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Abstract

:

The flavone–chalcone hybrid compound, (E)-6-bromo-3-(3-(2-methoxyphenyl)-3-oxoprop-1-enyl)-4H-chromen-4-one (3), was synthesized and its three dimensional structure was identified by X-ray crystallography. The compound 3, C19H13BrO4, was crystallized in the triclinic space group P-1 with the following cell parameters: a = 8.2447(6) Å; b = 8.6032(6) Å; c = 11.7826(7) Å; α = 92.456(2)°; β = 91.541(2)°; γ = 106.138(2)°; V = 801.42(9) Å3 and Z = 2. In an asymmetric unit, two molecules are packed by a pi–pi stacking interaction between two flavone rings that are 3.790 Å apart from each other. In the crystal, two hydrogen bonds form inversion dimers and these dimers are extended along the a axis by another hydrogen bond. Hirshfeld analysis revealed that the H–H (34.3%), O–H (19.2%) and C–H (16.7%) intermolecular contacts are the major dominants, while the C–O (6.7%) and C–C (6.5%) are minor dominants. When HCT116 cells were treated with various concentrations of hybrid compound 3, reduced cell viability and induced apoptosis in HCT116 cells were observed in a dose-dependent manner. The treatment of HCT116 colon cancer cells with compound 3, decreased the intracellular glutathione (GSH) levels and generated a reactive oxygen species (ROS). In silico docking experiments between the compound 3 and glutathione S-transferase (GST) containing glutathione were performed to confirm whether the compound 3 binds to glutathione. Their binding energy ranged from −6.6 kcal/mol to −5.0 kcal/mol, and the sulfur of glutathione is very close to the Michael acceptor regions of the compound 3, so it is expected that they would easily react with each other. Compound 3 may be a promising novel anticancer agent by ROS generation through glutathione depletion.
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1. Introduction


Reactive oxygen species (ROS) are highly reactive chemical species that are formed as products of the normal aerobic metabolism. The major components of ROS include radicals of superoxide, hydroxyl and neutral compound, such as hydrogen peroxide and singlet oxygen [1,2,3]. Environmental stress and exogenous sources are considered to be the main causes of ROS generation. ROS has the advantage of acting as a signaling factor in vivo, as well as harmful factors, such as damage to DNA [4,5,6,7,8]. Since normal cells have relatively low basal ROS levels, an increase in ROS is generally a signal of the expression of antioxidant action to decrease ROS [1,7]. However, cancer cells have a higher basal ROS level than normal cells [9,10]. When ROS is increased above the threshold by external factors, it can induce extreme oxidative stress and kill cancer cells [11,12,13]. Therefore, the uncontrolled production of ROS leads to oxygen toxicity and an appropriate level of intracellular ROS is essential [14,15,16]. According to recent reports, ROS increase in cancer cells undergoes apoptosis along with chronic oxidative stress. Increasing ROS in cancer cells can only selectively kill cancer cells [17,18,19,20,21,22,23].



Natural product piperlongumine and its derivative compounds induce cell death by ROS generation in cancer cells [24]. Piperlongumine derivatives are a chalcone-type compound, which contain conjugate carbonyl (α, β-unsaturated carbonyl) groups as Michael reaction acceptors. Other small molecules as well as Piperlongumine derivatives remove glutathione (GSH) in cancer cells and cause an increase in intracellular ROS [25,26,27,28,29]. Our previous studies demonstrated that the compounds containing the conjugate carbonyl group, such as flavones and chalcones, are essential for GSH removal [30,31,32,33]. The molecular hybridization provides a multi-pharmacophore and becomes a tool more useful than the original compound, for realizing a synergistic drug effect [34]. In order to develop a compound with more effective ROS production ability, flavone and chalcone are combined to furnish the flavone–chalcone hybrid compound 3 presented in this study. Based on the tertiary structure of compound 3 obtained from X-ray experiments, the anti-cancer properties and anti-cancer mode of action of compound 3 were confirmed through in vitro and in silico experiments.




2. Experimental


2.1. General


The reaction progress of the synthesis was determined by thin-layer chromatography (TLC), and TLC plate was purchased from Merck (Darmstadt, Germany). Nuclear magnetic resonance (NMR) spectra were obtained in deuterated dimethyl sufoxide (DMSO-d6) and were recorded on a Bruker Avance 400 MHz spectrometer (Bruker, Billerica, MA, USA). The detailed NMR experimental method followed the previous report [35].




2.2. Crystal Structure Determination


The single crystal used for the X-ray analysis was prepared by recrystallization from ethanol, and a size of 0.42 × 0.26 × 0.09 mm3 was selected. Data were collected with a Bruker PHOTON 100 CMOS diffractometer (Bruker, Billerica, MA, USA) supported with graphite monochromatic Mo Kα radiation (λ = 0.71073 Å at 223(2) K). The data were processed with the APEX2 suite [36]. SHELXT was used to solve the structure, and Bruker SAINT was applied for the cell refinement and data reduction [36,37]. The OLEX2 software was used as a graphical interface [38]. The calculation of the intermolecular interactions and molecular graphics were generated using Mercury [39]. The details of structural refinement and crystal data are reported in Table 1. The Crystallographic Information File (CIF) was reported to the Cambridge Crystallographic Data Center as CCDC deposition number 2121492. Supplementary crystallographic data for this paper can be obtained at http://www.ccdc.cam.ac.uk/products/csd/request (accessed on 11 November 2021).




2.3. In Silico Docking with Glutathione S-Transferase (GST)


Dozens of three dimensional (3D) structures of glutathione S-transferase (GST) have been deposited in the protein data bank. The 1gne.pdb is a crystallographic structure of Schistosoma japonicum glutathione S-transferase containing glutathione in the binding site [40]. Its 3D structure consists of a single polypeptide. In silico docking was performed using AutoDock Vina (The Scripps Research Institute, La Jolla, SD, USA) [41]. To merge GST protein with compound 3 obtained from the docking experiments, the UCSF Chimera visualization system was used [42].




2.4. Analysis of the Intracellular Reduced Glutathione (GSH)


The GSH contents were analyzed with cell-permeable maleimide derivative VitaBright-48TM (VB-48; ChemoMetec, Lillerød, Denmark), which immediately reacts with reduced thiols (GSH), forming a blue fluorescent product. HCT116 cells were treated with 20 and 40 μM compound 3 for 18 h. After that, cells were detached with trypsin and added a reaction mixture solution containing VB-48, propidium iodide and acridine orange, according to the manufacturer’s instructions (ChemoMetec, Lillerød, Denmark). The stained cells were analyzed using the fluorescence image cytometer NucleoCounter NC-3000 (ChemoMetec, Lillerød, Denmark). NucleoView NC-3000 (ChemoMetec, Lillerød, Denmark) was applied to obtain the scatter plots and histograms.




2.5. Analysis of Intracellular ROS


The HCT116 cells were incubated with 10 μM 2′,7′-dichlorofluorescin diacetate (DCF-DA; Merck, Darmstadt, Germany) for 60 min, followed by treatment with 40 μM compound 3 or 100 μM menadione (Sigma-Aldrich, St. Louis, MO, USA) as a reference compound for 1 h. DCF-DA interacts with free radicals to form the fluorogenic DCF product. DCF fluorescence was analyzed using the fluorescence image cytometer NucleoCounter NC-3000 (ChemoMetec, Lillerød, Denmark) and visualized using an EVOSf1® fluorescence microscope (Advance Microscopy Group, Bothell, WA, USA).




2.6. Cell Viability Assay


The cell viability was determined using a Cell Counting Kit-8 (CCK-8), according to the manufacturer’s instructions (Dojindo Molecular Technologies, Gaithersburg, MD, USA). HCT116 cells cultured in 96-well microplates were treated with compound 3 (10–80 μM) for 24 h and added to CCK-8 solution. After 3 h of incubation, absorbance was measured at 450 nm using a Emax Endpoint ELISA Microplate Reader (Molecular Devices, Sunnyvale, CA, USA). The vehicle (dimethyl sulfoxide)-treated controls were normalized to 100% for each assay, and compound 3-treated groups were expressed as the % of the controls.




2.7. Apoptosis Assay


The apoptosis was analyzed by detecting phosphatidylserine on the outer leaflet of the plasma membrane using a fluorescein isothiocyanate (FITC)-conjugated Annexin V Apoptosis Detection Kit (BD Pharmingen; San Diego, CA, USA), according to the manufacturer’s instructions. The HCT116 cells (5 × 105 cells/sample) were treated with 40 μM compound 3 for 24 h. The dead cells were analyzed by previously reported methods [43].




2.8. Western Blot Analysis


The HCT116 cells treated with compound 3 were harvested, and whole-cell lysates (10–20 μg) were prepared, separated via electrophoresis by SDS-polyacrylamide gels and then transferred to nitrocellulose membranes (Bio-Rad, Hercules, CA, USA). The details of Western blot experiments followed the previous report [44].





3. Results and Discussion


3.1. Synthesis


The flavone–chalcone hybrid compound 3 was prepared by the Claisen–Schmidt condensation reaction between 6-bromo-4-oxo-4H-chromene-3-carbaldehyde (1) and 1-(2-methoxyphenyl)ethanone (2), as shown in Scheme 1.



Synthesis (E)-6-Bromo-3-(3-(2-methoxyphenyl)-3-oxoprop-1-enyl)-4H-chromen-4-one (3)


Both 2-methoxyacetophenone (2, 2 mmol, 300 uL; d: 1.09 g/mL) and 6-bromo-3-formylchromone (1, 2 mmol, 506 mg) were added to a solution of 10 mL acetic acid containing sodium acetate (2 mmol, 164 mg). The reaction mixture was heated at 100 °C for 6 h. An additional 2 mmol of 2-methoxyacetophenone (2) was added to the reaction mixture to completely consume 6-bromo-3-formylchromone (1), and the completion of the reaction was confirmed by TLC. The reaction mixture was cooled to room temperature and poured into an ice water (150 mL) to obtain the precipitates. The resulting solid was filtered and washed with cold ethanol to provide the compound 3. Analytically pure compound 3 was obtained by recrystallization from ethanol. 1H NMR (400 MHz, dmso) δ 8.95 (s, J = 2.1 Hz, 1H), 8.20 (d, J = 2.4 Hz, 1H), 8.04 (d, J = 15.9 Hz, 1H), 8.00 (dd, J = 8.9, 2.5 Hz, 1H), 7.72 (d, J = 8.8 Hz, 1H), 7.55 (ddd, J = 8.4, 7.3, 1.8 Hz, 1H), 7.48 (dd, J = 7.6, 1.8 Hz, 1H), 7.34 (dd, J = 15.9, 0.6 Hz, 1H), 7.20 (dd, J = 8.5, 0.6 Hz, 1H), 7.06 (td, J = 7.4, 0.9 Hz, 1H), 3.87 (s, 3H). 13C NMR (100 MHz, dmso) δ 192.46, 174.11, 160.58, 157.72, 154.06, 137.08, 134.07, 133.10, 129.47, 129.24, 128.67, 127.54, 125.00, 121.24, 120.58, 118.62, 118.50, 112.41, 55.83. HR/MS (m/z): calcd. for (M + H)+: 385.0997; found: 385.0332.





3.2. Crystal Structure of Flavone–Chalcone Hybrid Compound 3


The chemical structure of the title compound is shown in Figure 1A. It is composed of a flavone unit and a chalcone unit, and both units each have an α, β-unsaturated carbonyl group that exhibits a ROS enhancing effect in cancer cells [24]. The 3D structure of compound 3 is shown in Figure 1B, along with its atomic labels. The title compound 3 crystallized in the triclinic with space group P-1. In the asymmetric unit, two molecules are packed by the pi–pi stacking interactions between two flavone rings (C1-C5/O2) that are 3.790 Å apart from each other (Figure 2).



In the title molecule, there are two conjugated enone groups, one for the chalcone unit (C10=C11–C12=O3) and one for the flavone unit (C3=C2–C1=O1). In the chalcone unit, the central C10=C11 double bond showed trans configuration, which was confirmed by the dihedral angle of 179.4(3)° (C(2)-C(10)-C(11)-C(12)). The two double bonds, C10=C11 and C12=O3, are in s-cisoid with a torsion angle of −12.6(5)° for C10–C11–C12–O3. In contrast, C2=C3 double bond in the flavone unit is the cis configuration (1.7(5)° for C1–C2–C3–O2) and the two double bonds O1=C1 and C2=C3 is in s-transoid (−179.0(3)° for O1–C1–C2–C3). Two carbon–carbon double bonds, C1=C2 and C10=C11, are in the s-transoid conformation (167.4(3)° for C3–C2–C10–C11), which keeps them away from each other. The methoxy group on the benzene ring is tilted in the ring (−8.9(5)° for C19–O4–C13–C14). The typical dihedral angles are presented in Table 2.



In the title compound 3, the flavone ring system (C1–C9/O1) is slightly warped in plane, with a maximum deviation of 0.053 Å at C-7 (r.m.s. deviation = 0.032 Å), and the benzene ring (C13–C18) is planar (r.m.s. deviation = 0.008 Å). The dihedral angle formed between the planes of the flavone ring and benzene ring is 58.73o (Figure 3).



In the crystal, two hydrogen bonds (C(3)-H(3)⋯O(3)#1 (symmetry transformations #1; 1 − x, −y + 1, −z + 1) and C(10)-H(10)⋯O(3) #1 (symmetry transformations #1; 1 − x, −y + 1, −z + 1)) form the inversion dimer (Figure 4A, Table 3). The dimers are extended along the a-axis by additional C(9)-H(9)⋯O(4) #2 (#2; −x + 1, −y + 1, −z + 1) hydrogen bonds (Figure 4B, Table 3).




3.3. Hirshfeld Surface Analysis


Hirshfeld surface analysis (HSA) [45] expresses the chemistry of the intermolecular interactions within crystals, and the important interactions can be determined by using Crystal Explorer 17.5 [46]. A two-dimensional fingerprint plot from the Hirshfeld analysis was used to quantize the contribution of each contact to the crystal packing [47,48,49].



The complete 2D fingerprint plot and key interactions are illustrated in Figure 5A and Figure 5B, respectively.



Of the three major contributors to the entire Hirshfeld surface, the most important H⋯H/H⋯H interaction has a 34.3% contribution, and is accounted for by the point at di = de = 1.1 Å. A pair of sharp spikes indicates the strong O⋯H/H⋯O hydrogen bond interaction and its contribution is 19.2%. A pair of characteristic wings in the fingerprint plot is represented by the C⋯H/H⋯·C contacts (di + de = 2.9 Å) with 16.7% contribution. The complete contribution to the entire Hirshfeld surface is illustrated in the supplementary information (Figure S4, see in Supplementary Materials).



The Hirshfeld surfaces represent the regions of space in which molecules are in contact with each other. The three-dimensional Hirshfeld surfaces of the molecules 3 are illustrated in Figure S5, which map the dnorm, shape index and curvedness. The dark red spots on the dnorm Hirshfeld surface indicate close contact interactions due to significant C–H⋯O hydrogen bonds (Figure S5A). The shape index of molecule 3 shows the acceptor atoms in the red concave regions on the surface, and the donor H atoms in the blue regions. Couples of C–H⋯O hydrogen bonds form an inversion dimer through the dark red spots on the dnorm surface (Figure S5B).




3.4. GSH Depletion by Compound 3 in HCT116 Human Colon Cancer Cells


We next determined whether compound 3 induces the depletion of intracellular GSH (Figure 6). Intracellular GSH content was analyzed using VitaBright-48TM dye that reacts with GSH, forming fluorescent products. Fluorescence cytometry shows that the treatment of HCT116 cells with 20 and 40 μM compounds 3 led to a decrease in cell population containing high GSH levels; 20 μM: from 85.4 to 68.8%; 40 μM: from 85.4 to 59.0% with concomitant increases in the unhealthy cell populations containing low GSH levels (M1). Notably, treatment with N-acetyl cysteine (NAC), a thiol-containing ROS scavenger, abrogated the compound 3-induced decrease in GSH levels.




3.5. ROS Generation by Compound 3 in HCT116 Cells


The loss of intracellular GSH in cancer cells causes an increase in intracellular ROS [25,26,27,28,29,33]. To test the possibility that compound 3 generates ROS in HCT116 cells, we used a cell-permeant 2’,7’-dichlorofluorescein diacetate (DCF-DA) as a ROS-sensitive fluorescent probe. Menadione, a quinone molecule capable of catalyzing the singlet electron reduction in diatomic oxygen to superoxide [50], was used as a reference compound. The flow cytometry showed that compound 3 increased the DCF fluorescence, which is comparable to menadione (Figure 7A). An increase in the DCF fluorescence by compound 3 was visualized by fluorescence microscopy (Figure 7B). These data suggest that compound 3 produces intracellular ROS in HCT116 cells.




3.6. Apoptosis Activity of Compound 3


The elevation of ROS in the cancer cells triggers apoptosis [25,26,27,28,29,33]. We tested for the concentrations of compound 3 triggering cytotoxicity using a CCK-8 assay. Treatment with compound 3 decreased the cell viability in a dose-dependent manner (Figure 8A). We next investigated whether compound 3 triggers apoptosis by analyzing the presence of phosphatidylserine on the surface of the plasma membrane, a typical marker of apoptotic cells. As Annexin V preferentially binds to, such as phosphatidylserine [51], we analyzed the fluorescent staining of FITC-coupled Annexin V on the cells treated with compound 3 (Figure 8B). Cell-impermeant PI was used to detect the late apoptotic and/or necrotic dead cells. Annexin V-positive cells (AV+) are either early apoptotic (AV+/PI−) or late apoptotic/necrotic (AV+/PI+). Treatment with compound 3 decreased the population of the viable cells (lower left quadrants; AV−/PI−) from 91% to 34%, while early apoptotic cells (lower right quadrants; AV+/PI−) increased from 6% to 58%. The late apoptotic and/or dead cells (upper right quadrants; AV+/PI+) increased from 1% to 9%. Thus, the apoptotic/dead cells were totally increased from 7% to 67%, which was abrogated in the presence of NAC (bottom panels). These data suggest that compound 3 triggered cell death through apoptosis in HCT116 cells.



Caspases are cysteine-dependent proteases that are crucial mediators in the apoptotic pathways [52]. Pro-initiator caspases, such as caspase-2 and -9, are proteolytically activated, which in turn activate effector caspases (caspase-3 and -7) from the cleavage of inactive pro-forms. Then, activated effector caspases eventually trigger the apoptosis. We thus determined whether compound 3-induced apoptosis is mediated by the caspase cascade. The HCT116 cells were treated with 20 and 40 μM concentrations of compound 3 for 24 h. Immunoblot analysis showed that compound 3 cleaved both the initiator (caspase-2 and -9) and effector caspases (caspase-3 and -7) in a dose-dependent manner (Figure 9A). We also observed that pro-poly(ADP-ribose) polymerase (PARP), a substrate of the effector caspases, was cleaved by compound 3. The pretreatment of HCT116 cells with NAC substantially abrogated compound 3-induced cleavages of caspases and PARP (Figure 9B). These results suggest that compound 3 triggers apoptotic cell death through the activation of the caspase pathway.




3.7. In Silico Docking with Glutathione S-Transferase (GST)


A compound containing the Michael acceptor is suggested to be critical for ROS elevation via glutathione depletion, based on the connection between the Michael acceptor and sulfur of glutathione bound to glutathione S-transferase (GST) [24]. Since compound 3 contains two Michael acceptor sites, the binding potential of compound 3 and glutathione was confirmed through the in silico docking experiments. Among the GST structures deposited on the protein data bank, 1gne.pdb was selected because it contains glutathione. The binding site was named as the glutathione binding site (G-site). Even though glutathione is contained in 1gne.pdb as a ligand, since our study aims to confirm whether compound 3 binds to glutathione, the pocket in which glutathione resides cannot be used for the binding site for compound 3 to be docked into the protein. As shown in Figure 10, the GST protein has a pocket next to glutathione.



Therefore, in this study, we attempted to dock compound 3 into the pocket next to glutathione. The crystallographic structure of compound 3 was used for in silico docking after energy minimization. The grid box for in silico docking was prepared as follows: the centers of x, y and z were −19.714, 16.028 and 27.483, respectively, and the sizes of x, y and z were 24, 22 and 24, respectively. Since AutoDock vina provides nine iteration results, nine docking complexes between GST–glutathione and compound 3 were generated (Figure S6). Their binding energy ranged from −6.6 kcal/mol to −5.0 kcal/mol. The first docking mode was selected based on its lowest binding energy and docking pose. Compound 3 is located side-by-side in glutathione (Figure 11).



The title molecule 3 has two conjugated enone (α, β-unsaturated carbonyl) groups that act as Michael acceptors; one for chalcone unit [C10=C11–C12=O3] and one for flavone unit (C3=C2–C1=O1). β-Carbons C10 or C3 in the Michael acceptors are critical for ROS elevation via glutathione depletion based on the connection between the Michael acceptor and the sulfur of glutathione [24]. The distances between C10 and the sulfur of glutathione and C3 and sulfur, are 4.1 Å and 4.4 Å, respectively (Figure 12).



The flavone–chalcone hybrid compound 3 can be considered to affect glutathione, which may result in ROS elevation via glutathione depletion. Therefore, in vitro ROS generation caused by compound 3 can be explained based on the in silico docking results.





4. Conclusions


ROS production in cancer cells is an attractive strategy for developing therapeutic approaches that selectively kill cancer cells. Compounds with conjugate carbonyl groups act as Michael reaction acceptors and have the effect of removing GSH from within cancer cells. As a result, they play a key role in killing cancer cells by increasing the concentration of ROS. A novel flavone–chalcone hybrid compound 3 was designed and synthesized by combining flavone and chalcone, which have conjugate carbonyl groups in each molecule. The 3D structure of compound 3 was identified by X-ray analysis. In the crystal, two hydrogen bonds formed inversion dimers and these dimers were extended along the a axis by another hydrogen bond. The 2D fingerprint plots of Hirshfeld surface analyses revealed that H⋯H, O⋯H and C⋯H interactions are the major contributions to overall crystal packing.



The treatment of HCT116 cells with compound 3, led to a decrease in cell population containing high GSH levels, which was verified by fluorescence cytometry. The loss of intracellular GSH in cancer cells caused an increase in intracellular ROS. An increase in the ROS-sensitive DCF fluorescence by compound 3, suggested that compound 3 produced intracellular ROS in HCT116 cells. When the HCT116 cells were treated with different concentrations of compound 3, the cell viability decreased in a dose-dependent manner. The mode of action by compound 3 was elucidated by its effect on the ROS generation which was confirmed by decreasing the GSH levels. It was also unveiled that compound 3-induced ROS triggered caspase-mediated apoptosis in the HCT116 cells. In silico experiments confirmed that compound 3 is present at a sufficiently close distance to glutathione bound to GST, reacts with glutathione and enhances ROS by removing glutathione. Compound 3 may represent a promising novel anticancer agent for ROS generation through glutathione depletion in human colon cancer cells.
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The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/cryst12010108/s1, CIF file and NMR spectra and mass spectrum for compound 3. Figure S1: 1H NMR spectrum of compound 3; Figure S2: 13C-NMR spectrum of compound 3; Figure S3: mass spectrum of compound 3; Figure S4: all possible intermolecular interactions and their contribution to the overall molecular packing interactions; and Figure S5: Hirshfeld surfaces mapped with dnorm, shape index and curvedness (A). The Hirshfeld surface mapped over dnorm highlighting the area of intermolecular C–H⋯O contacts, where two molecules formed inversion dimer linkage through the dark red spots on the dnorm Hirshfeld surface (B); Figure S6: The 3D image obtained from nine iterated docking results between compound 3 and glutathione S-transferase containing glutathione (red color) generated by PyMol.
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Scheme 1. Synthetic scheme for the title compound 3. 
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Figure 1. Molecular structure of the title compound 3 (A) and 3D structure with atomic labeling (B). 
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Figure 2. In the unit cell, there are two molecules that show week pi–pi interactions between two chromenone rings (C1-C5/O1) that are 3.790 Å apart from each other. 
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Figure 3. Dihedral angle formed between the benzene ring (grey) and the chromenone ring (purple). 
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Figure 4. Part of the crystal structure is shown. Two molecules form the inversion dimer by two strong pairs of hydrogen bonds, as indicated by the blue dotted lines (A). Additional hydrogen bonds (orange dotted lines) connect the chain along a-axis (B). For clarity, only H atoms involved in hydrogen bonding are shown. 
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Figure 5. The complete two-dimensional fingerprint plots for compound 3 (A), and delineated into a major contribution of H⋯H/H⋯H (34.3%), O⋯H/H⋯O (19.2%) and C⋯H/H⋯C (16.7%) interactions (B). 
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Figure 6. The analysis of the cell population containing the reduced glutathione (GSH) after compound 3 exposure in HCT116 cells. The HCT116 cells were exposed to 20 and 40 μM of compound 3 in the presence (+) or absence (-) of 2 mM N-acetyl cysteine (NAC). After 18 h, the cells were stained with VB-48, acridine orange and propidium iodide (PI). The stained cells were analyzed using the fluorescence image cytometer NucleoCounter NC-3000. The scatter plots (top panels) show that cell populations fluoresce VB-48 versus propidium iodide (PI). Dead cells were gated out based on the PI uptake (horizontal lines). The unhealthy cells were gated out based on the VB-48 intensities (vertical lines). The histograms (bottom panels) present the GSH level changes in healthy cells, PI-positive dead cells; ll, PI-negative unhealthy cells with a low GSH level; lr, PI-negative live cells with high a GSH level and M1, unhealthy cells with a decreased level of GSH. 
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Figure 7. The effect of compound 3 on the generation of ROS in HCT116 cells. HCT116 cells were incubated with 10 μM DCF-DA for 60 min, followed by treatment with 40 μM of compound 3 or 100 μM of menadione as a reference compound for 1 h. DCF fluorescence was assessed using the fluorescence image cytometer NucleoCounter NC-3000 (A) and visualized using an EVOSf1® fluorescence microscope (B). Scale bar, 400 μm. 
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Figure 8. Effect of compound 3 on caspase-mediated apoptosis in HCT116 cells. (A) HCT116 cells were treated with different concentrations of compound 3. After 24 h, cell viability was measured using the CCK-8 assay. Data are presented as the mean ± standard deviation (SD). Statistical analysis was conducted using one-way analysis of variance (ANOVA) followed by Dunnett’s multiple comparisons test using GraphPad Prism version 8.4.2. **, p < 0.01; ****, p < 0.0001 (n = 9). A p value of less than 0.05 indicated a statistically significant difference. (B) HCT116 cells were incubated with FITC-labeled Annexin V (AV) and propidium iodide (PI) after treatment with vehicle (DMSO) or 40 μM compound 3 for 24 h. Annexin V staining was analyzed using a fluorescence image cytometer NucleoCounter NC-3000. Q1ll, AV−/PI−;/Q1ul, AV−/PI+; Q1lr, AV+/PI−; Q1ur, AV+/PI+; M1, cell population of AV+/PI+. 
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Figure 9. The effect of compound 3 on caspase-mediated apoptosis in HCT116 cells. HCT116 cells were treated with 20 and 40 μM of compound 3 for 24 h (A) or 40 μM of compound 3 for 24 h in the absence or presence of 2 or 4 mM N-acetyl cysteine (NAC) (B). 
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Figure 10. The 3D image of a pocket next to glutathione in the glutathione S-transferase, 1gne.pdb generated by PyMol. 
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Figure 11. The 3D image of compound 3 (cyan color) docked into the glutathione S-transferase and glutathione (green color) generated by PyMol. 






Figure 11. The 3D image of compound 3 (cyan color) docked into the glutathione S-transferase and glutathione (green color) generated by PyMol.



[image: Crystals 12 00108 g011]







[image: Crystals 12 00108 g012 550] 





Figure 12. The distances between C10 and the sulfur of glutathione, and C3 and sulfur are 4.1 Å and 4.4 Å, respectively. The distances were measured using the PyMol program. 
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Table 1. Crystal data and structure refinement for compound 3.
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	Compound 3





	Chemical Formula
	C19H13BrO4



	Molecular Weight
	385.20



	Wavelength
	0.71073 Å



	Temperature
	243(2) K



	Crystal System
	Triclinic



	Space Group
	P-1



	Unit Cell Dimensions
	a = 8.2447(6) Å

b = 8.6032(6) Å

c = 11.7826(7) Å

α= 92.456(2)°.

β= 91.541(2)°.

γ = 106.138(2)°.



	Volume
	801.42(9) Å3



	Z
	2



	Absorption Coefficient
	2.585 mm−1



	Density (Calculated)
	1.596 Mg/m3



	F(000)
	388



	Crystal Size
	0.42 × 0.26 × 0.09 mm3



	Theta Range for Data Collection
	2.468 to 28.272°.



	Index Ranges
	−10 ≤ h ≤ 10, −11 ≤ k ≤ 11, −15 ≤ l ≤ 15



	Reflections Collected
	22,878



	Independent Reflections
	3953 [R(int) = 0.0904]



	Completeness to Theta = 25.242°
	99.6%



	Refinement Method
	Full-matrix least-squares on F2



	Goodness-of-Fit on F2
	1.038



	Data/Restraints/Parameters
	3953/0/218



	Final R Indices (I > 2sigma(I))
	R1 = 0.0709, wR2 = 0.1803



	R Indices (all data)
	R1 = 0.0774, wR2 = 0.1859



	Largest Diff. Peak and Hole
	0.672 and −0.775 e·Å−3
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Table 2. Selected dihedral angles (°) for compound 3.
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	Selected Dihedral Angles
	Degree (°)





	C(2)-C(10)-C(11)-C(12)
	179.4(3)



	H(10)-C(10)-C(11)-H(11)
	179.4



	C(10)-C(11)-C(12)-O(3)
	−12.6(5)



	C(1)-C(2)-C(3)-O(2)
	1.7(5)



	O(1)-C(1)-C(2)-C(3)
	167.4(3)



	C(3)-C(2)-C(10)-C(11)
	179.1



	H(11)-C(11)-C(12)-O(3)
	167.5



	C(19)-O(4)-C(13)-H(15)

O(3)-C(12)-C(13)-C(14)
	−8.9(5)

141.4(3)



	O(3)-C(12)-C(13)-C(18)
	−36.1(4)
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Table 3. Intermolecular hydrogen bonds for compound 3 (Å and °).
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D-H⋯A

	
d(D-H)

	
d(H⋯A)

	
d(D⋯A)

	
<(DHA)






	
C(3)-H(3)⋯O(3)#1

	
0.94

	
2.23

	
3.133(4)

	
161.9




	
C(10)-(10)⋯O(3)#1

	
0.94

	
2.54

	
3.343(4)

	
143.5




	
C(9)-H(9)⋯O(4)#2

	
0.94

	
2.57

	
3.482(4)

	
163.8




	
Symmetry transformations:




	
#1 − x, −y + 1, −z + 1; #2 −x + 1, −y + 1, −z + 1
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