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Abstract:



As part of the research endeavors to combat cancer, a non-symmetric bis-isatin derivative (compound 3) was synthesized and showed a significant anti-proliferative potency. The current study provides a comprehensive characterization of the interaction of compound 3 with the drug-transporting protein bovine serum albumin (BSA) via the use of spectroscopic tools along with molecular docking studies. Fluorescence spectral measurements showed that the BSA intrinsic fluorescence can be significantly quenched by the addition of compound 3 and the formation of a non-fluorescent complex. Further measurements revealed a static type of quenching with Stern–Volmer and Linweaver–Burk constants of 105. The thermodynamic parameters of the binding were calculated to be ΔS° 105.09 ± 5.32 with ΔH° of −0.72 ± 0.71 and negative ΔG° values. In addition, synchronous fluorescence and 3D fluorescence spectroscopy suggested that compound 3 did not induce conformational changes in BSA. Site competition experiments revealed that compound 3 competes with warfarin within the BSA binding domain (Sudlow site I). This was further confirmed by the molecular docking results showing a binding energy of −25.93 kJ/mol for compound 3-BSA. Hence, the observed results in the present study assumed that the compound 3-BSA binding is spontaneous, involving electrostatic forces and hydrogen bonding.
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1. Introduction


Cancer is one of the most serious global health problems, constituting the second major cause of death worldwide [1]. The development of new, safe, and effective agents for the management of cancer is still a challenge. Isatin (1H-indole-2,3-dione) is an endogenous compound in certain organisms and it was discovered in 1988 [2]. It received considerable attention in the medicinal arena because it is included in a number of bioactive heterocyclic compounds with diverse pharmacological profiles [3,4,5,6,7,8]. A representative example of an already developed isatin-based anticancer drug is sunitinib (I, Sutent™, Pfizer, Inc. New York, NY, USA, Figure 1), which was granted FDA approval in 2006 as an orally active multi-targeted tyrosine kinase inhibitor used for the management of imatinib-resistant gastrointestinal stromal tumors and metastatic renal-cell carcinoma [9,10,11]. Semaxanib (II) and orantinib (III) are other examples of isatin-based sunitinib analogs which were developed as new anticancer lead compounds via their multiple tyrosine kinase receptor inhibitory activity (Figure 1) [12].


Figure 1. Chemical structures of some anticancer agents bearing an isatin nucleus.
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It has recently been reported that the symmetric bis-isatin derivative IV exhibited in vitro anti-proliferative activity toward the HepG2 cancer cell line with an IC50 value of about 4.23 mM [13]. Accordingly, this represented a strong motif to synthesize the target compound 3 (Figure 2) being a non-symmetric bis-isatin derivative as a new anticancer candidate.


Figure 2. Chemical structure of the title compound 3.
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Subsequently, and with the advancement of drug development in cancer management along with the synthesis of such potential anti-proliferative agents, numerous probable interactions should be considered. Concurrently, serum albumins, the multi-functional depots and transport carriers, are well known as the principal circulatory proteins in several organisms, forming about 50–60% of the entire number of plasma proteins [14]. Their conformational and physiological characteristics have been comprehensively explored [15,16,17]. Serum albumins in general are responsible for various conformational dynamics and binding aggregation in solution [18]. The albumin-drug interactions can appreciably control drugs’ distribution volume and elimination rate. Hence, drug-albumin investigations may help to interpret a drug’s metabolism, transportation mechanism, and its probable pharmacokinetic and pharmacodynamic profiles. A model protein that is frequently used to represent this albumins family in experimental studies is the bovine serum albumin (BSA) [19,20]. BSA is a structural homologue to the human serum albumin (HSA) with a well-studied structure [21,22,23,24,25]. Numerous studies have been published reporting BSA-drug binding interactions using spectroscopic tools [18,20,26,27]. Hence, in the current study, following the successful synthesis of the target non-symmetric bis-isatin derivative, and due to its potential anti-proliferative activity, its interaction with BSA was explored via spectroscopic and molecular docking approaches to gain insight into this compound’s molecular features.




2. Materials and Methods


2.1. Materials


All chemicals, reagents, and solvents were of analytical grade. Bovine serum albumin (BSA) was purchased from Techno Pharmchem (Haryana, India). Ultrapure water used throughout the study was obtained via a Millipore Milli-Q® UF-Plus purification system (Millipore, MA, USA).




2.2. Chemistry


2.2.1. Synthesis of 5-Bromo-3-hydrazonoindolin-2-one


To a stirred solution of 5-bromoisatin (2.26 g, 10 mmol) in methanol (20 mL), 99% hydrazine hydrate (2.5 mL, 50 mmol) was added. The reaction mixture was refluxed for 1 h. The precipitate was filtered, washed with methanol, and dried to afford 5-bromo-3-hydrazonoindolin-2-one [28] in almost quantitative yield.




2.2.2. Synthesis of 1-benzylindoline-2,3-dione (2)


Benzyl bromide (1.71 g, 10 mmol) was added to a reaction mixture containing isatin (1.47 g, 10 mmol) and potassium carbonate (2.76 g, 20 mmol) in dimethylformamide (15 mL). The reaction mixture was stirred at room temperature for 18 h, poured onto ice-cold water, filtered, and dried to produce 2.18 g (92%) of compound 2 [29], which was pure enough to be used in the subsequent step.




2.2.3. Synthesis of 1-Benzyl-3-((5-bromo-2-oxoindolin-3-ylidene)hydrazono)indolin-2-one (3)


5-Bromo-3-hydrazonoindolin-2-one (0.23 g, 1 mmol) was added to a mixture containing compound 2 (0.24 g, 1 mmol) and included a catalytic amount of glacial acetic acid in ethyl alcohol (10 mL). The reaction mixture was heated to reflux for 6 h, the hot suspension was filtered off, and the collected solid was washed with ethanol. The solid product was re-crystallized from ethanol/DMF mixture (3:1) to yield 0.36 g (79%) of the title compound 3 as a red powder m.p. 265–267 °C; 1H NMR (DMSO-d6) ppm: 5.01 (s, 2H, CH2), 6.89 (d, 1H, Ar-H, J = 8.0 Hz), 7.00 (d, 1H, Ar-H, J = 8.0 Hz), 7.08 (t, 1H, Ar-H, J = 7.5 Hz), 7.27–7.45 (m, 6H, Ar-H), 7.59–7.70 (m, 3H, Ar-H), 11.15 (s, 1H, NHindolic); Anal. Calcd. for C23H15BrN4O2: C, 60.15; H, 3.29; N, 12.20; Found: C, 59.89; H, 3.33; N, 12.28.





2.3. Anti-Proliferative Activity


The anti-proliferative activity of the title compound 3, as well as the reference standard drug, sunitinib, was performed as mentioned in the experimental protocol [30].




2.4. Sample Preparation for BSA Binding Studies


Appropriate amounts of compound 3 pure powder were dissolved in dimethyl sulfoxide (DMSO), producing a 2.0 mM solution. A solution of 1× phosphate buffered saline (PBS buffer) pH 7.4 was used for further dilutions of the compound 3 stock solution to produce a 20.0 μM solution that was used to achieve various working solutions of compound 3. A 15 μM BSA solution was prepared in PBS, and subsequently diluted to a 1.5 μM solution for the measurements. The experimental procedure was performed at ambient temperature and the solutions were then kept at −20 °C.




2.5. Instruments and Conditions


Fluorescence spectral determinations were executed on a Jasco FP-8200 (Jasco International Co. Ltd., Tokyo, Japan), with the solutions being measured in a 1 cm quartz cuvette. Values of 5 nm were set for the excitation and emission slit widths, with the emission of the protein monitored at λem = 338 following excitation at λex = 280. The quenching effect of the ligand on BSA was probed at the emission range (334–344 nm). Emission spectra were recorded in the wavelength range of 290–500 nm. UV-Vis absorbance measurements were accomplished using a Nanodrop™2000 UV-Vis spectrophotometer (Thermo Scientific, Wilmington, DE, USA) with a path length of 1 mm, which is automatically transformed to the absorption results of a conventional 1 cm path length cuvette. Investigational solutions were all prepared in 1× phosphate buffered saline (PBS buffer) pH 7.4. Prior to all fluorescence and UV-Vis measurements, blank solutions with the exact used solvents were determined as blank controls and all subsequent measurements were corrected for the solvent’s effect. The melting point of the title molecule 3 was measured with Stuart melting point apparatus and was uncorrected. The 1H NMR spectrum of compound 3 was run with a 500 MHz Bruker NMR spectrometer (Bruker, Reinstetten, Germany) in deuterated dimethyl sulfoxide (DMSO-d6). The chemical shift values are expressed in (ppm) using the solvent peak as an internal standard. All coupling constant (J) values are given in hertz. The abbreviations used are as follows: s, singlet; d, doublet; t, triplet; m, multiplet. Elemental analysis of the title molecule 3 was carried out at the regional center for microbiology and biotechnology, Al-Azhar University, Cairo, Egypt.




2.6. Protein Concentration Determination


The concentration of the protein was estimated utilizing the specific extinction coefficient of [image: there is no content] ~ 6.7 for BSA using a Nanodrop™ 2000 UV-Vis spectrophotometer (Thermo Scientific, Wilmington, DE, USA).




2.7. Fluorescence Quenching Studies


Spectrofluorimetric investigations of the binding characteristics of compound 3 and BSA were performed at three temperatures (288, 298 and 309 K). Solutions of compound 3 in the concentration range of 0.65–25.0 μM were titrated into a BSA solution of 1.5 μM. The inner filter effect was diminished via the correction of fluorescence intensities arising from excitation and emission light absorption and re-absorption, respectively, utilizing Equation (1) [31,32].


[image: there is no content]



(1)







Where Fcor and Fobs are the corrected and measured fluorescence intensities, respectively. Aex and Aem are the compound 3 absorbance readings at excitation and emission, respectively.




2.8. Synchronous and Three Dimensional Fluorescence Measurements


The synchronous fluorescence spectra of the compound 3-BSA interaction were examined using the wavelength interval (Δλ) values of 15 nm and 60 nm to reveal the tyrosine (Tyr) and tryptophan (Trp) features of the BSA, employing the same concentrations used for the emission determinations. Additionally, three dimensional (3D) fluorescence spectra were determined for a BSA-only solution of 1.5 μM and a mixture solution of BSA and compound 3 (compound 3 concentration of 3.0 μM) by setting the parameters to an excitation range of 210–350 nm and emission range of 240–610 nm.




2.9. Competitive Binding Using Site Markers


Measurements of the fluorescence intensity of BSA in the presence of compound 3 and warfarin (WAR)/ibuprofen (IBP) as two previously reported site markers for the BSA sites I and II, respectively, were carried out to investigate the binding site for compound 3. Individual 1.5 μM solutions of BSA and the site markers were made, and compound 3 solutions covering the range of 0 and 25 μM were also prepared.




2.10. UV-Vis Spectrophotometric Determinations


Measurements of the UV-Vis absorption of BSA with and without the addition of compound 3 were accomplished using a range of 220–400 nm. Solutions of 1.5 μM BSA were used with compound 3 concentrations ranging from 3 to 12 μM for the binding spectral monitoring and 20 μM for compound 3-only spectral determination.




2.11. Molecular Docking Studies


The tridimensional crystal structure of BSA was imported from the Protein Data Bank (PDB code 4OR0) [33] into the Molecular Operating Environment software package (MOE® 2014; Chemical Computing Group, Montreal, QC, Canada) for a prior optimization that involved the deletion of water molecules and hetero atoms and the supplementation of hydrogen atoms. The compound 3 three dimensional structure was sketched by ChemDraw® Ultra 14.0, and the minimized energy structure and geometries of compound 3 were attained by MOE® 2014 software. The BSA binding pocket identified, scoring with London dG function, and rescoring with GBVI/WSA dG in MOE® were employed to grade the docked poses of compound 3. The compound 3 configuration with the best score and Root-Mean-Square Deviation (RMSD) values, when bound to BSA, was selected.





3. Results and Discussion


3.1. Synthesis of the Title Compound 3


The title compound 3 was prepared as portrayed in Scheme 1. Thus, the commercially available 1H-indole-2,3-dione (1) was allowed to react with benzyl bromide to furnish the corresponding N-benzylated derivative 2. Subsequently, compound 2 was reacted with 5-bromo-3-hydrazonoindolin-2-one to give the title compound 3.




3.2. Anti-Proliferative Activity


Compound 3 showed a potent anti-proliferative activity against human lung (A-549), colon (HT-29), and breast (ZR-75) cancer cell lines as compared with the reference standard anticancer isatin-based drug, sunitinib [30].




3.3. Fluorescence Spectroscopic Investigation of the Binding Mechanism


Serum albumins often enhance the apparent solubility of hydrophobic drugs in plasma and modulate their delivery to the cells in vivo and in vitro. The pharmacokinetic characteristics, stability, and toxicity of drugs can be significantly altered as a result of their binding to serum albumins. Bovine serum albumin (BSA) and human serum albumin (HSA) are the major components in plasma protein for cows and humans, respectively. BSA is homologous to HSA, displaying about 88% sequence homology, and consists of three linearly arranged domains (I–III) that are composed of two subdomains (A and B). The use of HSA may be favored over BSA for the studies carried out on clinically used drugs. However, in the present study, for such a compound in the early stages of development, BSA was employed as a model representing the serum albumins family. Several earlier studies have utilized spectroscopic techniques, particularly fluorescence spectral determination, to explore the different aspects of protein binding to various ligands [34,35,36]. Fluorescence quenching shows decline protein intrinsic fluorescence occurring through diverse molecular interactions [37,38]. The BSA fluorescence emission spectra with and without the addition of compound 3 were monitored in the wavelength range 290–500 nm upon excitation at 280 nm. The addition of compound 3 caused the BSA fluorescence intensity to be quenched in a concentration dependent way (Figure 3), with no BSA peak shift or shape alteration. The experimental quenching effect can be either classified as a dynamic or a static type of quenching [22,39].


Figure 3. Emission spectra of (1) BSA (1.5 μM) and the BSA-compound 3 system succeeding the addition of compound 3 at the concentrations of (2) 0.65 μM; (3) 1.0 μM; (4) 1.5 μM; (5) 3.0 μM; (6) 4.5 M; (7) 6.0 μM; (8) 9.0 μM; (9) 12.0 μM; (10) 18 μM; (11) 25 μM.
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Based on their temperature dependence, the two types of quenching can be further identified, i.e., higher temperatures yield higher quenching constants in dynamic quenching, while the opposite is always true in the case of static quenching. Hence, the quenching results at the three investigated temperatures were analyzed using the Stern–Volmer (Equation (2)) [40] and Lineweaver–Burk equations (Equation (3)) [41].




[image: there is no content]



(2)
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(3)





In the two Equations, F0 and F represent the BSA fluorescence intensity alone and when bound to compound 3, respectively, and [Q] stands for the concentration of compound 3. The Stern–Volmer and Lineweaver–Burk constants are symbolized by [image: there is no content] and [image: there is no content], respectively, with Kq representing the quenching rate constant, and τ0 is the mean protein lifetime without compound 3 (quencher) that equals (2.7 × 10−9 s−1) [42]. Figure 4a,b show that the compound 3-BSA binding system yields linear Stern–Volmer and Lineweaver–Burk relations with their constants summarized in Table 1. They decline with the gradual temperature rise that then fits well with a static quenching proposal [43]. Furthermore, Equation (4) was employed to estimate the Kq values listed in Table 1, which are shown to be higher than the formerly reported values for numerous quenchers with the biopolymer of 2 × 1010 LM−1·s−1 [42]. Hence, the observed results propose the formation of a complex between compound 3 and BSA [44,45].


Kq = KSV/τ0



(4)






Figure 4. Stern–Volmer (a) and Lineweaver–Burk (b) plots at various temperatures.
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Table 1. Parameters computed from both Stern–Volmer and Lineweaver–Burk relations for compound 3-BSA binding.







	
Temperature (T) (K)

	
Stern–Volmer Parameters

	
Lineweaver–Burk Parameters




	
KSV × 105

(L·mol−1)

	
Kq × 1013

(L·mol−1·s−1)

	
r2

	
KLB × 105

(L·mol−1)

	
r2






	
288

	
1.13 ± 0.047

	
4.19

	
0.9863

	
1.06 ± 0.16

	
0.9786




	
298

	
1.10 ± 0.045

	
4.08

	
0.9876

	
1.04 ± 0.12

	
0.9798




	
309

	
1.06 ± 0.048

	
3.92

	
0.9841

	
1.01 ± 0.12

	
0.9813











3.4. Binding Constant and Number of Binding Sites


Further elaboration of the equilibrium amid the free and bound molecules can be achieved through the analysis of the fluorescence emission data utilizing Equation (5) if we hypothesize the binding of free molecules of compound 3 to equivalent sites on the BSA [43,46]:


[image: there is no content]



(5)







Herein, K denotes the binding constant and n refers to the number of binding sites on the protein molecule. Hence, plotting the relation between log (F0 − F)/F and log [Q] (Figure 5), can yield both K and n values. Table 2 summarizes the computed K and n values for the compound 3-BSA system at the three experimental temperatures which, consistently with the previous results, shows a decline in the binding constant with the temperature elevation as a result of forming a less stable complex between compound 3 and BSA.


Figure 5. Plots of log [(F0 − F)/F] vs. log [Q] for the compound 3-BSA interaction at different temperatures.
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Table 2. Summary of the thermodynamic parameters for the compound 3-BSA interaction along with binding parameters K and n.







	
Temperature (T) (K)

	
ΔG°

(kJ·mol−1)

	
ΔH°

(kJ·mol−1)

	
ΔS°

(J·mol−1·K−1)

	
K × 105

(L·mol−1)

	
n *

	
r2






	
288

	
−32.98 ± 2.5

	
−0.72 ± 0.71

	
105.09 ± 5.32

	
9.65 ± 0.95

	
0.947 ± 0.018

	
0.9955




	
298

	
−34.04 ± 2.2

	
9.32 ± 1.20

	
0.946 ± 0.019

	
0.9952




	
309

	
−35.19 ± 2.3

	
8.92 ± 0.97

	
0.945 ± 0.018

	
0.9956








* All values are the average of three determinations.









3.5. Thermodynamics Parameters and Nature of the Binding Forces


Entropy (ΔS°) and enthalpy (ΔH°), as the principal thermodynamic parameters involved in the interaction of compound 3 and BSA, are of significant importance as binding force determinants. Their importance arises from the fact that in such an interaction, the complex formation and the binding constant are highly temperature dependent. In principal, ligand-macromolecule binding can be a result of the involvement of one or more forces, including those that are hydrophobic, van der Waals forces, hydrogen bonding, and electrostatic forces. Former reports have recognized the various forces in protein/ligand binding, in line with the determined thermodynamic parameters [47,48,49]. Such measurements reveal three potential pathways through which a hydrophobic interaction is claimed if +ve entropy (ΔS°) and enthalpy (ΔH°) values, and hydrogen bonding and/or van der Waals forces could be the driving forces when −ve ΔH° and ΔS° are observed. Additionally, electrostatic forces are deemed responsible when negative enthalpy (ΔH°) and positive entropy (ΔS°) are present. In the present study, the thermodynamic parameters of the compound 3-BSA system were computed using Equations (6) and (7):


[image: there is no content]



(6)
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(7)




where K is the association constant and ΔG° represents the free energy change. The gas constant and temperature in Kelvins are symbolized by R and T, respectively. Accordingly, a plot of ln K values against the reciprocal of the temperature (Figure 6) shall be used to compute the values of ΔG°, ΔS°, and ΔH°.


Figure 6. An exothermic Van’t Hoff plot for compound 3-BSA binding.
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Based on the previously mentioned rules for the main binding forces, the results summarized in Table 2 revealed that compound 3-BSA binding cannot be accounted for as a single intermolecular force model. Such values (Table 2) indicate a spontaneous interaction between compound 3 and BSA taking place via hydrogen bonding and electrostatic interactions.




3.6. UV-Vis Absorption Spectra


Figure 7 shows the measured absorption spectra for compound 3 and BSA and proves the formation of a complex between compound 3 and BSA. Moreover, the UV absorption intensity enhanced gradually for BSA following the addition of compound 3 concentrations, which may infer the extension of the BSA peptide strands with the gradual increment of compound 3.


Figure 7. UV spectra of (a) 1.5 μMBSA; (b) 20 μM compound 3; (c) compound 3 (3.0 μM) + BSA (1.5 μM); (d) compound 3 (6.0 μM) + BSA (1.5 μM); (e) compound 3 (9.0 μM) + BSA (1.5 μM); (f) compound 3 (12 μM) + BSA (1.5 μM).



[image: Applsci 07 00617 g007]







3.7. Effect of Compound 3 on BSA Conformation


3.7.1. Synchronous Fluorescence


The synchronous fluorescence spectra of BSA indicate that the fluorescence of tyrosine (Tyr) and tryptophan (Trp) residues of BSA at wavelength intervals of Δλ is 15 and 60 nm, respectively [50,51]. It can be seen from Figure 8 that the intensity of the emission spectra of Tyr and Trp was diminished with no clear peak shift. When comparing the quenching effect of compound 3 on the fluorescence intensity of Tyr and Trp residues, it is clear that Trp quenching is more significant, which may refer to the fact that the binding site of compound 3 is nearer to the Trp residue.


Figure 8. Spectra of the synchronous fluorescence of BSA (1.5 μM) with the addition of compound 3 (1–11) = (0–25 μM) at Δλ = 15 nm (a) Δλ = 60 nm (b).
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3.7.2. Three Dimensional Fluorescence Measurements


Measurements of the three-dimensional (3D) fluorescence were performed and the calculations of different characteristic 3D parameters are reported in Table 3. Figure 9 and Figure 10 show that BSA possesses different fluorescence peaks, where peak 1 (λex 224 → λem 336) is controversial as numerous previous studies have claimed that it originated from the n → π* transition of the polypeptide backbone of the serum albumin structure, correlating its intensity to the BSA or HAS (Human Albumin Serum) secondary structures [38,52]. Conversely, in a latest multi-laboratory investigation reported by Bortolotti et al. [53], it was established that this observed emission peak, following the excitation at 220–230 nm, aroused from Tyr and/or Trp. Therefore, this peak cannot provide any information on the backbone conformation of the protein. Peak 2 (λex 278 → λem 334) infers the spectral attributes of the Trp and Tyr residues [20]. With its binding to compound 3, the BSA fluorescence peaks were quenched, as evidenced from Figure 9b and Figure 10b.


Figure 9. 3D spectra of BSA (1.5 μM) in (a) absence and (b) presence of compound 3 (12.0 μM).
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Figure 10. Contour plot of the fluorescence intensity spectra of BSA (a) compound 3-BSA system (b).
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Table 3. Parameters of the 3D fluorescence for compound 3-BSA binding.







	

	
BSA

	
Compound 3-BSA




	
1st Peak

	
2nd Peak

	
1st Peak

	
2nd Peak






	
Position of the peak

(λex/λem, nm/nm)

	
224/336

	
278/334

	
224/336

	
278/334




	
Relative intensity (IF)

	
9993.22

	
4258.31

	
2845.65

	
1290.87




	
Stokes shift λ/nm

	
112

	
56

	
112

	
52












3.8. Site Markers Competitive Binding


Earlier reports have demonstrated that BSA, in similarity to HSA, has two main ligand-binding sites (I and II) located in subdomains IIA and IIIA, respectively [54,55,56]. Therefore, in order to comprehensively elaborate the BSA binding sites for the compound 3 interaction, the BSA binding to warfarin (WAR) and ibuprofen (IBP) was examined, as those two ligands were reported earlier as markers for the subdomains IIA and IIIA, respectively [54,55]. Fluorescence measurements were carried out for solutions of BSA and site markers (1:1 ratio) incrementally titrated with compound 3. Subsequent plots of Stern–Volmer (Equation (3)) and the double-log (Equation (6)) relations were graphed as shown in Figure 11. Constant values of Ksv and K were estimated from the plots and are listed in Table 4. The observed results unambiguously demonstrate that compound 3-BSA binding in the presence of WAR led to a remarkable decrease in Ksv and K values, in contrast to compound 3-BSA only, whilst nearly maintaining equal values in the presence of IBP. Hence, a displacement interaction between compound 3 and WAR on the BSA binding site can be concluded, which shows that compound 3 binds to the BSA subdomain IIA.


Figure 11. Stern–Volmer correlation derived from the BSA interaction with compound 3 at 298 K in the presence of WAR and IBP as the site markers.
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Table 4. Binding constant of compound 3 with the co-solution of BSA and site markers.







	
Systems

	
KSV × 105 (L·mol−1)

	
r2






	
BSA + compound 3

	
1.10 ± 0.05

	
0.9876




	
BSA + compound 3 + IBP

	
1.08 ± 0.06

	
0.9782




	
BSA + compound 3 + WAR

	
0.91 ± 0.05

	
0.9823











3.9. Molecular Docking


Molecular docking as a simulation approach is a useful technique that links the protein and the ligand via various forms of interactions. It provides a validation tool to the experimental data obtained for the binding affinity and interaction modes of the ligand in the protein binding site. The complementary applications of molecular docking have been employed to improve the understanding of the interaction of compound 3 and BSA. The observed docking results for the compound 3-BSA system show that compound 3 binds to site I (subdomain IIA) in the BSA structure (Figure 12), which is complimented with the results acquired from site marker displacement studies. The scoring of the best conformation of compound 3 when bound to BSA demonstrated the lowest binding energy conformer that binds to BSA with a free energy of −25.94 kJ·mol−1 and RMSD of 1.146. This compound 3 conformer is situated within the active site residues Glu152, Tyr156, Ser191, Arg194, Leu197, Arg198, Ser201, Ala209, Trp213, Arg217, His287, Ala290, Glu291, Val342, Ser343, Leu346, Asp450, Leu454, Leu480 and Val481 (Figure 12). Further, compound 3 was shown to form three hydrogen bonds with BSA through residues ASP450, Arg194 and Arg198, as summarized in Table 5. The observed docking results are consistent with the previously mentioned experimental data, confirming the tight binding between compound 3 and BSA via hydrogen bonding and electrostatic interactions. Furthermore, this finding provides a good structural basis to explain the efficient fluorescence quenching of BSA emission in the presence of compound 3. Binding to serum albumins controls the free, active concentration of a drug, provides a reservoir for a long duration of action, and ultimately affects drug absorption, metabolism, distribution, and excretion. Hence, the obtained docking results have further mapped the binding location and strength of compound 3 to the BSA.


Figure 12. (a) A schematic demonstration, and (b) A cartoon illustration of the amino acids included in compound 3-BSA binding within the BSA site I binding pocket.
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Table 5. Summary of the docking data obtained for compound 3 and BSA.







	
Compound 3

	
BSA Residues

	
Interaction Type

	
Distance (Å)






	
N 27

	
ASP450

	
H-donor

	
3.10




	
O 1

	
ARG198

	
H-acceptor

	
2.70




	
O 30

	
ARG194

	
H-acceptor

	
2.96




	
5-ring

	
VAL342

	
pi-H

	
4.50












4. Conclusions


The current study focused on the synthesis of a new highly active anti-proliferative non-symmetric bis-isatin derivative. A subsequent comprehensive investigation of the BSA binding features of compound 3 using a fluorescence-quenching procedure was performed. Compound 3 was able to quench the fluorescence of BSA statically through the formation of a complex. Constants estimated from Stern–Volmer, Linweaver–Burk, and double log relations for the fluorescence emission data of the compound 3-BSA system were in the order of 105 L·mol−1, thus revealing the strong protein binding of compound 3. The computed thermodynamic parameters and molecular docking studies infer a spontaneous interaction that may involve both hydrogen bonding and electrostatic forces. The clinical consequences of drug-albumin interactions can be better understood with the aid of such studies, for example, dosage schedules can be empirically devised for highly albumin-bound drugs which are based on normal concentrations and the drug-binding behavior of albumin. Ultimately, due to the diversified functions of the serum albumins, more specifically their molecule transportation role, the present study can play a crucial role in evaluating the pharmacological characteristics of compound 3 during further in vivo studies.
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Scheme 1. Synthesis of the target compound 3. Reagents and conditions: (i) Benzyl bromide, K2CO3, DMF, RT, 18 h; (ii) 5-Bromo-3-hydrazonoindolin-2-one, catalytic amount of glacial acetic acid, ethanol, reflux, 6 h. 
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