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    DNA and HSA interaction of Vanadium (IV), Copper (II), and Zinc (II) complexes derived from an asymmetric bidentate Schiff-base ligand: multi spectroscopic, viscosity measurements, molecular docking, and ONIOM studies

Introduction

Schif-base ligands and their metal complexes have been studied increasingly in past decades. These compounds show wide variety of chemical structures with diferent physicochemical properties [1][2][3][4]. On the other hand, there are many reports in the literatures based on their potential applications in diferent sciences, e.g., solar cells, molecular recognition, catalysis, and nano-materials, due to mild reaction conditions and high synthesis rates of Schif-base complexes [5][6][7][8]. In addition, in the recent years, remarkable attention has been paid to the biological applications of Schif-base compounds due to their stability, biocompatibility, and biological activities [9]. Biochemists believe that the imine group existence in the chemical structure of Schif bases is the main cause of their biological activity of Schif-base compounds. Furthermore, complexation of Schif-base ligands with transition metal ions enhances their biological activities [10][11][12]. In addition, metal ion compounds are attractive candidates in biological felds and medicinal applications. The role of Copper(II) as antitumor and antibacterial agent [13,14], Vanadium (IV) as antitumor, antimicrobial, an insulin-mimetic, and antidiabetic agent [15][16][17] and Zinc (II) in peptidase enzymes, its antimicrobial activity, its function as enzyme activator or inhibitor, and its partnership in intracellular and intercellular signal transduction [18][19][20] are the best examples for biological importance of these metal ions. Therefore, studying the interaction of Schif-base metal complexes with biomacromolecules such as DNA and proteins is the frst step for the intellectual design and fabrication of new and more efcient pharmaceutical molecules. Proteins and DNA are vital members of our life and the major target in medicine and pharmacy felds. In general, proteins are known as the major targets for most of the drugs in organisms [21]. The interaction mechanism of a drug with plasma proteins is key point to understand its pharmacodynamics and pharmacokinetics [22]. Their interaction with drugs has great infuence on drug absorption/distribution in the circulatory system [23] and can prevent rapid elimination of drug from blood stream [24]. Human serum albumin (HSA) is the most abundant plasma protein. In addition, it is known as the dominant transporter plasma protein for endogenous and exogenous ligands (e.g. fatty acids and hormones) [25] and is one of the most important targets in binding of various drugs (e.g. warfarin, diazepam, and ibuprofen) [26] and metal ions [27]. The HSA binding of a drug increases its solubility in plasma, decreases its toxicity, protects it from oxidation, prolongs its in vivo half-life, and increases its pharmaceutical efect [28][29][30][31]. Understanding of these interaction mechanisms helps us to know the pharmacodynamics and pharmacokinetics efects of drugs. In addition, regarding DNA as one of the frst targets of intracellular anticancer drugs, investigation of metal complexes interactions with this double helix is key stage in the design of new drugs with anticancer activities [32,33]. Herein, the Fish Sperm DNA (FS-DNA)-and HSA-binding of the Vanadium (IV), Copper (II), and Zinc (II) complexes derived from an asymmetric bidentate Schif-base ligand, which have been synthesized in our research group earlier [34], have been evaluated using both experimental (fuorescence quenching, UV-Vis spectroscopy and viscosity measurements) and computational methods (molecular docking and ONIOM).

Experimental section

Chemicals and instrumentation

HSA and DNA were purchased from Sigma-Aldrich. Other chemicals were purchased from Merck and were used without further purification. Buffer solutions were prepared using analytical grade salts and double distilled water. All the solutions were used freshly after preparation. The UV-Vis spectra were recorded by Shimadzu UV-160 spectrophotometer. Fluorescence and Viscosity measurements were carried out at room temperature using Shimadzu RF-5000 spectrofluorometer and a Brookfield rotational viscometer, respectively.

HSA-and DNA-binding experiments

Preparation of the complexes, and HSA and DNA stock solutions

A stock solution of HSA was prepared by dissolving the desired amount of HSA in 50 mM phosphate buffer (pH = 7). The HSA stock solution was stored at 4 °C in dark and was used within 2 h. HSA concentration was determined using UV-Vis spectrophotometry and the molar absorption coefficient 35,700 M -1 cm -1 at 278 nm [35]. The stock solution of FS-DNA was prepared in 50 mM Tris buffer at pH = 7.5 and was stored at 4 °C. The FS-DNA concentration per nucleotide was determined using absorption intensity at 260 nm after adequate dilution with the buffer and using the reported molar absorptivity of 6600 M -1 cm -1 [36]. Purity of FS-DNA solution was confirmed by ratio of UV absorbance at 260 and 280 nm (A 260/A 280 = 1.9), indicating that FS-DNA is free from protein impurity [37]. Also, the stock solutions of the complexes were prepared in dimethylformamide (DMF) and then were diluted to the desired concentrations with corresponding buffer. The volume of DMF in all final solutions was less than 0.5% (v/v), so the effect of DMF was negligible.

Fluorescence spectroscopy measurements

Fluorescence spectroscopy is a sensitive and effective method to study binding of drugs to biomacromolecules. Fluorescence quenching experiment can help us to obtain the binding mode, binding constants, number of binding sites, and intermolecular distances [38]. The interactions of HSA and DNA with the synthesized Schiff-base complexes [Zn(II), Cu(II) and V(IV) complexes] were investigated using fluorescence quenching experiment. Quartz cuvette with 1 cm optical path length was used, and the excitation and emission slits were set at 5 and 10 nm, respectively. In HSA-binding experiments, 2 ml of HSA solution (5 µM) was placed into the cell and various amounts of the complexes solutions (0-50 µM) were added to it. The fluorescence emission spectra were recorded using 295 nm as excitation wavelength and 300-450 nm as emission wavelength range. Although fluorescence of proteins is due to the presence of three amino acids, i.e., tryptophan (Trp), tyrosine (Tyr), and phenylalanine (Phe) residues, the intrinsic fluorescence of HSA comes from tryptophan [39]. In addition, to investigate the binding of the complexes with DNA, the FS-DNA solution was stirred with ethidium bromide (EtBr) with molar ratio of DNA:EtBr 10:1 for 1 h at 4 °C. Significant increase of fluorescence intensity of EtBr is observed at the presence of FS-DNA due to intercalation of the EtBr molecules into the double helix of DNA [40,41,42,43]. Then, various amounts of the metal complexes (0-250 μM) were added to this mixture. The fluorescence spectra were recorded in the range of 500-700 nm with excitation wavelength of 520 nm. The mixture was allowed to incubate for 2 min after addition of the complexes (Scheme 1).

Synthetic routes for the preparation of the complexes

Moreover, in all the HSA-and DNA-binding experiments, the measured fluorescence intensities were corrected for the dilution and the inner filter effect.

UV-Vis absorption spectroscopy measurements

Electronic absorption spectroscopy is one of the used methods for studying the binding affinity. To confirm the binding of the complexes to HSA and DNA, absorption titration experiments were carried out at room temperature. The UV-Vis absorption spectra of the metal complexes' solutions (10 µM) in the absence and presence of various amounts of HSA and FS-DNA (0-50 µM) were recorded. In all the measurements, the mixture was allowed to incubate for 2 min before recording the related spectra. Absorption curves of complexes-biomacromolecule mixtures were corrected for both absorptions of biomacromolecule solutions and the dilution effect.

Viscosity measurements

Viscosity experiments were carried out by a rotational viscometer and the measurements were performed at 200 rpm at room temperature. The viscosity of FS-DNA solution was measured in the presence of increasing amounts of the metal complexes. The obtained data are presented as (η/η 0) 1/3 versus [complex]/[DNA], where η0 and η are the viscosities of FS-DNA in the absence and presence of the metal complexes, respectively.

Molecular docking procedure

Studying the interaction between drug molecules and biomacromolecules is one of the interesting topics in biochemistry [44]. Molecular docking is one of the known theoretical techniques for the prediction of interaction between drugs and biomacromolecules. To dock our complexes to HSA and DNA, the 3D structures of the metal complexes were obtained using the .cif files of their Xray crystal structures [34]. The .cif files were converted to .pdb format using the Mercury software (http://www.ccdc.cam.ac.uk/). The crystal structure of HSA (PDB ID: 1AO6) and DNA (PDB ID: 423D) with sequence d(ACCGACGTCGGT)2 were taken from the Brookhaven Protein Data Bank (http://www.rcsb.org/pdb). The resolution of these files was 2.6 and 1.6 Å for HSA and DNA, respectively. Water molecules were deleted from the .pdb files and missing hydrogen atoms were added. Flexible-ligand docking was carried out by AutoDock 4.2.5.1 molecular docking program using the implemented empirical free energy function and the Lamarckian Genetic Algorithm (LGA) [45]. The Gasteiger charges were added to the macromolecule input file and the AutoGrid was used to calculate grids. For docking of the synthesized metal complexes to HSA, the grid box was centred on C α of the Trp-214 residue of protein. Ninety lattice points along X, Y, and Z axes were selected to find the active site of complexes on HSA with a grid point spacing of 0.375 Å. For the docking of metal complexes with DNA, in the first step, a blind docking with 126 lattice points along X, Y, and Z axes was performed to find the binding site of complexes on DNA with a grid point spacing of 0.375 Å. In the next step, the centre of the grid box was located at the binding site and the second docking was performed using a cubic box with 60 × 60 × 60 dimensions. Two hundred and fifty docking runs with 25,000,000 energy evaluations for each run were performed.

Quantum mechanical/molecular-mechanics (QM/MM) calculations

QM/MM calculations were used to investigate the conformational changes on interaction of the complexes with HSA and DNA. To carry out QM/MM calculations, Our own N-layered Integrated molecular Orbital and molecular Mechanics (ONIOM) methodology was employed. The ONIOM can be considered as a hybrid method including quantum mechanical method (QM) and a molecular mechanics (MM). Although this method was used as a two-layer QM/MM in this study, it is capable for combining any number of molecular orbital and molecular-mechanics methods [46]. Using this, method one is also able to apply different ab initio or semi-empirical methods to different parts of a molecule/system. This resulted in producing reliable geometry and energy data at reduced computational time [47]. Real system contains full geometry of the molecule which is considered as MM layer, while the model system contains the chemically most important (core) part of the system is considered as QM layer. In current work, a two-layer QM/MM method was opted for all calculations. Molecularmechanics method (UFF) was applied to HSA or DNA as low layer. In similar way, semiempirical method (PM6) was selected for the complexes as high layer.

Results and discussion

Fluorescence spectroscopy

Figures 1,2 show the fluorescence quenching of HSA and DNA (5 × 10 -6 M) at the presence of various amounts of the complexes, respectively. The fluorescence intensity of protein was quenched through the addition of the complexes. This implies that the complexes strongly interact with HSA, leading to microenvironment changes around the Trp-214 residue. In addition, these complexes can displace EtBr by changing the DNA conformation. Consequently, the DNA-bound EtBr molecules are converted to their free form in solution and cause fluorescence quenching [48,49].

Fluorescence emission spectra of HSA upon its titration with various amounts of metal complex: a Zn(II), b V(IV), c Cu(II). To determine the binding ability of the complexes, the Stern-Volmer quenching plot (Eq. 1) was obtained by monitoring the fluorescence quenching of HSA and DNA-EtBr with increasing the concentration of the complexes [50]:

F0F=1+Ksv[Q]=1+kqτ[Q],�0�=1+�sv[�]=1+�q�[�], (1) 
where F 0 and F are the fluorescence intensity of HSA or DNA-EtBr in the absence and presence of the compounds. K sv is the Stern-Volmer quenching constant, k q is the quenching rate constant of biomolecule, [Q] is concentration of the quencher (complexes), and τ is the average lifetime of biomolecule without quencher (typically equal to 10 -8 s for biomacromolecules) [51]. K sv is determined from the plot of F0/F�0/� versus.

[Q]. The values of K sv were presented in Tables 1 and2, for HSA and DNA, respectively. Table 1 HSA-binding constant (K b), binding energy, the number of binding site (n), the Stern-Volmer constant (K SV), and the quenching rate constant (k q) of the metal complexes 

of the metal complexes

There are two mechanisms for fluorescence quenching: static quenching and dynamic quenching.

In the static mechanism, the fluorophore and the quencher collide together in the ground state, but the fluorophore and quencher collide together in the excited state in dynamic mechanism [51]. The Stern-Volmer plots indicate that fluorescence quenching may have only one of the above mechanisms or combination of them [52]. Our results showed that the plots are linear, and therefore, the mechanism should be dynamic or static. The values of k q were obtained for HSA and DNA (Tables 1 and2, respectively), and the values were about 10 11 M -1 S -1 . This confirms that fluorescence quenching of biomolecules occurs by static mechanism, since k q values are greater than limiting diffusion rate constant of the diffusional quenching for biopolymers (2 × 10 10 M -1 S -1 ). The binding constants (K b) were determined using the following equation [52]:

Ln(F0-FF)=Ln(Kb)+nLn[Q].Ln(�0-��)=Ln(�b)+�Ln[�]. (2) 
"K b" is obtained from the plot of Ln((F0-F)/F)Ln((�0-�)/�) versus Ln[Q] as y-intercept. These plots are present in Figs. 1 and2 for HSA and DNA, respectively. The K b values (Table 1) reveal that the Zn(II)-HSA complex is more stable than the other compounds; in the other words, Zn(II)-HSA complex is more available for drug-cell interaction. Moreover, this result is in good agreement with the UV-Vis spectroscopy and molecular docking results (see Sects. "UV-Vis absorption" and "Docking study"). Furthermore, "n" which is the number of binding site per protein (slope of the plot) is near to 1 (Table 1), indicating that the complexes bind to HSA with molar ratio of 1:1. In general, binding constant of a drug with a carrier protein such as HSA should be high enough to bind and transfer it throughout the body. On the other hand, to release a drug in its target, K b should not be too high. The obtained HSA-binding constants of all the complexes are in a good range (1-6 × 10 4 ) [53]. In addition, our complexes are in uncharged form and, therefore, capable to cross through the membrane's lipid bilayer [54]. The obtained results show that our compounds bind to HSA differently which arises from their different central metal ions and their corresponding affinities to HSA. In addition, the binding constants (K b) for the interaction of metal complexes with FS-DNA have been determined using Eq. ( 4) and are presented in Table 2. The K b values reveal that V(IV) forms more stable complex with FS-DNA than the other complexes.

UV-Vis absorption

The UV-Vis absorption spectroscopy is also a useful technique which has been frequently used to examine binding process. The photometric titration was carried out by adding various amounts of HSA or DNA to the complexes solutions in mole ratio range of [HSA]/[complex] = 0-4.5 (Figs. S1 andS2). Through addition of various amounts of the HSA or DNA, a hypochromic effect was observed in the complexes absorption spectra. To assess the binding ability of the complexes with HSA and DNA, the intrinsic-binding constant (K b) was estimated by monitoring the titration curves and using the following equation [55]:

1(εa-εf)=1(εb-εf)+1Kb(εb-εf)×1[BM].1(εa-εf)=1(εb-εf)+1�b(εb-εf)×1[BM]. (3) 
Here, [BM] is the concentration of biomacromolecule (HSA or DNA); ε a, ε f, and ε b are the apparent molar absorptivity, the molar absorptivity for free compounds, and the molar absorptivity for the compounds in fully bound form, respectively. ε f was estimated from calibration curve and ε a is the ratio of Aobs to [complex]. A plot of 1/(ε a -

ε f) versus 1/[BM]
gives K b as ratio of y-intercept to slope. The binding constants for Zn(II), V(IV), and Cu(II) complexes with HSA are about 4.58 × 10 4 , 2.38 × 10 4 , and 5.14 × 10 3 M -1 , respectively. In the same way, binding constants for DNA-complex adducts are about 1.83 × 10 3 , 1.27 × 10 3 , and 1.19 × 10 3 M -1 for V(IV), Zn(II), and Cu(II), respectively.

Energy transfer from HSA to the complexes

Energy transfer between the complexes and HSA can provide valuable information about HSAcomplex binding. The fluorescence quenching of HSA upon its binding to metal complexes can be deduced from energy transfer between HSA and metal complexes. This energy transfer can be explained by fluorescence resonance energy transfer (FRET) theory. FRET "known as Förster ' s resonance energy transfer" is an interaction between the excited molecule and its adjacent molecule, upon it; energy absorbed by donor molecule is transferred to an acceptor [56].

According to this theory, energy transfer will observe if: (1) the donor has fluorescence, (2) the fluorescence emission spectrum of the donor and the UV-Vis spectrum of the acceptor have sufficient overlap, and (3) the distance between donor and acceptor is less than 8 nm [56]. The distance (r) and efficiency of energy transfer (E) between tryptophan residue of protein (HSA) and drug (complex) were calculated using this theory through the following equation:

E=1-FF0=R60R60+r6,�=1-��0=�06�06+�6, (4) 
where F 0 and F are fluorescence intensities of HSA in the absence and presence of complex, respectively. R 0 is the critical distance when the transfer efficiency is 50% and r is the distance between donor and acceptor. R 0 can be calculated by the following equation [57]: R60=8⋅79×10-25K2N-4Jφ.�06=8⋅79×10-25K2N-4Jφ.

(

In the above equation, the term K 2 is the orientation factor of the dipoles; N is the refractive index of medium, J is the overlap integral of the fluorescence spectrum of the donor with absorption spectrum of the acceptor, and φφ is the fluorescence quantum yield of the donor. The value of J can be calculated as follows:

J=∑F(λ)ε(λ)λ4Δλ∑F(λ)Δλ.�=∑�(�)ε(�)�4Δ�∑�(�)Δ�. (6) 
Here, F(λ) is the fluorescence intensity of the donor in the absence of the acceptor at wavelength λ and εε is the molar absorption coefficient of the acceptor at λ. In general, K 2 = 2/3, N = 1.336 and φφ = 0.15 for HSA. Therefore, according to Eqs. (4-6), the parameters for the complexes were calculated and the related results are shown in Table 3 and Fig S3. The values of r for all the complexes are less than 8 nm and 0.5 R 0 < r < 1.5 R 0, suggesting that energy transfer from HSA to the complexes occurs with high probability. Table 3 Obtained results from FRET theory for the metal complexes

Viscosity measurements

To further verify the interaction mode of the metal complexes with FS-DNA, viscosity measurements of DNA solution upon addition of the complexes were carried out. A classical intercalation mode causes an increase in DNA solution viscosity. This resulted from separation of base pairs by accommodated compound and subsequent increase of the DNA overall length [58]. Non-classical mode of interactions such as groove-binding and electrostatic interactions could bend the DNA helix, reduce its length, and may cause the reduction of the DNA solution viscosity [58]. The effect of the metal complexes on the viscosity of FS-DNA solution is illustrated in Fig. 3. As can be seen, the viscosity of DNA solution decreased slightly or remained constant with increasing amounts of the complexes, indicating that the binding mode of all complexes may be groove-binding. This result is in consistent with molecular docking results (Sect. "Docking study").

Effect of increasing amounts of metal complexes on the viscosity of FS-DNA.

[Complex]/[DNA] = 0-0.4.

[DNA] = 10 μM

Docking study

The complexes were docked to the crystal structure of HSA and DNA. The docking results for HSA are collected in Table 4, and revealed that V(IV), Cu(II), and Zn(II) are bound to the IIA subdomain of HSA, which is the main binding site for some drugs such as thyroxin, ibuprofen, and warfarin [26]. The Cu(II) complex has hydrogen-bond interaction with Arg-222 and π-cation interactions with Arg-222 and Lys-199 residues. In addition, hydrophobic interactions with hydrophobic residues of HSA can also stabilize the Cu(II) complex in its binding site. Furthermore, there is one hydrogen bond with Lys-199 and two π-cation with Lys-195 residue which can stabilize the V(IV) complex in its binding site. Finally, Zn(II) complex-HSA system is stabilized by one hydrogen-bond interaction with Arg-222 and four π-cation interactions with Lys-199, Arg-222, and Arg-257 residues. In addition, hydrophobic interactions have dominant role in stability of Zn(II) complex-HSA system. The obtained binding energy for all metal complex-HSA adducts are represented in Table 1. The larger negative value of binding energy for Zn(II) complex means the higher affinity for HSA binding which is in good agreement with UV-Vis and fluorescence experimental data. Moreover, the distances between Trp-214 and metal complexes were 3.151, 3.605, and 3.202 nm for Cu(II), V(IV), and Zn(II) complexes, respectively.

Table 4 Molecular docking results for the interaction of metal complexes with HSA

The docking results revealed that V(IV) and Cu(II) are bound to the minor groove of DNA. On the other hand, Zn(II) is bound to the major groove of DNA. Table 6 represents the binding mode and the nucleotides around each of metal complexes. Molecular docking results show that there are no particular interactions (such as hydrogen bond, π-π stacking, or π-cation interactions) between the Cu(II) or V(IV) complexes and nucleotides in minor groove of DNA. However, one hydrogen-bond interaction and one π-cation interaction with DG4 nucleotide stabilize the Zn(II) complex in the major groove of DNA. The standard binding-free energies (ΔG°), describing the affinity of the complexes for binding to DNA with the best scores, are -5.66, -5.58, and -5.50 kcal mol -1 for V(IV), Zn(II), and Cu(II) complexes, respectively. The docking results are in good agreement with spectroscopic results (see Table 5). Both the experimental results and computational docking data collectively suggest that V(IV) complex has more DNA-binding affinity than the other metal complexes which it may be due to its larger structural volume than the two other ones (990.73, 967.38, and 966.75 Å 3 for V(IV), Zn(II), and Cu(II) complexes, respectively). It seems that as the structural volume of the complex increases, the orientation of the complex in the groove of DNA gets appropriate, and this can affect the fitting of the complex in the binding site. The appropriate orientation of the complex leads to the increasing of hydrophobic interactions and the stability of DNA-complex adduct.

Table 5 Molecular docking results for the interaction of metal complexes with DNA

QM/MM calculation

In the present work, a two-layer ONIOM calculation including PM6:UFF was employed to perform QM/MM calculation. The molecular mechanics (MM) was described using the UFF force field for biomolecule (low layer), while semi-empirical quantum mechanics (QM) method (PM6) was opted for the complexes (high layer). The starting geometry of HSA-complex or DNA-complex adducts for the two-layer ONIOM study was obtained from the molecular docking simulation. The geometry was optimized using ONIOM calculation. All calculations were carried out using Gaussian 09 quantum chemistry package. The partial atomic charges on the atoms of the complexes, HSA, and DNA were used to re-optimize the optimized geometries. The results of ONIOM indicated that structures of the complexes deviate from the initial geometry due to the binding to HSA or DNA. Along with the interaction of the complexes with HSA or DNA, some bond lengths and bond angles are changed. These changes can be resulted from the strength of the interaction between the complexes with biomacromolecules. Tables 6 and7 show the changes in bond angles of the complexes along with binding to HSA or DNA. Table 6 Geometry changes of the compounds during binding to HSA using ONIOM Table 7 Geometry changes of the compounds during binding to DNA using ONIOM

Conclusion

In the current study, the binding ability of three Schiff-base metal complexes including Cu(II), V(IV), and Zn(II) to DNA or HSA was described. These metal complexes have been synthesized in our research group, previously [34]. Herein, they were resynthesized by the same procedure and in water as a green solvent. The experimental DNA-binding results (spectroscopic and viscosity measurements) as well as computational docking and ONIOM data collectively suggest that all metal complexes interact with DNA, presumably by the groove-binding mechanism.

According to this result, V(IV) complex showed stronger DNA-binding affinity than the other metal complexes which it may be due to its larger structural volume than the two other ones. Moreover, the HSA binding of the complexes was evaluated using experimental (fluorescence quenching and UV-Vis spectroscopy) and computational (molecular docking, ONIOM) methods.

The obtained results indicated that the compounds bind to the IIA subdomain of HSA. The calculated binding constants between these compounds and HSA were about 1.07 to 5.26 × 10 4 M -1 . The results of fluorescence experiment as well as the changes in the absorption spectrum of HSA upon addition of the complexes show that the HSA-complex adducts formed in the ground state. In addition, molecular docking studies revealed that hydrogen-bond, hydrophobic, and π-cation interactions have dominant role in the binding of these complexes to HSA. In addition, the ONIOM calculation was employed to investigate the effects of the HSA interaction on geometry of the compounds. Based on the ONIOM calculations, the structural parameters of the complexes changed due to their appropriate interactions with HSA or DNA. In general, the results of the present study exhibit the effect of the metal ion on the binding of the complexes to DNA or HSA.
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-binding constant (K b), binding energy, the Stern-Volmer constant (K SV), and the quenching rate constant (k q)