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Abstract

:

Multidrug resistance of bacteria is a worrying concern in the therapeutic field and an alternative method to combat it is designing new efflux pump inhibitors (EPIs). This article presents a molecular study of two quinazoline derivatives, labelled BG1189 and BG1190, proposed as EPIs. In silico approach investigates the pharmacodynamic and pharmacokinetic profile of BG1189 and BG1190 quinazolines. Molecular docking and predicted ADMET features suggest that BG1189 and BG1190 may represent attractive candidates as antimicrobial drugs. UV-Vis absorption spectroscopy was employed to study the time stability of quinazoline solutions in water or in dimethyl sulfoxide (DMSO), in constant environmental conditions, and to determine the influence of usual storage temperature, normal room lighting and laser radiation (photostability) on samples stability. The effects of irradiation on BG1189 and BG1190 molecules were also assessed through Fourier-transform infrared (FTIR) spectroscopy. FTIR spectra showed that laser radiation breaks some chemical bonds affecting the substituents and the quinazoline radical of the compounds.
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1. Introduction


The rise of multidrug resistance (MDR) of bacteria is a worldwide health problem, as hundreds of thousands of people die every year from bacterial infections. If actions are not taken, it is estimated that in less than 30 years, MDR bacteria will cause more deaths than cancer [1,2].



Different types of mechanisms are involved in the MDR acquired by bacteria: an accumulation of genes coding for single drug resistance or expelling medicines out of the bacteria through multidrug efflux pumps [3,4]. Efflux pumps are proteins located in bacterial membranes and their role is to extrude xenobiotics, preventing their accumulation inside the cells [5,6]. These transporters can mediate the bacterial resistance to a wide range of medicines. Efflux-pump mediated resistance is a major problem not only in fighting bacterial infections but also in the chemotherapy of cancer [7,8,9].



Considering the weak development of new antibiotics active in Gram-negative bacteria, alternative approaches in fighting resistance mechanisms must be investigated. One alternative is designing new chemosensitizers for combinational therapy with antibiotics which are sensitive to bacterial resistance process that can bypass the resistance mechanism and restore the bacterial susceptibility [10,11,12,13]. Over the years, several molecules were investigated with the purpose of inhibiting the efflux pumps of bacteria. First efflux pump inhibitor (EPI) described to inhibit multiple resistance-nodulation-division (RND) transporters from Pseudomonas aeruginosa was labelled MC-207,100 and now is known as PAβN (Phe-Arg-β-naphthylamide) [14,15]. Furthermore, a wide range of compounds was attested as EPIs. They can be natural, chemically synthesized, or semi-synthetic compounds, derived from existing EPIs [13]. The compounds studied in this article are part of the fully synthetic class.



Several series of quinazoline derivatives were tested for their ability to inhibit the activity of the efflux pumps in a panel of Gram-negative bacteria. Among them, 3-[3-(dimethylamino)propyl]-6-nitroquinazolin-4(3H)-one and 6-nitro-3-[2-(pyrrolidin-1-yl)ethyl]quinazolin-4(3H)-one, labelled BG1189 and BG1190, respectively, enhanced the activity of chloramphenicol against several Gram-negative isolates [16].



In this study, we evaluated the drug-likeness of quinazoline derivatives BG1189 and BG1190 by applying drug-like rules: Lipinski, Ghose and Veber [17,18,19]. Solubility, molecular weight or molar refractivity are properties that can indicate if a chemical compound has “drug-like” proprieties or not. Besides importance in “drug-like”, lipophilicity can be an indicator of antimicrobial activity. A coefficient of partition between octanol and water (log Po/w) with values between 1 and 2 is associated with high antimicrobial activity [20]. Pharmacokinetics of the two quinazoline derivatives were also predicted using in silico approaches.



Since these compounds are active on bacteria overexpressing the AcrAB–TolC pump, it is concluded that they inhibit the pump activity [16,21]. AcrB subunit of AcrAB–TolC drug export complex, is the active subunit of the complex and is well-characterized in Gram-negative bacteria [6,22].



To evaluate the mechanism of action of BG1189 and BG1190 we have used the crystal structure of the AcrB subunit from multidrug efflux pump (PDB code: 5NC5) from Escherichia coli K-12 [23].



It was important to define the stability of the compounds before considering them for biomedical applications. The characteristics can vary under the influence of natural or artificial environmental factors and we should know for how long is it safe to keep them for a possible future utilization [24].



Time stability studies of quinazoline derivatives solutions were performed in constant environmental conditions (constant temperature and illumination), but also in variable environmental factors, analyzing the influence of usual storage temperature, normal room lighting and laser radiation (photostability). Photostability analyses first give information about the dose of radiation (normal room lighting or laser radiation) a medicine may be exposed to, without changing its properties and secondly may establish the illumination conditions needed to modify the molecules in order to create photoproducts with enhanced antimicrobial activity. Studies showed that exposing a medicine to UV-Vis radiation may alter its structure; the laser radiation, due to specific properties (wavelength and high energy), modifies medicines’ molecules in solutions, faster than incoherent radiation [25]. Laser modification of molecules and formation of derivatives was studied on different classes of compounds: phenothiazines [26,27,28,29,30], antibiotics [31], hydantoin derivatives [32,33], and ecdysteroids [34].



This study presents an overview of the spectral characteristics of two quinazoline derivatives previously designed as potential EPIs. It also intends to provide an insight into their stability and photostability in different environmental conditions. Moreover, using computational approaches, we evaluated the pharmacokinetic and pharmacodynamic profiles of quinazoline derivatives.




2. Results and Discussion


2.1. Pharmacokinetic Profile


BG1189 and BG1190 molecules fitted in with drug-like rules Lipinski, Ghose and Veber showed that both compounds respect all the applied rules. Based on these results, we can say that both BG1189 and BG1190 could be administrated as drugs. Drug-like rules validation for both derivatives and molecular descriptor predicted values are presented in Table 1.



We have analyzed ADMET features and compared them with norfloxacin. In silico ADMET results showed that BG1189 and BG1190 present high water solubility and high intestinal absorption, similar to norfloxacin.



Caco2 permeability reflected the ability of the compound to be absorbed by the intestinal cells. BG1189 and BG1190 permeability is lower than the antibiotic, but both derivatives have a higher predicted VDs’ value which indicates that they are expected to be distributed in tissue. Both molecules have a higher unbound fraction than norfloxacin, suggesting that these quinazoline derivatives diffuse or traverse easier in the cell membrane than norfloxacin. Total clearance of the new compounds is higher than norfloxacin total clearance. Norfloxacin and BG1189 are not Renal OCT2 substrate, so those drugs are not transported via OCT2. Regarding toxicity, BG1189, BG1190 and norfloxacin present similar hepatoxicity and rat LD50. BG1189 and BG1190 are both hERG II inhibitors (Table 2).




2.2. Pharmacodynamic Profile


2.2.1. Lipophilicity Evaluation


BG1189 and BG1190 lipophilicity or hydrophobicity evaluation indicate a LogP(o/w) predicted value close to 1. This suggests a high antimicrobial activity of these compounds [20]. Values are presented in Table 1 as MlogPo/w and WlogPo/w.




2.2.2. Molecular Docking


Low free energy of binding is correlated with high biological activity; a molecule is considered to have no biological activity if its binding energy is higher than −6 kcal/mol [35].



Molecular docking results indicate that the two quinazoline derivatives present a low estimated free energy of binding (EFEB) on the AcrB subunit of the multidrug efflux pump (Table 3).



The lowest EFEB is between BG1190 and the AcrB subunit, namely −8.21 kcal/mol (Figure 1e and Table 3). In both predicted cases, the compounds have a different binding situs from the allosteric one (Figure 1). The quinazoline derivatives are binding in the pocket domain [22] of AcrB, as well as puromycin antibiotic from the crystalized structure (Figure 1). This region actively presents the substrate to TolC tunnel for final expel [22].





2.3. Spectral Characterization


2.3.1. Stability Study Using UV-Vis Absorption Spectroscopy


The stability of quinazoline derivatives was monitored under constant environmental conditions by recording the UV-Vis absorption spectra. The absorption spectra of the BG1189 and BG1190 solutions in ultrapure water at 10−3 M are presented in Figure 2.



Quinazoline derivatives’ solutions are highly stable in selected conditions for the incubation period (624 h), the difference in intensity between the absorption spectra remaining within the limits of error intervals. An extensive time stability study of a similar quinazoline derivative was performed in [37], indicating a high stability of the compound for 44 days, if kept in dark, at 4 °C.



In Figure 2a BG1189 exhibits three absorption peaks at 209, 224 and 318 nm. The absorption spectra of BG1190 (Figure 2b) are similar to the ones of BG1189, having the peaks at 207, 224 and 314 nm.



The absorption bands with maxima at 224 and 318/314 nm are representative for quinazolines and the absorption peak at 209/207 nm—a shoulder of 224 nm band—may be due to the influence of atmospheric oxygen.



The absorption band with the peak at 224 nm has a high absorbance and may originate from π–π* (1B) transitions. The absorption bands having the maximum at 318 nm for BG1189 and 314 nm for BG1190 may be assigned to π–π* (1La and 1Lb) transitions. Additionally, the wide aspect of these absorption bands suggests a superposition with a band attributed to a n–π* transition [38].



Theoretical UV spectra and computations of the absorption spectrum of quinazolinone derivatives, having similar radicals to ours, assign the bands in 210–285 nm range to π–π* transitions, and the ones appearing in 285–320 nm to n–π* transitions. More so, the bands appearing at longer wavelengths were correlated to n–π* transition of the >C=O bonds coupled with the transition due to intramolecular charge transfer from phenyl ring and N=C–N bonds to >C=O group [39].



Figure 3 displays the UV-Vis absorption spectra of the quinazoline derivatives in the range 250–600 nm (DMSO absorption is very strong below 250 nm saturating the detector).



BG1189 presents a maximal absorption band at 330 nm and BG1190 has a similar band with the peak at 326 nm. These bands, assigned to π–π* coupled with n–π* transitions, undergo a bathochromic shift compared to the absorption maxima of the quinazoline derivatives in water (318 nm for BG1189 and 314 nm for BG1190). Due to the solvent polarity, a blue shift appears with more polar solvent (from DMSO to water), which happens in the case of n–π* transitions [40]. This shift of the absorption maximum allows to identify that the dominant transitions responsible for the appearance of the longer wavelength peaks are n–π* transitions.



The long-term stability of the solutions in DMSO was assessed by comparing UV-Vis absorption spectra recorded periodically, from immediately after preparation up to 9 months.



For BG1189 solutions, the spectra remain stable up to 552 h (23 days) after preparation and this period may be considered as shelf life. On the other hand, BG1190 solutions in DMSO remain stable only for 216 h (9 days) after preparation.



For both compounds, the stability is better in water solutions (624 h) than in DMSO.



Three temperatures were selected: 4 °C (refrigerator temperature), 22 °C (room temperature) and 37 °C (body temperature).



From the grouping of the BG1189 absorption spectra, Figure 4a indicates that the most stable samples are observed at 22 °C. Even if before 120 h after preparation, all solutions are stable regarding the storage temperature, at the end of the experiments (624 h) the absorption spectra are outside the limits of the error bars. For potential biomedical applications, BG1189 in ultrapure water at 10−3 M should be preserved at 22 °C, if kept in dark, but no more the 624 h.



The absorption evolution of BG1190 solutions is similar to the one of BG1189 samples. The only difference observed in Figure 4b, is that the only spectrum that exceeds the error bars is the one recorded at 624 h for the BG1190 solution kept at 37 °C. The grouping of the absorption spectra for the entire time domain allows to conclude that BG1190 solutions have high stability, up to 624 h, if kept in dark at 4 °C or at 22 °C.



An important part of stability behavior for a new medicine is the evaluation of photostability.



Figure 5 presents the influence of different illumination conditions on the absorption spectra of BG1189 and BG1190.



For both quinazoline derivatives, normal room lighting conditions influence their spectral properties. BG1189 and BG1190 are unstable if they are not kept in dark, even in the first 24 h after preparation.



The only absorption spectrum similar to the one of the fresh prepared solution of BG1189 is the spectrum of the irradiated solution at 355 nm for 2 min, with an average energy per pulse E = 6 mJ. Consequently, the total energy absorbed by solution in 2 min was not enough to modify a significant fraction of the molecules. Even though the total energy emitted in 2 min was the same for both wavelengths (Etotal = 7200 mJ, considering E = 6 mJ and pulse frequency 10 pps), the BG1189 solution was modified in the first 2 min when exposed to laser radiation, at λ = 266 nm.



Two explanations can support the rapid modification at λ = 266 nm: first, the molar extinction coefficient (ε) for BG1189 calculated from the absorption spectra was higher at 266 nm (ε266nm = 4866 L mol−1 cm−1) than at 355 nm (ε355nm = 3060 L mol−1 cm−1), so that BG1189 solution absorbs more at 266 nm, and, secondly, the photon energy is larger at 266 nm (Eph266nm = 449.7 kJ/mol) than at 355 nm (Eph355nm = 336.9 kJ/mol) and it is more likely to break more chemical bonds at λ = 266 nm.



For BG1190 photostability study, spectra of solutions exposed for 2 min and for 5 min to laser radiation at λ = 355 nm remain in the error limits, indicating that the solutions remain stable in these conditions (Figure 5b) for the same reasons as in the case of BG1189; for BG1190 solution, ε266nm is 3855 L mol−1 cm−1 and ε355nm is 2800 L mol−1 cm−1. The lower value of ε355nm explains why more than 5 min of irradiation are needed to modify the BG1190 solutions, whereas in the case of BG1189 less than 5 min of exposure to laser radiation at 355 nm are enough.



For longer periods of irradiation, modifications of the absorption spectra are obvious. Due to higher absorbance at 266 nm, quinazoline derivatives start to modify rapidly (before 2 min) when exposed to laser radiation having this wavelength.



Figure 6 presents the absorption spectra of BG1189 and BG1190 irradiated for different periods (up to 60 min). The hypochromic effect observed during irradiation indicates a modification of the compounds. Moreover, a hypsochromic shift was observed from 318 nm to 307 nm for BG1189 (Figure 6a) and from 314 nm to 308 nm in the case of BG1190 (Figure 6b).



Considering that the absorption band with the peak at 224 nm is due to π–π* transition, and the bands at 318/314 nm are attributed to n–π* transition (as resulted from the blue shift obtained when changed to a more polar solvent), these bands being characteristic for the quinazoline radical [38], the hypochromic effect and the hypsochromic shift indicate that the quinazoline radical of both derivatives was modified during irradiation.



In Figure 6a, three isosbestic points are detected at 251, 288 and 352 nm. In Figure 6b, there are also three isosbestic points, at 246, 288 and 348 nm. The existence of an isosbestic point reflects the presence of two chemical species in the solution [41]. Considering that it is less likely to have two chemical species with the same ε at three different wavelengths, Figure 6 shows that after 60 min of irradiation it is possible to generate at least six photoproducts for each tested quinazoline.



When BG1189 and BG1190 solutions are exposed to laser radiation at λ = 355 nm, E = 6 mJ, the curves are similar to the ones in Figure 6. It can be noted that hypochromic effect is somewhat smaller because the absorbance is smaller at 355 nm than at 266 nm and the modifications of molecules do not occur as rapidly. Another difference would be that the isosbestic points appear at 248, 290 and 351 nm for BG1189 and at 247, 289 and 347 nm for BG1190.




2.3.2. FTIR Spectroscopy


The frequencies of bands obtained for the non-irradiated BG1189 solution from the recorded FTIR spectrum were compared with the theoretical frequencies calculated with Gaussian 09 and GaussView 5.0 (see Table S1 from Annex 1) [42]. Similar data are given for BG1190 in Table S2 from Annex 1.



Quinazolines have strong IR absorption bands between 1635–1610 cm−1, 1580–1565 cm−1 and 1520–1475 cm−1, and other bands with variable intensity in the range 1500–1300 cm−1, all originating from aromatic ring vibrations. They also display IR absorption bands between 1290 and 1010 cm−1, due to C–H in-plane deformation vibrations; between 1000 and 700 cm−1 they have bands originating from the C–H out-of-plane deformation vibrations [43].



The FTIR spectra recorded for the BG1189 solutions in water before and after exposure to laser radiation are given in Figure 7.



The FTIR spectrum of the BG1189 exposed one hour to laser radiation (λ = 266 nm; E = 6 mJ) presents modifications compared to the unirradiated sample. Absorption bands with increased intensity may be observed with the maxima at 3140, 3044, 2979 and 2707 cm−1. This modification suggests an increase of CH2 asymmetrical and symmetrical stretching vibrations. The disappearance of the 1716 cm−1 peak and the formation of a new wide absorption band with maximum at 1683 cm−1 indicates the disruption of the majority of C=O bonds and an increase of C–C and C–N stretching vibrations from quinazoline radical, or just a superposition of the remaining C=O stretching vibrations with the remaining C–C and C–N stretching vibrations leading to appearance of new weaker and wider absorption ban. The absence of the 1561 cm−1 peak in the spectrum of the irradiated BG1189 shows a decrease of C–C ring stretching, N–O stretching, O–H deformation and C–H deformation vibrations suggesting disruption of some of these bonds. A decrease in intensity of the 1401 cm-1 band indicates a diminution of C–H deformation and C–N stretching vibrations. The disappearance of the absorption band with maximum at 1214 cm−1 and the reduction of the ones at 1138 and 1078 cm−1 point to a reduction of C–C and C–N ring stretching vibrations, C–H and O–H deformation vibrations and CH2 wagging vibrations from CH3 groups. After exposure to laser radiation for one hour, the IR absorption bands observed for BG1189 sample in the range 1100–450 cm−1, either disappear, or their intensity is extremely reduced, indicating a decrease of C–C and C–N stretching vibrations from the quinazoline ring, N–O stretching or deformation vibrations, O–H and C=O deformation vibrations and all types of C–H deformation vibrations.



All these modifications observed in IR spectrum of the irradiated BG1189 in comparison with the spectrum of the unirradiated sample suggest that laser radiation breaks part of the chemical bonds, affecting not only the substituents, but also the quinazoline radical of BG1189 molecules.



The FTIR spectrum of the irradiated solutions of the BG1190 at 10−3 M in water, shown in Figure 8, displays modifications in comparison to the spectrum of the unirradiated BG1190. After exposure to laser radiation (λ = 266 nm; E = 6 mJ; t = 1 h), the IR absorption bands in the range 3100–2800 cm−1 decreased in intensity, indicating the breaking of the majority of CH bonds, which were performing CH2 symmetrical and asymmetrical stretching vibrations. The band with maximum at 1685 cm−1 diminishes to approximately half of its intensity after irradiation, suggesting that the number of C=O stretching vibrations, hence the number of carbonyl groups, is reduced by half. Larger decreases in intensity are observed for the bands with maxima at 1615, 1574, 1524 and 1474 cm−1, indicating a decrease of C–C and C–N stretching vibrations from the quinazoline radical, N–O stretching vibrations, C–N deformation vibrations, O–H deformation vibrations, C–H deformation vibrations from quinazoline ring and CH2 scissoring. Reduction in intensity of the peak at 1345 cm−1 suggests a diminished number of N–O stretching, O–H deformation and CH2 twisting vibrations. The intensity decrease of the absorption bands with maxima at 1167, 1126 and 1081 cm−1 hints about the breaking part of the C–C, C–N and C–H bonds from the quinazoline ring and N–O, C–C and C–N bonds from the substituents. The range 1000–400 cm−1 displays bands that also have reduced intensity compared to the FTIR spectrum of the unirradiated sample. This suggests a diminution of the following vibrations: C–C, C–N and C–H deformation and stretching from quinazoline radical, N–O and NO2 deformation, along with CH2 rocking and wagging vibrations.



Similar to BG1189 samples, FTIR spectra recorded before and after exposure to laser radiation show that BG1190 molecules are modified during irradiation, part of the chemical bonds being braked in the substituents and in the aromatic rings.






3. Materials and Methods


3.1. Materials


Due to the fact that quinazoline derivatives have a wide range of biomedical activities and applications, including anti-bacterial, anti-cancer, anti-inflammatory, analgesic, anti-virus, anti-tuberculosis, anti-malarial effect, some of them were chosen as potential chemosensitizers [44].



The quinazoline derivatives, labelled BG1189 and BG1190, studied in this paper were designed as EPIs at UMR-MD1, Facultés de Médecine et de Pharmacie, Université de la Méditerranée, Marseille, France. The chemical synthesis of these derivatives was reported in [45].



The molecular formulas of BG1189 and BG1190 are C13H16N4O3 and C14H16N4O3, respectively. Their chemical structures are shown in Figure 9.




3.2. Methods


For molecular docking assay we have used Autodock 4.2.6 [46]. Using Open Babel we have converted BG1189 and BG1190 molecules optimized initially with Gaussian 09 in pdbqt format [47]. The 3D structure of the membrane protein was imported from RCSB Protein Data Bank [48] in PDB format. We kept only subunit AcrB chain B for AcrB (PDB code: 5NC5) for molecular docking protocol [23]. We have used our molecular docking protocol to simulate the interaction between quinazoline derivatives in target protein [29].



We set the specific grid points (x, y, z) at 50, the grid point spacing at 0.05 nm and the coordinates of the central grid point of maps (x, y, z) 30.547, −51.785, −51.989.



The solutions of BG1189 and BG1190 were prepared in ultrapure deionized water, prepared with a filtering system described in [49]. The concentration of both quinazoline solutions was 10−3 M and it was chosen according to the biological activity assessments. For each compound, six samples were prepared in total, out of which three were kept in dark at 4, 22 and 37 °C, respectively, one was kept at 22 °C and at normal illumination of the room, and two were exposed to laser radiation at two different wavelengths immediately after the solution was prepared.



The stability studies were performed comparing the UV-Vis absorption spectra obtained at different times after preparation for samples kept at usual storage and body temperatures (4, 22 and 37 °C) and in different illumination conditions: dark, normal room lighting, exposed to laser radiation. UV-Vis absorption spectra were measured using a Perkin Elmer Lambda 950 UV/Vis/NIR spectrophotometer, with an error of ± 0.004%. The spectra were recorded between 200 and 800 nm, using as reference an optical cell containing the solvent, either ultrapure deionized water or DMSO. The thickness of the optical cells used for absorption spectra measurements was 1 mm, which may cause measuring errors due to the positioning of the cell in the sample holder of the spectrophotometer. For this, 20 repetitive measurements were performed, repositioning each time the optical cell. The error is given as a percent of the absorbance values and was calculated as the difference between the highest and lowest intensities of the absorption peak obtained in the 20 repetitive measurements. The spectra were recorded every hour in the first day after solutions’ preparation and then every 24 h for the next month (624 h). The method of measuring and calculating the experimental errors was fully described in [37]. The graphs were made by superimposing the recorded spectra in Origin 2019 (9.6) software, without any preprocessing.



Two types of photostability studies were performed: first, to assess for how long the solutions of quinazoline derivatives can be kept in dark at normal room illumination without changing their properties; secondly, to determine the radiation dose needed to obtain photoproducts with enhanced antimicrobial activity in comparison with the initial/parent molecules.



For the photostability study, three samples of each quinazoline derivative solutions in ultrapure water, with a concentration of 10−3 M, were prepared. One was stored at normal room lighting for 624 h and two were exposed to laser radiation, with average pulse energy E = 6 mJ, at wavelengths 266 and 355 nm, respectively.



The laser radiation used to irradiate the solutions was provided by the third harmonic generation (THG) at 355 nm and fourth harmonic generation (FHG) at 266 nm of a Nd:YAG (Continuum, Excel Technology) pulsed laser, model Surelite II with 10 Hz pulse repetition rate and 6 ns pulse duration. The average beam energy was 6 mJ, at both wavelengths.



In addition to UV-Vis absorption spectroscopy, FTIR spectroscopy was employed to evaluate the photostability of the quinazoline derivatives solutions.



FTIR spectra of solutions before and after exposure to laser radiation were recorded with a FTIR spectrometer Nicolet iS50 (Thermo Scientific, Waltham, MA, USA). To acquire the spectra, a 40 µL sample was placed on a KRS-5 (Thallium Bromo-Iodide) optical crystal and dried before recording their absorbance to minimize the influence of water. The recorded FTIR spectra were smoothed with Origin 2019 (9.6) software by Savitzky–Golay 25 points method.



The recorded FTIR spectra of the quinazoline derivatives were compared to the ones calculated by Gaussian 09 and GaussView 5.0., using the method described in [50]. Density functional theory (DFT) with the B3LYP (Becke, 3-parameter, Lee-Yang-Parr) method and 6-311G(d,p) basis set were employed for calculating the vibrational frequency of the BG1189 and BG1190 molecules. The calculations reported in this paper were performed for the quinazoline derivatives solvated in water.





4. Conclusions


This paper presents the pharmacokinetic and pharmacodynamic profiles, along with a spectral characterization of two quinazoline derivatives, labelled BG1189 and BG1190, designed as potential EPIs.



Both derivatives are good candidates as drugs since they follow all the applied drug-like rules (Table 1). ADMET predictions illustrate that these derivatives had a high absorption (if administrated orally), are well distributed in tissues, and have relatively low toxicity, compared to clinically used drugs (Table 2).



Molecular docking simulations showed that both compounds present a good inhibitory activity on subunit AcrB chain B. Additionally, the low LogP values recommend these derivatives as promising antibacterial drugs (Table 1 and Table 3). Previous studies demonstrated the affinity of the tested compounds. Firstly, minimum inhibitory concentrations (MIC) of the compounds have been assayed on a strain that overexpressed AcrAB pump (CM64, an ATCC 13048 derivative), the parental wild type strain, and several clinical isolates that overexpressed AcrAB pump. Results indicated that the quinazoline derivatives had no activity on AcrAB-deleted strain. Secondly, the compounds significantly increased the accumulation of radiolabeled chloramphenicol, a well-known substrate of AcrAB pump, in strains overexpressing AcrAB. Moreover, the same study showed a variation of ligands location inside the AcrB cavity [16]. We obtained similar results in our theoretical model as we presented in Figure 1.



Given the above data and previous tests on bacteria, these quinazoline derivatives represent suitable candidates in future experiments as antimicrobial agents, and further affinity tests on AcrAB-TolC are recommended [16].



Spectral characterization provided an insight into the stability and photostability of the studied compounds.



UV-Vis absorption spectroscopy allowed to determine the stability of quinazoline solutions in water or in DMSO, in constant or in variable environmental conditions. The photostability of the samples was assessed through UV-Vis absorption spectroscopy and FTIR spectroscopy.



The UV-Vis absorption spectra of BG1189 and BG1190 in water, at 10−3 M concentration, kept in dark, at 22 °C (room temperature), remained in the limits of error, showing that the samples were stable for 624 h. The solutions prepared in DMSO, kept in similar conditions, remained stable only 552 h after preparation in the case of BG1189 and 216 h in the case of BG1190.



A comparison between UV-Vis absorption spectra of samples from both quinazoline derivatives, kept at 4 °C (refrigerator temperature), 22 °C (room temperature), and 37 °C (body temperature), showed that the most stable samples were the ones kept at room temperature, indicating 22 °C as best fitted storage temperature.



The photostability study identified first the illuminations conditions needed to keep the quinazoline derivatives solutions unaltered. Afterwards, illumination conditions were varied (from ambient light to laser radiation exposure) so that we could determine the modifications of the quinazoline derivatives and the generation of photoproducts.



FTIR spectra of BG1189 and BG1190 recorded before and after irradiation, demonstrated that both derivatives were modified during laser exposure, suffering alterations of the substituents and of the aromatic rings.



Further studies need to be conducted for a better understanding of the modifications, but current data allowed us to have an insight on the stability of these compounds proposed as EPIs.








Supplementary Materials


The following are available online, Annex 1—FTIR spectroscopy.





Author Contributions


A.-M.U., one of the first authors, data acquisition and interpretation, software analysis, original draft preparation, writing—review; A.D., acquisition, analysis, interpretation of data, investigation, original draft preparation, writing—review and editing; J.-M.P., substantively revise of the manuscript, resources; R.A.P., one of the first authors, conception of the experiments, manuscript draft, methodology, supervision, writing—review. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Romanian National Authority for Scientific Research and Innovation, CNCS/CCCDI-UEFISCDI, projects PN-III-P1-1.1-PCCDI-2017-0728, PN-III-P2-2.1-PED-2019-4771, PN-III-P2-2.1-PED-2019-1264, PN-III-P2-2.1-PED-2019-5283 and Nucleu Programme, ctr. No. 16N /08.02.2019.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data available on request.




Acknowledgments


The authors acknowledge the support of the regretted Professor Jacques Barbe for making available the studied compounds and of the deceased Professor Leonard Amaral for fruitful discussions about the paper’s subject.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




References


	



Wang, Y.; Alenazy, R.; Gu, X.; Polyak, S.W.; Zhang, P.; Sykes, M.J.; Zhang, N.; Venter, H.; Ma, S. Design and Structural Optimization of Novel 2H-Benzo[h]Chromene Derivatives That Target AcrB and Reverse Bacterial Multidrug Resistance. Eur. J. Med. Chem. 2020, 113049. [Google Scholar] [CrossRef]

	



Wang, Y.; Mowla, R.; Ji, S.; Guo, L.; De Barros Lopes, M.A.; Jin, C.; Song, D.; Ma, S.; Venter, H. Design, Synthesis and Biological Activity Evaluation of Novel 4-Subtituted 2-Naphthamide Derivatives as AcrB Inhibitors. Eur. J. Med. Chem. 2018, 143, 699–709. [Google Scholar] [CrossRef]

	



Nikaido, H. Multidrug Resistance in Bacteria. Annu. Rev. Biochem. 2009, 78, 119–146. [Google Scholar] [CrossRef] [PubMed]

	



Higgins, C.F. Multiple Molecular Mechanisms for Multidrug Resistance Transporters. Nature 2007, 446, 749–757. [Google Scholar] [CrossRef]

	



Masi, M.; Réfregiers, M.; Pos, K.M.; Pagès, J.-M. Mechanisms of Envelope Permeability and Antibiotic Influx and Efflux in Gram-Negative Bacteria. Nat. Microbiol. 2017, 2, 17001. [Google Scholar] [CrossRef]

	



Du, D.; Wang-Kan, X.; Neuberger, A.; van Veen, H.W.; Pos, K.M.; Piddock, L.J.V.; Luisi, B.F. Multidrug Efflux Pumps: Structure, Function and Regulation. Nat. Rev. Microbiol. 2018, 16, 523–539. [Google Scholar] [CrossRef] [PubMed]

	



Orelle, C.; Mathieu, K.; Jault, J.-M. Multidrug ABC Transporters in Bacteria. Res. Microbiol. 2019, 170, 381–391. [Google Scholar] [CrossRef]

	



Nikaido, H.; Pagès, J.-M. Broad-Specificity Efflux Pumps and Their Role in Multidrug Resistance of Gram-Negative Bacteria. FEMS Microbiol. Rev. 2012, 36, 340–363. [Google Scholar] [CrossRef] [PubMed]

	



Chitsaz, M.; Brown, M.H. The Role Played by Drug Efflux Pumps in Bacterial Multidrug Resistance. Essays Biochem. 2017, 61, 127–139. [Google Scholar] [CrossRef]

	



Pagès, J.-M.; Masi, M.; Barbe, J. Inhibitors of Efflux Pumps in Gram-Negative Bacteria. Trends Mol. Med. 2005, 11, 382–389. [Google Scholar] [CrossRef] [PubMed]

	



Sun, J.; Deng, Z.; Yan, A. Bacterial Multidrug Efflux Pumps: Mechanisms, Physiology and Pharmacological Exploitations. Biochem. Biophys. Res. Commun. 2014, 453, 254–267. [Google Scholar] [CrossRef] [PubMed]

	



Pagès, J.-M.; Amaral, L. Mechanisms of Drug Efflux and Strategies to Combat Them: Challenging the Efflux Pump of Gram-Negative Bacteria. Biochim. Biophys. Acta 2009, 1794, 826–833. [Google Scholar] [CrossRef]

	



Spengler, G.; Kincses, A.; Gajdács, M.; Amaral, L. New Roads Leading to Old Destinations: Efflux Pumps as Targets to Reverse Multidrug Resistance in Bacteria. Molecules 2017, 22, 468. [Google Scholar] [CrossRef]

	



Renau, T.E.; Léger, R.; Flamme, E.M.; Sangalang, J.; She, M.W.; Yen, R.; Gannon, C.L.; Griffith, D.; Chamberland, S.; Lomovskaya, O.; et al. Inhibitors of Efflux Pumps in Pseudomonas a Eruginosa Potentiate the Activity of the Fluoroquinolone Antibacterial Levofloxacin. J. Med. Chem. 1999, 42, 4928–4931. [Google Scholar] [CrossRef]

	



Lomovskaya, O.; Warren, M.S.; Lee, A.; Galazzo, J.; Fronko, R.; Lee, M.; Blais, J.; Cho, D.; Chamberland, S.; Renau, T.; et al. Identification and Characterization of Inhibitors of Multidrug Resistance Efflux Pumps in Pseudomonas Aeruginosa: Novel Agents for Combination Therapy. Antimicrob. Agents Chemother. 2001, 45, 105–116. [Google Scholar] [CrossRef] [PubMed]

	



Chevalier, J.; Mahamoud, A.; Baitiche, M.; Adam, E.; Viveiros, M.; Smarandache, A.; Militaru, A.; Pascu, M.L.; Amaral, L.; Pagès, J.-M. Quinazoline Derivatives Are Efficient Chemosensitizers of Antibiotic Activity in Enterobacter Aerogenes, Klebsiella Pneumoniae and Pseudomonas Aeruginosa Resistant Strains. Int. J. Antimicrob. Agents 2010, 36, 164–168. [Google Scholar] [CrossRef]

	



Lipinski, C.A. Lead- and Drug-like Compounds: The Rule-of-Five Revolution. Drug Discov. Today Technol. 2004, 1, 337–341. [Google Scholar] [CrossRef]

	



Ghose, A.K.; Viswanadhan, V.N.; Wendoloski, J.J. A Knowledge-Based Approach in Designing Combinatorial or Medicinal Chemistry Libraries for Drug Discovery. 1. A Qualitative and Quantitative Characterization of Known Drug Databases. J. Comb. Chem. 1999, 1, 55–68. [Google Scholar] [CrossRef] [PubMed]

	



Veber, D.F.; Johnson, S.R.; Cheng, H.-Y.; Smith, B.R.; Ward, K.W.; Kopple, K.D. Molecular Properties That Influence the Oral Bioavailability of Drug Candidates. J. Med. Chem. 2002, 45, 2615–2623. [Google Scholar] [CrossRef] [PubMed]

	



Jia, B.; Ma, Y.; Liu, B.; Chen, P.; Hu, Y.; Zhang, R. Synthesis, Antimicrobial Activity, Structure-Activity Relationship, and Molecular Docking Studies of Indole Diketopiperazine Alkaloids. Front. Chem. 2019, 7, 837. [Google Scholar] [CrossRef]

	



Martins, A.; Spengler, G.; Martins, M.; Rodrigues, L.; Viveiros, M.; Davin-Regli, A.; Chevalier, J.; Couto, I.; Pagès, J.M.; Amaral, L. Physiological Characterisation of the Efflux Pump System of Antibiotic-Susceptible and Multidrug-Resistant Enterobacter Aerogenes. Int. J. Antimicrob. Agents 2010, 36, 313–318. [Google Scholar] [CrossRef]

	



Murakami, S.; Nakashima, R.; Yamashita, E.; Yamaguchi, A. Crystal Structure of Bacterial Multidrug Efflux Transporter AcrB. Nature 2002, 419, 587–593. [Google Scholar] [CrossRef]

	



Wang, Z.; Fan, G.; Hryc, C.F.; Blaza, J.N.; Serysheva, I.I.; Schmid, M.F.; Chiu, W.; Luisi, B.F.; Du, D. An Allosteric Transport Mechanism for the AcrAB-TolC Multidrug Efflux Pump. eLife 2017, 6, e24905. [Google Scholar] [CrossRef]

	



European Medicines Agency. ICH Q1A (R2) Stability Testing of New Drug Substances and Drug Products—NOTE FOR GUIDANCE ON STABILITY TESTING: STABILITY TESTING OF NEW DRUG SUBSTANCES AND PRODUCTS (CPMP/ICH/2736/99). 2003. Available online: https://www.ema.europa.eu/en/ich-q1a-r2-stability-testing-new-drug-substances-drug-products (accessed on 19 April 2021).

	



Pascu, M.-L.; Nastasa, V.; Smarandache, A.; Militaru, A.; Martins, A.; Viveiros, M.; Boni, M.; Andrei, I.R.; Pascu, A.; Staicu, A.; et al. Direct Modification of Bioactive Phenothiazines by Exposure to Laser Radiation. Recent Pat. Antiinfect Drug Discov. 2011, 6, 147–157. [Google Scholar] [CrossRef] [PubMed]

	



Pascu, M.L.; Danko, B.; Martins, A.; Jedlinszki, N.; Alexandru, T.; Nastasa, V.; Boni, M.; Militaru, A.; Andrei, I.R.; Staicu, A.; et al. Exposure of Chlorpromazine to 266 Nm Laser Beam Generates New Species with Antibacterial Properties: Contributions to Development of a New Process for Drug Discovery. PLoS ONE 2013, 8, e55767. [Google Scholar] [CrossRef]

	



Alexandru, T.; Staicu, A.; Pascu, A.; Radu, E.; Stoicu, A.; Nastasa, V.; Dinache, A.; Boni, M.; Amaral, L.; Pascu, M.L. Characterization of Mixtures of Compounds Produced in Chlorpromazine Aqueous Solutions by Ultraviolet Laser Irradiation: Their Applications in Antimicrobial Assays. J. Biomed. Opt. 2014, 20, 051002. [Google Scholar] [CrossRef] [PubMed]

	



Andrei, I.R.; Tozar, T.; Dinache, A.; Boni, M.; Nastasa, V.; Pascu, M.L. Chlorpromazine Transformation by Exposure to Ultraviolet Laser Beams in Droplet and Bulk. Eur. J. Pharm. Sci. 2016, 81, 27–35. [Google Scholar] [CrossRef]

	



Tozar, T.; Santos Costa, S.; Udrea, A.-M.; Nastasa, V.; Couto, I.; Viveiros, M.; Pascu, M.L.; Romanitan, M.O. Anti-Staphylococcal Activity and Mode of Action of Thioridazine Photoproducts. Sci. Rep. 2020, 10, 18043. [Google Scholar] [CrossRef] [PubMed]

	



Nistorescu, S.; Gradisteanu Pircalabioru, G.; Udrea, A.-M.; Simon, A.; Pascu, M.L.; Chifiriuc, M.-C. Laser-Irradiated Chlorpromazine as a Potent Anti-Biofilm Agent for Coating of Biomedical Devices. Coatings 2020, 10, 1230. [Google Scholar] [CrossRef]

	



Dinache, A.; Boni, M.; Alexandru, T.; Radu, E.; Stoicu, A.; Andrei, I.R.; Staicu, A.; Liggieri, L.; Nastasa, V.; Pascu, M.L.; et al. Surface Properties of Vancomycin after Interaction with Laser Beams. Colloids Surf. A Physicochem. Eng. Asp. 2015, 480, 328–335. [Google Scholar] [CrossRef]

	



Smarandache, A.; Pascu, A.; Andrei, I.R.; Handzlik, J.; Kiec-Kononowicz, K.; Staicu, A.; Pascu, M.-L. STUDY OF THE OPTICAL PROPERTIES OF 2-THIOHYDANTOIN DERIVATIVES. Rom. Rep. Phys. 2016, 68, 673–683. [Google Scholar]

	



Smarandache, A.; Nastasa, V.; Boni, M.; Staicu, A.; Handzlik, J.; Kiec-Kononowicz, K.; Amaral, L.; Pascu, M.-L. Laser Beam Resonant Interaction of New Hydantoin Derivatives Droplets for Possible Biomedical Applications. Colloids Surf. A Physicochem. Eng. Asp. 2016, 505, 37–46. [Google Scholar] [CrossRef]

	



Hunyadi, A.; Danko, B.; Boni, M.; Militaru, A.; Alexandru, T.; Nastasa, V.; Andrei, I.R.; Pascu, M.L.; Amaral, L. Rapid, Laser-Induced Conversion of 20-Hydroxyecdysone and Its Diacetonide -- Experimental Set-up of a System for Photochemical Transformation of Bioactive Substances. Anticancer Res. 2012, 32, 1291–1297. [Google Scholar]

	



Udrea, A.-M.; Avram, S.; Nistorescu, S.; Pascu, M.-L.; Romanitan, M.O. Laser Irradiated Phenothiazines: New Potential Treatment for COVID-19 Explored by Molecular Docking. J. Photochem. Photobiol. B Biol. 2020, 211, 111997. [Google Scholar] [CrossRef] [PubMed]

	



Dassault Systèmes BIOVIA, [Discovery Studio], [19.1.0.18287]; Dassault Systèmes: San Diego, CA, USA, 2019.

	



Militaru, A.; Smarandache, A.; Mahamoud, A.; Alibert, S.; Pages, J.-M.; Pascu, M.-L. Time Stability Studies of Quinazoline Derivative Designed to Fight Drug Resistance Acquired by Bacteria. Lett. Drug Design Discov. 2011, 8, 124–129. [Google Scholar] [CrossRef]

	



Aaron, J.J.; Tine, A.; Gaye, M.D.; Parkanyi, C.; Boniface, C.; Bieze, T.W.N. Effects of Solvent on the Electronic Absorption and Fluorescence Spectra of Quinazolines, and Determination of Their Ground and Excited Singlet-State Dipole Moments. Spectrochim. Acta Part A Mol. Spectrosc. 1991, 47, 419–430. [Google Scholar] [CrossRef]

	



Eshimbetov, A.G.; Kristallovich, E.L.; Abdullaev, N.D.; Tulyaganov, T.S.; Shakhidoyatov, Kh. M. AM1/CI, CNDO/S and ZINDO/S Computations of Absorption Bands and Their Intensities in the UV Spectra of Some 4(3H)-Quinazolinones. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2006, 65, 299–307. [Google Scholar] [CrossRef] [PubMed]

	



De Silva, N.; Willow, S.Y.; Gordon, M.S. Solvent Induced Shifts in the UV Spectrum of Amides. J. Phys. Chem. A 2013, 117, 11847–11855. [Google Scholar] [CrossRef] [PubMed]

	



Parson, W.W. Modern Optical Spectroscopy; Springer: Berlin/Heidelberg, Germany, 2015. [Google Scholar]

	



Frisch, M.J.; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, J.R.; Scalmani, G.; Barone, V.; Petersson, G.A.; Nakatsuji, H.; et al. Gaussian 09, Revision, D.01; Gaussian, Inc.: Wallingford, CT, USA, 2009. [Google Scholar]

	



Socrates, G. Infrared and Raman Characteristic Group Frequencies: Tables and Charts, 3rd ed.; repr. as paperback; Wiley: Chichester, UK, 2010. [Google Scholar]

	



Jafari, E.; Khajouei, M.R.; Hassanzadeh, F.; Hakimelahi, G.H.; Khodarahmi, G.A. Quinazolinone and Quinazoline Derivatives: Recent Structures with Potent Antimicrobial and Cytotoxic Activities. Res. Pharm Sci 2016, 11, 1–14. [Google Scholar]

	



Baitiche, M.; Mahamoud, A.; Benachour, D.; Merbah, M.; Barbe, J. SYNTHESIS OF NEW QUINAZOLINE DERIVATIVES. Heterocycl. Commun. 2004, 10, 4–5. [Google Scholar] [CrossRef]

	



Morris, G.M.; Huey, R.; Lindstrom, W.; Sanner, M.F.; Belew, R.K.; Goodsell, D.S.; Olson, A.J. AutoDock4 and AutoDockTools4: Automated Docking with Selective Receptor Flexibility. J. Comput. Chem. 2009, 30, 2785–2791. [Google Scholar] [CrossRef] [PubMed]

	



O’Boyle, N.M.; Banck, M.; James, C.A.; Morley, C.; Vandermeersch, T.; Hutchison, G.R. Open Babel: An Open Chemical Toolbox. J. Cheminformatics 2011, 3, 33. [Google Scholar] [CrossRef] [PubMed]

	



Berman, H.M. The Protein Data Bank. Nucleic Acids Res. 2000, 28, 235–242. [Google Scholar] [CrossRef] [PubMed]

	



Dinache, A.; Boni, M.; Pascu, M.L. Phenothiazine Derivatives Interaction with Laser Radiation. Rom. Rep. Phys. 2013, 65, 1078–1091. [Google Scholar]

	



Dinache, A.; Smarandache, A.; Simon, A.; Nastasa, V.; Tozar, T.; Pascu, A.; Enescu, M.; Khatyr, A.; Sima, F.; Pascu, M.-L.; et al. Photosensitized Cleavage of Some Olefins as Potential Linkers to Be Used in Drug Delivery. Appl. Surf. Sci. 2017, 417, 136–142. [Google Scholar] [CrossRef]








[image: Molecules 26 02374 g001 550] 





Figure 1. AcrB subunit of the multidrug efflux pump chain B (PDB code: 5NC5). (i) Experimental data—(a) AA in close contact with puromycin (antibiotic crystallized with the protein); (b) puromycin allosteric binding situs. (ii) Predicted data—(c,e) AA in close contact with BG1189 respectively BG1190; (d,f)—BG1189 respectively BG1190 interacting with pore domains of AcrB subunit. (a,c,e) Light green: van der Waals interactions; green: conventional hydrogen bond, grey: carbon hydrogen bond; red: unfavorable acceptor–acceptor interaction; dark pink: Pi–Pi T-shaped interaction; light pink: Pi–Alkyl interactions; (b,d,f) alpha helices of the protein are represented in red color, beta sheets in blue, turns in green, and random coil in grey. Images were obtained using Discovery Studio Visualizer [36]. 
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Figure 2. Time evolution of absorption spectra of quinazoline derivatives: (a) BG1189 and (b) BG1190. Solutions prepared in ultrapure water at 10−3 M; kept in dark, at 22 °C. 
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Figure 3. Time evolution of absorption spectra of quinazoline derivatives: (a) BG1189 and (b) BG1190. Solutions prepared in dimethyl sulfoxide (DMSO) at 10−3 M; kept in dark, at 22 °C. 
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Figure 4. Influence of the storage temperature (4, 22 and 37 °C) on the absorption spectra of: (a) BG1189 and (b) BG1190. Solutions prepared in ultrapure water at 10−3 M, kept in dark. 
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Figure 5. Influence of the illumination conditions on the absorption spectra of: (a) BG1189 and (b) BG1190. Solutions prepared in ultrapure water at 10−3 M, kept at 22 °C. 
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Figure 6. Laser induced modifications of the absorption spectra of: (a) BG1189 and (b) BG1190. Solutions prepared in ultrapure water at 10−3 M. Laser irradiation conditions: E = 6 mJ, λ = 266 nm. 
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Figure 7. FTIR spectra of the unirradiated and 1 h irradiated BG1189 10−3 M solutions in water. 
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Figure 8. FTIR spectra of the unirradiated and 1 h irradiated BG1190 10−3 M solutions in water. 
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Figure 9. Chemical structures of quinazoline derivatives: (a) BG1189 and (b) BG1190. 
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Table 1. Drug-like rules Lipinski, Ghose and Veber validation for molecules BG1189 and BG1190.
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Molecule

	
BG1190

	
BG1189




	
Validate

	
Molecular Descriptors

	
Value

	
Validate

	
Molecular Descriptors

	
Value






	
Lipinski

	
Yes

	
MW ≤ 500

	
289.31

	
Yes

	
MW ≤ 500

	
277.30




	
MlogPo/w ≤ 4.15

	
1.04

	
MlogPo/w ≤ 4.15

	
0.37




	
Acc ≤ 10

	
5

	
Acc ≤ 10

	
5




	
Don ≤ 5

	
1

	
Don ≤ 5

	
1




	
Ghose

	
Yes

	
160 ≤ MW ≤480

	
289.31

	
Yes

	
160 ≤ MW ≤ 480

	
277.30




	
−0.4 ≤ WlogPo/w ≤ 5,6

	
0.91

	
-0.4 ≤ WlogPo/w≤ 5,6

	
1.15




	
40 ≤ MR ≤ 130

	
81.07

	
40 ≤ MR ≤ 130

	
74.46




	
20 ≤ atoms ≤ 70

	
38

	
20 ≤ atoms ≤ 70

	
37




	
Veber

	
Yes

	
Rotatable bonds ≤ 10

	
4

	
Yes

	
Rotatable bonds ≤ 10

	
5




	
TPSA ≤ 140 Å2

	
78.44 Å2

	
TPSA ≤ 140 Å2

	
78.44 Å2
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Table 2. Predicted ADMET results for BG1189 and BG1190 quinazoline derivatives compared with predicted ADMET values of norfloxacin.
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	Model Name
	Predicted Value BG1190
	Predicted Value BG1189
	Predicted Value Norfloxacin
	Unit





	Water Solubility
	−1.992
	−1.549
	−3.176
	log mol/L



	Caco2 Permeability
	0.76
	0.597
	1.242
	log Papp in 10−6 cm/s



	Intestinal Absorption (Human)
	87.391
	78.106
	86.904
	% Absorbed



	VDss (Human)
	0.909
	0.84
	0.064
	log L/kg



	Fraction Unbound (Human)
	0.713
	0.612
	0.462
	Fu



	Total Clearance
	0.811
	0.594
	0.366
	log ml/min/kg



	Renal OCT2 Substrate
	Yes
	No
	No
	Yes/No



	hERG I Inhibitor
	No
	No
	No
	Yes/No



	hERG II Inhibitor
	Yes
	Yes
	No
	Yes/No



	Oral Rat Acute Toxicity (LD50)
	2.55
	2.541
	2.217
	mol/kg



	Hepatotoxicity
	Yes
	Yes
	Yes
	Yes/No
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Table 3. Molecular docking results for quinazoline derivatives BG1189 and BG1190 on multidrug efflux pump subunit AcrB (PDB code: 5NC5). AA residues in h-bound with quinazoline derivatives are underlined.
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Multidrug Efflux Pump Subunit AcrB (PDB Code: 5NC5)






	
AA Residues from Allosteric Situs of AcrB Subunit.

	
Met573; Phe617; Phe628; Phe666; Leu668.




	
Lowest EFEB BG1190

	
−8.21 kcal/mol




	
AA from the Run with Lowest EFEB of BG1990

	
Gln34; Pro36; Thr37; Ala39; Ser134; Ser135; Phe136; Tyr327; Thr329; Leu668; Ile671; Val672; Glu673.




	
Lowest EFEB BG1189

	
−7.40 kcal/mol




	
AA from the Run with Lowest EFEB of BG1989

	
Gln34; Tyr325; Pro326; Tyr327; Asp328; Thr329; Pro331; Phe332; Gly570; Val571; Gln569; Glu607; Ser608; Ser630; Leu631; Trp634; Leu668.
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