	−62.838
	87.355



	8m
	−1,095,904.170
	6.682
	−145.160
	−62.856
	82.304
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Table 3. Net atomic charges (e) on the selected atoms in the pyrazolo[4,3-e][1,2,4]triazine-ethoxybenzene-sulfonamide part of molecules 8a–m, calculated using the NBO method at the DFT/B3LYP/6-311++G(d,p) level.
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	Atom
	8a
	8b
	8c
	8d
	8e
	8f
	8g
	8h
	8i
	8j
	8k
	8l
	8m





	N1
	−0.202
	−0.208
	−0.202
	−0.202
	−0.202
	−0.202
	−0.202
	−0.202
	−0.201
	−0.208
	−0.201
	−0.202
	−0.203



	N2
	−0.232
	−0.229
	−0.232
	−0.231
	−0.231
	−0.231
	−0.232
	−0.231
	−0.231
	−0.229
	−0.231
	−0.231
	−0.231



	C3
	+0.378
	+0.378
	+0.378
	+0.378
	+0.378
	+0.378
	+0.377
	+0.380
	+0.378
	+0.378
	+0.380
	+0.381
	+0.379



	N4
	−0.412
	−0.410
	−0.412
	−0.413
	−0.413
	−0.416
	−0.416
	−0.412
	−0.414
	−0.412
	−0.414
	−0.413
	−0.413



	C5
	+0.113
	+0.113
	+0.113
	+0.113
	+0.113
	+0.113
	+0.113
	+0.113
	+0.113
	+0.113
	+0.112
	+0.112
	+0.113



	C6
	+0.318
	+0.322
	+0.318
	+0.318
	+0.318
	+0.318
	+0.318
	+0.317
	+0.318
	+0.322
	+0.317
	+0.317
	+0.317



	N7
	−0.226
	−0.231
	−0.226
	−0.226
	−0.226
	−0.226
	−0.226
	−0.226
	−0.225
	−0.232
	−0.226
	−0.225
	−0.225



	N8
	−0.235
	−0.235
	−0.235
	−0.235
	−0.234
	−0.235
	−0.235
	−0.235
	−0.234
	−0.235
	−0.235
	−0.236
	−0.235



	C9
	+0.157
	+0.159
	+0.157
	+0.157
	+0.157
	+0.158
	+0.158
	+0.156
	+0.157
	+0.159
	+0.156
	+0.156
	+0.157



	O18
	−0.537
	−0.539
	−0.537
	−0.536
	−0.537
	−0.535
	−0.536
	−0.538
	−0.538
	−0.539
	−0.538
	−0.540
	−0.530



	S21
	+2.207
	+2.227
	+2.212
	+2.217
	+2.217
	+2.209
	+2.209
	+2.220
	+2.225
	+2.230
	+2.224
	+2.219
	+2.238



	O22
	−0.904
	−0.913
	−0.907
	−0.911
	−0.913
	−0.907
	−0.961
	−0.913
	−0.913
	−0.914
	−0.908
	−0.915
	−0.917



	O23
	−0.952
	−0.925
	−0.950
	−0.950
	−0.921
	−0.952
	−0.959
	−0.927
	−0.940
	−0.927
	−0.962
	−0.931
	−0.920



	N24
	−0.875
	−0.890
	−0.885
	−0.893
	−0.865
	−0.874
	−0.886
	−0.875
	−0.896
	−0.895
	−0.916
	−0.913
	−0.750










[image: Table] 





Table 4. Inhibition of protein kinase and antiproliferative activity of sulfonamide derivatives of pyrazolo[4,3-e][1,2,4]triazines (8a–l) after 24 h of incubation.
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Compd.

	
MTT Assay, IC50 (µM) a




	
CDK2/E

	
Abl

	
K562

	
MCF-7

	
p53






	
8a

	
>100

	
>100

	
>100

	
>100

	
>100




	
8b

	
>100

	
>100

	
>100

	
>100

	
>100




	
8c

	
>100

	
>100

	
>100

	
>100

	
>100




	
8d

	
>100

	
>100

	
>100

	
>100

	
>100




	
8e

	
>100

	
>100

	
>100

	
>100

	
>100




	
8f

	
>100

	
>100

	
>100

	
>100

	
>100




	
8g

	
>100

	
>100

	
>100

	
>100

	
>100




	
8h

	
>100

	
>100

	
>100

	
>100

	
>100




	
8i

	
>100

	
>100

	
>100

	
>100

	
>100




	
8j

	
>100

	
>100

	
>100

	
>100

	
>100




	
8k

	
>100

	
>100

	
>100

	
>100

	
>100




	
8l

	
>100

	
>100

	
>100

	
>100

	
>100




	
chlorambucil

	
n.a.

	
n.a.

	
84 ± 6

	
97 ± 2

	




	
imatinib

	
>100

	
0.3

	
13 ± 2

	
n.a.

	




	
roscovitine

	
0.1

	
>100

	
42

	
11

	








a Data represent the mean ± SD of each compound from four independent experiments.
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Table 5. The lipophilicity parameters of compounds (log k w(RP−18) and –S values (Equation (1)) obtained by RP-18 and immobilized artificial membrane (IAM) HPLC chromatography (pH = 7.4).
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No.

	
RP-18 HPLC, pH = 7.4

	
IAM HPLC, pH = 7.4

	
Δ log kw




	
S

	
log kw

	
r2

	
n

	
φ

	
S

	
log kw

	
r2

	
n






	
8a

	
4.8991

	
2.5078

	
0.9967

	
13

	
30–90

	
6.0158

	
1.3981

	
0.9879

	
10

	
1.1097




	
8b

	
4.8457

	
2.4918

	
0.9977

	
13

	
30–90

	
5.8731

	
1.3369

	
0.9929

	
10

	
1.1549




	
8c

	
5.1604

	
2.9189

	
0.998

	
11

	
40–90

	
5.7249

	
1.6166

	
0.9924

	
8

	
1.3023




	
8d

	
4.9656

	
2.8108

	
0.9957

	
10

	
40–85

	
5.7839

	
1.6304

	
0.9913

	
8

	
1.1804




	
8e

	
4.7800

	
2.5211

	
0.9862

	
13

	
30–90

	
5.5150

	
1.3230

	
0.9951

	
10

	
1.1981




	
8f

	
4.8777

	
2.5295

	
0.9963

	
13

	
30–90

	
5.9269

	
1.3995

	
0.9870

	
10

	
1.1300




	
8g

	
4.6290

	
2.1677

	
0.9905

	
13

	
30–90

	
5.1630

	
1.0874

	
0.9867

	
9

	
1.0803




	
8h

	
4.7517

	
2.2397

	
0.9892

	
12

	
30–85

	
5.3347

	
1.1156

	
0.9903

	
10

	
1.1241




	
8i

	
5.6107

	
3.3825

	
0.9963

	
11

	
40–90

	
6.6527

	
2.0414

	
0.9829

	
9

	
1.3411




	
8j

	
5.6704

	
3.2371

	
0.9960

	
10

	
40–85

	
6.1622

	
1.9301

	
0.9925

	
8

	
1.3070




	
8k

	
4.8948

	
2.4162

	
0.9954

	
12

	
30–85

	
5.4320

	
1.2184

	
0.9908

	
10

	
1.1978




	
8l

	
5.0611

	
2.7706

	
0.994

	
11

	
35–85

	
5.7380

	
1.5155

	
0.9901

	
9

	
1.2551




	
8m

	
3.7686

	
2.5756

	
0.9984

	
7

	
30–85

	
5.1248

	
1.5911

	
0.9816

	
6

	
0.9845
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Table 6. The molecular descriptors (a) of the compounds calculated in silico.
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	No.
	HBDH
	M log P
	Clog P
	ACD log P
	tPSA
	CMR
	pK a





	8a
	2
	0.435
	0.299
	1.46
	132.12
	10.27
	1.01



	8b
	2
	0.435
	0.299
	1.46
	132.12
	10.27
	1.01



	8c
	2
	0.905
	1.227
	2.34
	132.12
	11.19
	1.01



	8d
	2
	0.905
	1.227
	2.34
	132.12
	11.19
	1.01



	8e
	2
	0.435
	0.299
	1.46
	132.12
	10.27
	1.01



	8f
	2
	0.435
	0.299
	1.46
	132.12
	10.27
	1.01



	8g
	3
	−0.289
	−0.157
	0.50
	152.35
	10.42
	1.01



	8h
	3
	−0.289
	−0.157
	0.50
	152.35
	10.42
	1.01



	8i
	2
	1.132
	1.755
	2.87
	132.12
	11.66
	1.01



	8j
	2
	1.132
	1.755
	2.87
	132.12
	11.66
	1.01



	8k
	3
	−0.051
	0.248
	1.28
	152.35
	10.88
	1.01



	8l
	2
	0.672
	0.698
	1.81
	132.12
	10.73
	1.01



	8m
	0
	0.905
	1.122
	2.27
	102.54
	11.23
	1.01/5.96







a HBDH = the number of hydrogen bond donor protons; MlogP = the Moriguchi estimation log P; C log P; ACD log P = log P calculated using the ACD/Labs algorithm; tPSA = the polar surface area; CMR = the molar refractivity; and pKa = log Ka.
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Table 7. The log k values of the compounds obtained using the human serum albumin (HSA) and α1-glycoprotein (AGP) columns, with the log K values obtained from a calibration curve (log binding equilibrium constant) and calculated % plasma protein binding (% PPB) (% HSA, % AGP).
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HSA

	
AGP




	
log kHSA

	
log KHSA

	
% HSA

	
log kAGP

	
log KAGP

	
% AGP






	
8a

	
−0.78.4

	
−0.420

	
27.8

	
−1.841

	
−1.647

	
2.3




	
8b

	
−0.822

	
−0.459

	
26,1

	
−0.6199

	
−0.396

	
28.9




	
8c

	
−0.442

	
−0.075

	
46.1

	
−0.519

	
−0.293

	
34.1




	
8d

	
−0.782

	
−0.418

	
27.9

	
−0.483

	
−0.257

	
36.0




	
8e

	
−2.052

	
−1.702

	
2.0

	
−0.966

	
−0.751

	
15.2




	
8f

	
−1.771

	
−1.418

	
3.7

	
−0.986

	
−0.771

	
14.6




	
8g

	
−0.926

	
−0.564

	
21.6

	
−0.762

	
−0.543

	
22.5




	
8h

	
−1.248

	
−0.890

	
11.5

	
−1.675

	
−1.477

	
3.3




	
8i

	
−0.205

	
0.165

	
60.0

	
−0.297

	
−0.066

	
46.6




	
8j

	
−0.186

	
0.1831

	
61.0

	
−0.384

	
−0.155

	
41.6




	
8k

	
−0.917

	
−0.555

	
22.0

	
−1.646

	
−1.447

	
3.5




	
8l

	
−0.694

	
−0.329

	
32.2

	
−0.494

	
−0.268

	
35.4




	
8m

	
−0.197

	
0.173

	
60.4

	
−0.222

	
0.010

	
51.0
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Table 8. ESI-MS m/z obtained after 8m, 8i and 8j metabolism with rat liver microsomes (RLMs) and NADPH as cofactors.






Table 8. ESI-MS m/z obtained after 8m, 8i and 8j metabolism with rat liver microsomes (RLMs) and NADPH as cofactors.





	
Compd.

	
ESI-MS m/z






	
8m

	
432.1

	
[8m + H+]




	
P1

	
448.1

	
[8m + 16 + H+]




	
P2

	
404.1

	
[8m-28 + H+]




	
8i

	
449.1

	
[8i + H+]




	
P3

	
465.1

	
[8i + 16 + H+]




	
P4

	
435.1

	
[8i-14 + H+]




	
P5

	
421.1

	
[8i-28 + H+]




	
8j

	
449.1

	
[8j + H+]




	
P6

	
465.1

	
[8j + 16 + H+]




	
P7

	
435.1

	
[8j-14 + H+]




	
P8

	
421.1

	
[8j-28 + H+]
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