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Abstract

Herein, we synthesized a new nano-scale Schiff base Ni(Il) complex in water as a green
solvent and at ambient temperature. The compound was characterized using FT-IR and elemental
analysis. Also, its molecular structure was determined by single crystal X-ray diffraction
technique. The MTT assay results indicated that the anticancer activity of the compound is affected
by its size. Finally, binding ability of the nano-scale Ni(ll) Schiff base complex with calf
thymus DNA and human serum albumin was investigated using combination of experimental
(UV-Vis, fluorescence, circular dichroism (CD) and viscosity) and computational (molecular
docking, molecular dynamics simulation and gm/mm) methods. The estimated binding
constants for the DNA-complex and HSA-complex were about 10* M~1. Molecular docking
studies revealed the binding of Ni(ll) complex to the minor groove of DNA and warfarin binding
site of protein by formation of hydrogen bond, w-cation and hydrophobic interactions. MD
simulation studies revealed that complexation with NiL> changed the structure of HSA when
compared to free protein. Finally, the ONIOM results showed that the structural parameters of the
compound changed along with binding to DNA and HSA, indicating the strong interaction
between the compound and these biomacromolecules.
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1. Introduction

More than 40% of compounds with pharmacological activity that are introduced as drugs have
poor water solubility problem. Beside, reducing the size of drugs to nano-scale causes the several
unique properties that could not be seen in their bulk form; including high surface to volume ratio,
unique magnetic behavior and adjusting of their dispersibility in various solvents [1]. Hence,
synthesis of nano-scale drugs has attracted many researchers due to the abovementioned
properties [2], [3], [4]. Schiff base compounds are considered as a very important class of organic
materials, due to their interesting chemical and physical properties [5]. The Schiff base ligands
have high coordination capability and many strong biological properties. Although these
compounds have been extensively studied, they are still highly regarded [6]. Schiff base ligands
exhibited the biological activity such as antitumor, antibiotics, antifungal, antimicrobial, and
anticancer properties [7], [8], [9], [10]. Also, they have appropriate affinity for binding to HSA
and DNA[11], [12], [13]. The azomethine linkage in Schiff bases is responsible for their
biological activity and several studies proved that the presence of lone pair electrons in sp?-
hybridized orbital of nitrogen atom of the azomethine group plays a remarkable chemical and
biological role. On the other hand, the metal ions present in complexes, not only accelerate the
drug activity of compounds, but also increase the effectiveness and efficiency of the
ligands [14], [15]. Hence, great effort has been devoted to design and development of Schiff base
complexes using different metal ions, which possess excellent antioxidant, antibacterial and
antitumor activities. Nickel plays a role in urease as a member of redox enzymes family [16], [17].
Also, considerable biological activities are reported for Ni(Il) Schiff base complexes [12], [18]. It
is clear that many compounds utilize their drug effects through binding to DNA or carrier proteins
such as Human Serum Albumin (HSA). Studying on the interactions of these metal complexes
with DNA or HSA is critical to design target specific, more efficient and less toxic drugs.
Interaction of candidate drugs with these biomacromolecules could be reflected using
spectroscopic (fluorescence, UV—Vis and so on) and computational methods (molecular docking,
molecular dynamics simulation and gm/mm).

Recently, we have focused on designing and synthesis of novel Schiff base ligands, and
investigation of their assembly with metals as well as their biological activities [11], [12], [13].
Herein, a new Schiff base Ni(ll) complex (NiL2) was synthesized in water as a green solvent and
at ambient temperature. These conditions are valuable to introduce a compound as a drug
candidate. Then the compound was characterized using FT-IR and elemental analysis. In addition,
its molecular structure was determined by single crystal X-ray diffraction technique. The cell
viability percent of HelLa cancer cells was first studied by MTT assay. In order to increase the
colloidal stability and suitability for the biomedical applications, the nano-scale compound was
also synthesized and used for in vitro studies. Finally, binding ability of the nano-scale Ni(ll)
Schiff base complex with calf thymus DNA (CT-DNA) and HSA was investigated using
combination of experimental (UV-Vis, fluorescence, circular dichroism (CD) and viscosity) and
computational (molecular docking, molecular dynamics simulation and gm/mm) methods.
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2. Experimental section

2.1. Materials sources

All of the used chemicals for synthesis of the complex including 3-amino-prop-1-ene (Allylamine),
2-hydroxybenzaldehyde (salicylaldehyde), triethylamine and nickel acetate (Ni(OAc).) were
purchased from Merck Co. and were used without further purification. All of the used salts for
buffer preparation were analytical grade and were dissolved in double distilled water. All of the
solutions were used freshly after preparation. Also, human serum albumin (HSA), CT-DNA,
RPMI-1640 medium, Fetal bovine serum (FBS), dimethyl sulfoxide (DMSO), antibiotics
(penicillin-streptomycin) solution, and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) were obtained from Sigma-Aldrich.

2.2. Synthesis of the bulk and nano-scale Ni (II) Schiff base complex (NiL2)

The solution (5 ml) of Allylamine (IUPAC name: 3-amino-prop-1-ene) (4 mmol) in double
distilled water was added slowly to 5ml of a methanolic stirred solution
of salicylaldehyde (IUPAC name: 2-hydroxybenzaldehyde) (4 mmol) in ambient temperature. The
color immediately changed to yellow and the mixture was then stirred for 2 h before removal of
solvent under vacuum. A solution of triethylamine (4 ml) in double distilled water was added
dropwise to ligand solution. The mixture was stirred for 15 min again. Then, a solution of
appropriate metal salt (Ni (OAc)2 (2 mmol)) in absolute deionized water (60 ml) was added to the
mixture, gently, for synthesis of the complex in bulk. The resulting solution was stirred for 1 h
in room temperature. After concentration, dark green precipitate was collected by filtration and
was washed with methanol and deionized water several times. Appropriate single crystals for X-
ray crystallography were obtained directly from the reaction mixture. In order to prepare the
complex in nano-scale; ultrasonic probe was fixed in ligand solution and was positioned under the
high-intensity ultrasonic waves. At this time, a solution of Ni (OAc)2 (2 mmol) in 60 ml deionized
water was added to the mixture gently under ultrasonic condition for 2 h. The green powder was
isolated from the solution and was purified by washing with methanol and deionized water several
times and was allowed to get dried at room temperature.

2.3. Single crystal diffraction studies

X-ray data for NiL,were collected on a STOE IPDS-II diffractometer with graphite
monochromated Mo-Ka radiation. For NiL2, a green crystal was chosen using a polarizing
microscope and was mounted on a glass fiber which was used for data collection. Data were
collected at temperature of 298 K in a series of [1] scans in 1° oscillations and were integrated
using the Stoe X-AREA [19] software package. A numerical absorption correction was applied
using the X-RED [20] and X-SHAPE [21] softwares. The data were corrected for Lorentz and
Polarizing effects. The structure was solved by direct methods using SIR2004 [22]. The
non-hydrogen atoms were refined anisotropically by the full-matrix least-squares method
on F2using SHELXL [23]. All hydrogen atoms were added at ideal positions and were
constrained to ride on their parent atoms.

2.4. Cell viability assay

The potential anticancer activities of the bulk solution and nano-scale NiL dispersion were studied
using MTT assay on human breast cancer cell line ((MCF-7)) according to the previously reported
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procedure [24]. Briefly, the cancer cells were first cultured in RPMI-1640 medium supplemented
with 10% FBS and 1% antibiotics solution and were maintained in a humidified 5% CO> incubator
at 37 °C for two weeks. After propagation of the cells and obtaining the appropriate density, the
cells were harvested and were seeded on 96-well plates at a density of 104 cells per well containing
200 pl medium. The cells were subsequently incubated overnight at the same conditions before
treatment with different concentrations (10, 20, 50 and 100 uM) of the bulk and nano-scale
NiL> complex for 48 h. The medium was then removed and 100 pul MTT solution (0.5 mg/ml in
media) was added into each well and the plates were incubated again at 37 °C for 4 h. Finally, the
medium was carefully discarded and the remained formazan crystals were dissolved in 150 ul
DMSO and the absorbance was measured at 570 nm. Three independent experiments were
conducted for each toxicity endpoint and the results were presented as the mean values obtained
from three independent experiments. The cell viability was determined as ratio of absorbance
values from each treatment and the control. To further evaluate the anticancer effects of the
compounds, the cell morphology changes after exposure to the compounds were also monitored
by optical microscope.

2.5. Preparation of DNA, HSA and nano-scale NiL: for binding experiments

The stock solution of CT-DNA was prepared in 50 mM Tris buffer at pH 7.5 using double-distilled
deionized water and was stored at 4 °C. The CT-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~t.cm™![25]. Purity of CT-DNA solution was
confirmed by ratio of UV absorbance at 260 and 280 nm (A260/A280 = 1.9), indicating that CT-
DNA is free from protein impurity [26]. Also, 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 the dark and was used within 2 h. HSA concentration was determined by UV—
Vis spectrophotometry using the molar absorption coefficient 35,700 M~ t.cm™! at 278 nm [27].
The appropriate amount of the nano-scale NiL2 was dispersed in Tris and phosphate buffer for
DNA and HSA binding experiments, respectively.

2.6. Fluorescence spectroscopy measurements

Fluorescence quenching experiments were carried out using quartz cuvette with 1 cm optical
path length and the excitation and emission slits were set at 5 and 10 nm, respectively. In our
primary experiments, ethidium bromide (EB) emission was checked in the presence of various
amounts of CT-DNA. The results showed that the emission of EB was increased up to mole ratio
of CT-DNA:EB =10:1 and there was no significant increasing in emission after the mentioned
mole ratio. Hence, the CT-DNA solution was stirred with EB with molar ratio of CT-DNA:EB
10:1 and was incubated for 1 h at 4 °C for completion of interaction between CT-DNA and EB.
Then, various amounts of nano-scale NiL> dispersion (250 uM) were added to the mixture of CT-
DNA:EB. The fluorescence spectra were measured in the range of 500—700 nm with exciting
wavelength at 520 nm. In each measurement after addition of NiL», the mixture was allowed to
stand for 2 min. Moreover, the measured fluorescence intensities were corrected for the dilution
and the inner-filter effect. To eliminate the inner filter effects, absorption measurements were
carried out at the fluorescence excitation and emission wavelengths. The extent of this effect can
be roughly evaluated with the following relationship: [28]

Feorr = Fobs X e{Aex-L-AemjjB (1)
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where, Feorr and Fops are the corrected and observed fluorescence intensities, respectively, and
Aex and Aem are the absorption of NiL> at excitation and emission wavelengths, respectively. All
the fluorescence intensities obtained in this study were corrected. For investigation of the HSA
interaction with NiL by this technique 2 ml of HSA solution (10 uM) was placed into the quartz
cell and various amounts of NiL (200 uM) were added to the cell. The fluorescence intensities
were measured with excitation wavelength at 295 nm and emission wavelength range of 300—
450 nm. In each measurement, the mixture was allowed to incubate for 2 min after addition of the
complex. Furthermore, all intensities were corrected for the dilution and inner filter effect in
fluorescence experiments.

2.7. UV-Vis absorption spectroscopy measurements

Absorption spectroscopy titration experiment was performed by addition of various amounts of
CT-DNA (1 mM) to 2 ml of nano-scale NiL dispersion (200 uM). All NiL>—CT-DNA solutions
were allowed to incubate for 2 min before recording the related spectra. Absorption curves of
NiL>—CT-DNA mixtures were corrected by subtracting the spectra of CT-DNA and all intensities
were corrected for the dilution effect. The UV-Vis absorption spectra of HSA solution (10 uM) in
the absence and presence of various amounts of the nano-scale NiL> dispersion (200 uM) were
recorded after 2 min of incubation. All intensities were corrected for the dilution effect.

2.8. Circular dichroism spectroscopy

The circular dichroism (CD) spectra were recorded at room temperature using 0.1 cm quartz cell
in the far-UV region (200-260 nm) for HSA and in the far and near-UV (205-310) for DNA to
clarify the structural changes of biomacromolecules during their interaction with NiL,. The CD
spectrum of HSA and DNA solution was recorded before and after addition of the nano-scale
NiL. complex with molar ratio of 1:1.

2.9. Viscosity measurement

Viscosity experiments were carried out using a rotational viscometer and the measurements were
performed at 200 rpm at room temperature. The viscosity of CT-DNA solution was measured in
the presence of various amounts of the nano-scale NiL> dispersion. The obtained data are presented
as (i/M°)Y2 versus [NiL] / [CT-DNA], where n and n° are the viscosity of CT-DNA in the absence
and presence of NiL., respectively.

3. Computational section

3.1. Molecular docking calculations

Docking study was carried out to indicate the HSA and DNA-binding site for NiL> complex. The
3D structure of NiL, was obtained using the .cif file of its X-ray crystal structure. The .cif file was
converted to the .pdb format using the Mercury software (http://www.ccdc.cam.ac.uk/). The
crystal structures of HSA (PDB ID: 1A06) 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. 5 and 1.6 A for HSA and DNA,
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respectively. Water molecules of the .pdb files were deleted, missing hydrogen atoms and
Gasteiger charges 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 [29]. The Gasteiger charges were added to prepare
the macromolecule input file for docking and the AutoGrid was used to calculate grids. For
docking of the NiL> complex to HSA the grid box was centred on C, of the Trp-214 residue of
protein and a docking with 90 lattice points along X, Y, and Z axes was performed to find the
active site of complex to the HSA. Grid point spacing was set to 0.375 A, to allow the complex to
rotate freely. For the docking of NiL> complex with DNA, a blind docking with 126 lattice points
along X, Y, and Z axes was performed to find the binding site of complex on DNA with a grid
point spacing of 0.375 A, to allow the complex to rotate freely. 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 90 x 90 x 90 dimensions. 250 docking runs with 25,000,000 energy evaluations for all runs
were performed.

3.2. Molecular dynamics (MD) simulation

MD simulation method was used to compare the structural changes of DNA and HSA in the
absence and presence of NiL. complex. The NiL>-HSA and NiL>-DNA complexes with the most
negative free binding energy were considered as the initial conformations for the MD studies.
GROMACS 5.1.2 package and Amber99 force field [30], [31] were used to carry out all MD
studies. The partial atomic charges of NiL. were calculated using Gaussian 03 at the level of
B3LYP/6-31G** [32], while other intramolecular force-field parameters were generated with
ACPYPE [33] and VFFDT [34], respectively for the organic moiety and the metal center. Free
biomacromolecules and NiL2-biomacromolecule complexes were located in the cubic box with the
periodic boundary conditions in the three directions. The solutes were placed in the center of box
and the minimum distance between solute surface and the box was 1.0 nm. The box filled with
TIP3P water molecules [35], [36], and the solvated systems were neutralized by adding
appropriate  amounts of sodium ions (Na") and chloride ions (CI"). After energy
minimization using the steepest descent method, the systems were equilibrated for 200 ps at the
temperature of 300 K. Finally, a 10 ns MD simulation was carried out at 1 bar and 300 K.
Parrinello-Rahman barostate [37], [38] at 1 bar, Berendsen thermostat [39] at 300 K, 9 A cut off
for van der Walls and Coulomb interactions and the particle mesh Ewald (PME)
method [40], [41] for long range electrostatics were used. The leap-frog algorithm with the 2 fs
time step was used to integrate the equation of motions. Finally, an all-bond constrain was used to
keep the NiL from drifting and the atomic coordinates were recorded to the trajectory file every
0.5 ps for later analysis.

3.3. QM/MM study

Own N-layered Integrated Molecular Orbital and molecular Mechanics (ONIOM) methodology
was employed to carry out QM/MM calculations. The ONIOM can be considered as a hybrid
method, quantum mechanical method (QM) with a molecular mechanics (MM). This method is
able to apply different ab initio or semi-empirical methods to different parts of a system and
combine to produce reliable geometry and energy at reduced computational time [42]. In the two
layers ONIOM method, the total energy (Eoniom) of the whole system is a sum of the three
independent energy calculations: [43], [44]
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Real system contains full geometry of the molecule and is considered as MM layer while the model
system contains the chemically most important (core) part of the system that is considered as QM
layer. Furthermore, the stability of respective adducts was obtained by the evaluation the
interaction energy (AE), which is calculated by the following equation:

AE = ‘&EBimna.cronmlemﬂef NiL, — AEHiomﬂr_mmolccu]c - AE.\HLQ {BJ

Where AE Biomacromolecule/NiL2, AEBiomacromolecule and AENiI_Z are the energy of the 0pt|m|zed adduct of
Biomacromolecule-NiL,, Biomacromolecule and NiLy, respectively. Biomacromolecule is DNA
and HSA here as receptor. A two layers QM/MM method was used for all calculations. HSA and
DNA are considered as low layer while the NiL: is considered as high layer in the current work.
Molecular mechanics method (UFF) and semi empirical method (PM6) were selected for the low
layer and the high layer, respectively.

4. Results

4.1. Analysis of synthesis and single crystal X-ray diffraction study

The reaction of Schiff base ligand with metal ion is shown in Scheme 1A. This complex was
synthesized in water as solvent that is an important advantage for a drug candidate. The complex
was obtained in good yield (more than 80%). The structure of complex was confirmed by Single-
crystal X-ray diffraction and FT-IR techniques. The result of X-ray crystallography (ORTEP
representation) is shown in Scheme 1B. The crystallographic data and selected bond lengths and
angles are collected in Tables S1 and S2. In the solid state, NiL. is placed in a crystallographic
center of symmetry that is right in the middle point of the Ni(ll) in a planar-transoid conformation
(Scheme 1B). The molecular unit is centrosymmetric and is made of equivalent halves. The
crystallographic data reveal that the NiL> complex is four-coordinated by two phenolate oxygen
and two imine nitrogen atoms of two Schiff base ligands. The Schiff base ligands are arranged
with respect to each other in a trans orientation such that one allyl substituent lies above the

[NiO2N2] plane and the other lies below. The C N bond distance is 1.296(3) A [N(1)

C(7)], which are in consistent with a slight elongation of the C N double bond when are
coordinated to a metal center [11], [12]. Examination of the Ni-ligand distances shows that the

Ni --- N distance [Ni(1) N(1):1.9165(18)] is longer than the Ni--- O distance [Ni(1)
0(1):1.8344(15) A]. The bond angles [O(1) Ni(1) N(1) =92.44(7)° and O(1) Ni(1)

N(1") = 87.56(7)°] are close to 90°. The C C distance [C(9) C(10):1.264(4) A] is well
within the range is expected for double bonds are found in allyl derivatives [12].
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Scheme 1. (A) Synthetic routes for the preparation of NiL: in its bulk and nano-scale forms. (B)
ORTEP representation of NiL.. Displacement ellipsoids are drawn at the 50% probability level

and H atoms are shown as small spheres with arbitrary radii. Hydrogen bonds are shown as dashed
lines.

Although there are no classical hydrogen bonds in the structure, but two intramolecular C

H --- O contacts are observed in asymmetric unit of structure (Scheme 1B). These no classical
hydrogen bonds and also distances and angles of these interactions are similar to those are seen in
related complexes [11]. Also, FT-IR spectrum of NiL, complex is shown in Fig. S1.

4.2. Dynamic light scattering (DLS) and scanning electron microscopy (SEM) measurements

Fig. 1A shows the size distributions of NiL> dispersion. Three groups, one corresponding to very

small particles (2-7 nm), one corresponding to small particles (100-300 nm) and the other

representing large aggregates (5000-6000 nm), are observed in DLS distribution diagram. As it

can be seen in this figure, about the 96% of synthesized particles have the size under 300 nm. Also,

the morphology of synthesized nanoparticles was investigated under SEM. The particles exhibited

an approximately plate shape (Fig. 1B).
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Fig. 1. (A) Hydrodynamic size distribution of nano-scale NiL> dispersion in water was measured
by dynamic light scattering. (B) SEM image of the nano-scale NiL. complex.

4.3. MTT assay

The anticancer activity was considered as one of the most important potential applications of the
compounds. To this aim, the cell viability percent of HeLa cancer cells after 48 h exposure to
different concentrations of NiL> solution was first studied by MTT assay. The results (Fig. 2) are
indicator of the dose dependent anticancer activity, as the cell mortality increased in the higher
concentrations of the compound. In the best condition, more than 50% (53.59%) cell mortality was
observed after 48 h exposure to 100 uM of the NiL solution. Regarding to the obtained hopeful
results for the NiL2 solution and also, in order to increase the colloidal stability and suitability for
the biomedical applications, the nano-scale NiL. was also synthesized and used for in vitro studies.
The nano-scale compound could also represent the higher anticancer effects due to their probable
increased bioavailability. About 20% differences for anticancer activity were observed between
the NiL solution and nano-scale compound dispersion. The maximum mortality of 79.36% HeLa
cells obtained after 48 h exposure to 100 uM of nano-scale compound dispersion (Fig. 2). This
result indicated that the anticancer activity of the compound is affected by its size. Regarding to
the appropriate anticancer activity of the compound, further studies could be suggested for
development of the potent anticancer agents.
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Fig. 2. The viability percentage of HeLa cancer cells after 48 h exposure to different concentrations
(10, 20, 50 and 100 uM) of NiL in both of scales.

4.4. Fluorescence study for interaction of nano-scale NiL2 dispersion with CT-DNA and HSA
The fluorescence measurement as sensitive and effective technique for investigation the binding
ability of nano-scale NiL dispersion with CT-DNA and HSA was performed. Fig. 3A represents
the fluorescence quenching of DNA-Ethidium Bromide (EB) spectrum by adding nano-scale
NiL.> dispersion. Hydrogen transfer from one of the amino groups of EB into the solution causes
non-radiative decay and a weak fluorescence emission. Although, a significant increase
in fluorescence intensity of EB is observed in the presence of DNA due to intercalation of the EB
molecules into the double helix of DNA [45], [46]. NiL2 can displace EB in a non-competitive
manner by changing the DNA conformation. The DNA-bound EB molecules are converted to their
free form in solution and causes fluorescence quenching.
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Fig. 3. (A) Changes in the fluorescence spectra of DNA-EB in the presence of increasing amounts
of NiLz in Tris buffer pH = 7.5 ([IDNA] = 25 uM, [NiL2] = 250 uM). (B) Plot of Ln((Fo — F)F)
versus Ln[NiL:]. (C) Absorption spectra of nano-scale NiL> complex in the presence of various
amounts of DNA ([NiL2] = 200 uM, [DNA] =1 mM). (D) Plot of 1 / ea — &f versus (1 / [DNA])).

On the other hand, the intrinsic fluorescence of HSA is mainly due to the tryptophan residue [47].
The fluorescence intensity of protein was quenched through the addition of the nano-scale
NiL> dispersion. This implies that the compound strongly interacts with HSA, leading to changes
of microenvironment around the Trp-214 residue in HSA [48], [49]. Fig. 4A represents the
fluorescence quenching of HSA at the presence of various amount of the compound. The Scachard
equation was used to obtain the binding affinity of nano-scale NiL; dispersion to DNA and
HSA: [50]

Ln(2-L) = Ln(K,)+nLn [Q] 4)

where, Fo and F are the fluorescence intensity of biomacromolecule in the absence and presence
of the compound, respectively. [Q] Is the concentration of quencher that quencher is nano-scale
NiL; dispersion here. “Kp” is binding constant and is obtained from the plot of Ln((Fo — F)/F)
versus Ln [Q] as y-intercept. These plots are shown in Figs. 3B and 4B for DNA and HSA
respectively. “n” is the number of binding site per biomacromolecule and is determined as slope
of the plot. The values of n are nearly 1 for NiL, with both of biomacromolecules, indicating that
the compound binds to DNA and HSA with molar ratio of 1:1. The calculated results are shown
in Table 1.
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Fig. 4. (A) Changes in the fluorescence spectra of HSA in the presence of increasing amounts of
nano-scale NiL in phosphate buffer pH =7 (JHSA] = 10 uM, [NiLz] = 200 uM). (B) Plot of
Ln((Fo—F)/F) versus Ln[NiL2]. (C) Absorption spectra of HSA in the presence of various
amounts of nano-scale NiL2 ([HSA] =10 uM, [NiL2] =200 uM). (D) Plot of 1/ A — Ao versus
1/[NiLz2].

Table 1. The DNA and HSA-binding constants (Kp), the number of binding sites (n), the Stern-
Volmer constants (Ksv) and the quenching rate constants (kq) of the NiL..

Type of biomolecule Ko(M~1) (fluorescence) Kp(M™1) (UV-Vis) n  Ksvy(M™Y) kg(M~1.S71)
CT-DNA 2.45 x 10* 2.24 x 103 0.7 0.76 x 10* 0.76 x 10*2

HSA 1.55 x 10* 7.32 x 10° 1.01 1.37 x 10* 1.37 x 10*2

To determine the interaction mode of the nano-scale NiL: dispersion with CT-DNA and HSA, the
Stern—Volmer quenching plot was obtained by monitoring the fluorescence quenching of
biomacromolecules with increasing the concentration of the compound according to the Stern—
Volmer equation: [51]

% =1+ Ky [Q]= 1 +kg7[Q)] (5)
where, Fo and F are the fluorescence intensity of biomacromolecules in the absence and presence
of the compound, respectively. Ksy is the Stern-Volmer quenching constant, kq is the quenching
rate constant of biomacromolecules and z is the average lifetime of biomacromolecules without
quencher which is typically equal to 10~ 8 s for biomacromolecules. Ky is determined from the plot
of Fo/F vs. [Q] (Figs. S2 and S3). Also, the values of Ks, were obtained for both of
biomacromolecules and are presented in Table 1.

Fluorescence quenching is classified as two mechanisms: static quenching and dynamic
quenching. In the static mechanism, the fluorophore and the quencher collide together in the
ground state while fluorophore and quencher collide together in the excited state in dynamic
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mechanism. Linearity of the Stern-VVolmer plots indicates that fluorescence quenching has only
one mechanism: dynamic or static [50]. In this study, the values of kq were obtained about
102 M~ 1.5 ! for DNA and HSA. These values are greater than limiting diffusion rate constant of
the diffusional quenching for biopolymers (2 x 101 M~1.S™1) and support that quenching
fluorescence of DNA and HSA occurs by static mechanism.

4.5. Thermodynamic parameters and determination of nature of interaction forces

According to the Ross and Subramanian report, there are four non-covalent effective forces in
interaction between compounds and biomacromolecules including hydrophobic, hydrogen,
electrostatic and Vander-waals interactions [52]. For determination the type of interactions
NiL. with biomacromolecules, the thermodynamic parameters were calculated using the following
equations:

- AH® AS®

AG° =AH° —TAS° = —RTLn K (7)

where, R is the gas public constant, T is the experimental temperature, K is binding constant at the
corresponding temperature, AG°, AH® and AS® are the free energy changes, the enthalpy changes
and the entropy changes, respectively.

AH® and AS° were estimated from the plot LnK vs. 1/T as slop and y-intercept, respectively. Also,
AG® was obtained using Eg. (7). The estimated Values are summarized in Table 2. The positive
AH® and AS° values for both of biomacromolecules indicated that hydrophobic interactions have
the main role in binding of nano-scale NiL: dispersion to CT-DNA and HSA. Also, the negative
AG® values in all experimental temperatures illustrated that the interactions occurred
spontaneously. Plots of LnK vs. 1/T for both of biomacromolecules are present in Figs. S4 and S5.
Table 2. The thermodynamic parameters for binding of NiL>to HSA and CT-DNA, including
binding constants at the corresponding temperatures (Ky), free energy change (AG®), enthalpy
change (AH®) and entropy change (AS®).

Type of biomolecule Temperature (°C) Kb AG° (kdJ/mol) AH° (kJ/mol) AS° (J/mol-K)
25 2.45x10* —25.05 76.11 339.32
CT-DNA 35 8.37 x 10* —29.03 76.11 341.25
45 1.67 x 10° —31.82 76.11 339.28
25 1.55 x 10* —23.92 61.83 287.60
HSA 35 5.57 x 10* —27.99 61.83 291.51

45 7.36 x 10* —29.64 61.83 287.52
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4.6. UV—Vis absorption

Absorption titration experiment as an operational and very easy method was also carried out for
more investigation of HSA and DNA binding of NiL.. Generally, hyperchromic or hypochromic
effect and red or blue shift are observed in the UV—Vis spectrum of a drug upon its DNA-binding.
Hypochromic and red shift are indicative of intercalation mode involving an interaction between
n*-orbital of drug with n-orbital of DNA base pairs [53]. Therefore, energy level of n*-orbital of
drug decreases which causes red shift in its UV—Vis spectrum. Furthermore, the coupled n*-orbital
is filled and so the probability of electron transition is decreased and hypochromic is
observed [53], [54]. While a groove binding or electrostatic interaction leads to hyperchromic
effect along with blue shift [55].

The absorption titration was carried out by adding various amount of CT-DNA to nano-scale
NiL> dispersion. The absorption spectrum of nano-scale NiL> dispersion indicates two absorption
bands at 250 and 320 nm that attributed to # — n* and n — «* transitions, respectively (Fig. 3C).
The band in 320 nm was chosen to investigate the interaction of nano-scale NiL> dispersion with
DNA. Although, the existence of hypochromic effect in UV-Vis spectrum attributed to
intercalation mode, some of reports predicate that hyperchromic effect is relevant to groove
binding due to the changes in solvent distribution and the orientation effect in moving into the
more hydrophobic environment of groove [55]. In order to assess the binding ability of the
compound to CT-DNA, the binding constant (K,) was estimated by monitoring the changes of
absorbance with increasing concentration of CT-DNA and using the following equation: [56]

1 1 1 1
(ea—er) ~ (ev—€r) + Koler=7) . DNA ®

where, & and ¢4 are the molar absorbance coefficient of NiL; in the absence and presence of CT-
DNA, respectively. & is the obtained molar absorbance coefficient in saturation and [DNA] is the
concentration of CT-DNA. The plot of 1/(ea — &) versus 1/[DNA] gives Ky as ratio of y-intercept
to slop (Fig. 3D and Table 1).

Also, the absorption titration was carried out to investigate the interaction of HSA and nano-scale
NiL: dispersion. Fig. 4C shows UV-Vis spectra of HSA in the absence and presence of nano-scale
NiL> dispersion. There is one peak at 278 nm is assigned to © — 7* transition of the phenyl rings
in aromatic amino acids (Trp, Tyr and Phe) [55]. By addition of the nano-scale NiL. dispersion, a
hypochromic effect is observed in HSA spectrum. This result shows that the aromatic amino acids
of HSA were exposed to an aqueous environment upon binding to the compound. Following
equation was used to investigate the binding affinity of NiL> to HSA at 278 nm: [57]

1 1 1
A_AE' All'_a):_A T I{biﬂura: -‘1} < [fl’f] {9]

where, Ao and A are the absorbance of HSA in the absence and presence of the compound,
respectively. Amax IS the obtained absorbance at saturation and [M] is the concentration of nano-
scale NiL> dispersion. The plot of 1/ (A — Ao) versus 1/[M] gives Ky as ratio of y-intercept to
slope (Fig. 4D and Table 1).

Generally, binding constant of a drug with a carrier protein such as HSA should be high enough
to bind and transfer through body. Moreover, in order to release a drug since arrival at its target,
binding constant should not be too high [58]. With respect to above, HSA binding constant of the
NiL. is in a good range (2—10 x 10%) and also is comparable to analogue compounds and some
potent drugs [12].
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In addition, our compound is uncharged which is an advantage for a drug. The researches show
that the unionized drugs are soluble in lipid and are capable to cross through the membrane's
lipid bilayer while the ionized analogue species fail to cross [51].

4.7. Circular dichroism (CD) spectroscopy

The CD spectra of HSA and DNA in free and bonded to nano-scale NiL> complex states are shown
in Fig. 5. The CD spectrum of HSA indicates two negative peaks at 208 and 222 nm which are
characteristic absorption peaks of a-helical structure of protein attributed to the n-n* transfer for
the bonds of the
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Fig. 5. The CD spectra of HSA and DNA in the absence and presence of nano-scale NiL, complex
in the molar ratio [complex] / [biomolecule] = 1.

a-helix [59]. According to Fig. 5, the intensity of HSA peak has been altered slightly due to
binding nano-complex. Thus, there is no considerable structural change for HSA due to its
interaction with NiL,. The CD spectrum of free double stranded DNA exhibits four marker peaks
at about 210 (negative), 222 (positive), 245 (negative) and 280 nm (positive). The positive peak at
about 280 nm due to base stacking and negative peak at 245 nm due to polynucleotide helicity are
main peaks of DNA for its B-type, which are highly sensitive towards the DNA interaction with
small molecules [60]. Fig. 5 shows that the intensity of DNA peaks has been altered due to binding
nano-complex more than the changes in HSA CD spectrum. This observation confirms that the
interaction of NiL2 with DNA is stronger than its interaction with HSA that is in consistent with
the fluorescence results.

4.8. Viscosity measurement

To further verify the interaction mode of the nano-scale NiL dispersion with CT-DNA, viscosity
measurements of DNA upon addition of the nano-scale NilL; dispersion were carried out. A
classical intercalative mode causes an increase in the DNA viscosity due to increasing of overall
length of DNA [11]. On the other hand, groove binding and electrostatic interactions could bend
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the DNA helix, reduce its length and cause the reduction or no change in the DNA viscosity [11].
The effect of the nano-scale NiL. dispersion complex on the viscosity of CT-DNA is demonstrated
in Fig. S6. As it can be seen, the viscosity of DNA decreased until molar ratio of
[NiL2] / [DNA] = 0.25 and remained constant with increasing amounts of the complex, indicating
the binding mode of NiL> may be groove binding. This result is in good agreement with molecular
docking and spectroscopic results.

4.9. Molecular docking studies

Molecular docking is a valuable technique to predict the stable structure of receptor-ligand
complex for better recognition of the interaction details in drug discovery process. This method is
frequently employed as virtual searching tools in primary steps of drug design and development.
In order to find out the preferred location of the compound on DNA and HSA, molecular docking
studies were carried out. Table 3 represents the obtained binding modes and docking energies of
the compound during its interaction with both of the biomacromolecules. The docked model
suggests that NiL binds with the minor groove of DNA with standard binding free energy (AG®)
of — 7.69 kcal-mol~ 1. This score is related to the docking cluster with maximum population and
minimum binding energy. Also, intermolecular energy which covers H-bonding interactions, van
der waals, desolvation and electrostatic energies, was estimated as — 8.79 kcal-mol~ ! [61]. Also,
docking studies showed that there is one H-bond between O atom of the NiL, and DG4 nucleotide.
Table 3. Molecular docking results for the interaction of NiL, complex with DNA and HSA.

Type of biomolecule binding energy (kcal'-mol™ ') View of binding site Zoom in binding site
DNA —7.69

HSA -5.59

The results of molecular docking for interaction of NiL, and HSA indicate that the compound is
situated in the warfarin binding site, in 1A subdomain (Table 3). The NiL> complex is bound to
the HSA with the binding energy of — 5.59 kcal-mol~*. Also, the intermolecular energy for HSA
is — 6.69 kcal-mol~1. The amino acids residues with major role in the stability of NiL,-HSA
system are LYS199, TRP214, ARG218, ARG222, LEU219, ALA291, ILE290, PHE223, ILE264,
LEU260, ARG257, GLU153, TYR150 and ALA261. According to the obtained results, there is
one hydrogen bond between N atom of the NiL> complex with ARG222 residue of HSA.
Moreover, four m-cation interactions were formed between phenyl rings of the compound with
residues of the binding site. The participant residues of HSA in z-cation interactions are ARG222,
LYS199 and ARG257.

4.10. Molecular dynamics simulation

The beginning structures for the MD analyses were selected from the conformations with lowest
docking energies. The stability of the system (biomacromolecule and compound) properties was
examined by means of RMS deviations (RMSD) of unbound and ligand conjugated
biomacromolecule with respect to the initial structure, RMS fluctuations (RMSF), the solvent
accessible surface area (SASA) of biomacromolecule, radius of gyration (Rg) and number of H-
bonds. Preliminary simulations over 10 ns time were performed on DNA and HSA with
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NiL.. Table 4 provides the average values of RMSD, SASA, Ry and number of H-bonds of the
HSA and HSA-NiL; systems. Fig. 6 presents time dependence of RMSD, Ry, RMSF and H-bond
values of HSA and HSA-NiL> systems. Fig. 6A indicates that the trajectories of both systems are
stable and their RMSD reached equilibrium and fluctuated around its mean value after about 5 ns
simulation time. Figs. 6B and S7 show that complexation with NiL, changed the structure of HSA
when compared to free protein. It can be clearly seen that the Rqand SASA were larger upon
binding of the NiL, suggesting a less compact structure of HSA in the presence of NiL..
Decreasing the number of intramolecular H-bonds is another evidence that confirms a less compact
structure of HSA in the presence of NiL. (Fig. 6C).

Table 4. The average values of RMS deviations (RMSD), the solvent accessible surface area
(SASA), the radius of gyration (Rq) and number of H-bonds of the HSA and HSA-NiL> systems.

System RMSD (nm) SAS (nm?) Rg (nm) Number of H-bond
HSA 0.25+0.05 298.22 £3.70 2.69 £0.02 481.50 +£10.97
HSA-NiL:2 0.28 £ 0.04 303.69 £3.79 2.71+£0.01 462.80 £ 11.20

— HSA
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. Time (ns)
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Fig. 6. (A) Time dependence of RMSD. RMSD values for HSA and HSA-NiL, complex during
10 ns MD simulation. (B) Time-evolution of radius of gyration (Rg) for HSA and HSA-
NiL2 complex during 10 ns MD simulation. (C) The number of Intramolecular H-bonds for HSA
and HSA-NiL, complex during 10 ns MD simulation. (D) RMSF values of HSA and HSA-
NiL> complex plotted against residue numbers.
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Also, local protein mobility was analyzed by calculating the time averaged RMSF values of free
HSA and HSA-NiL> complex and was plotted against residue numbers based on the last 5000 ps
trajectory (Fig. 6D). The profiles of atomic fluctuations were found to be very similar to those of
free HSA and HSA-NiL. complex. RMSF highlights the conformational adjustments of the protein
structure, in conjunction with NiL> conformational adaptation to its binding sites. The results
indicate that the residues that were in contact with the NiL; are stable and have low RMSF values
suggesting that the structure of drug binding site remains rigid during simulation. Hence, it can be
concluded that the interactions of protein and NiL. were stable during the simulation time.

Fig. 7 presents time dependence of RMSD and RMSF values of DNA and DNA-
NiL2 systems. Fig. 7A indicates that the trajectories of both systems are stable and their RMSD
reached equilibrium and fluctuated around its mean value after about 1 ns simulation time. Also,
local DNA mobility was analyzed by calculating the time averaged RMSF values of free DNA and
DNA-NiL, complex and was plotted against atom numbers based on the last 8000 ps trajectory
(Fig. 7B). The results indicate that the atoms of DNA bound NiL are stable and have lower RMSF
values than the free DNA. Hence, it can be concluded that the interactions of DNA and NiL> were
stable during the simulation time.
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Fig. 7. (A) Time dependence of RMSD. RMSD values for DNA and DNA-NiL> complex during
10 ns MD simulation. (B) RMSF values of DNA and DNA-NiL2 complex plotted against atom
numbers.

4.11. QM/MM studies

In this work, a two-layer ONIOM calculations including (PM6: UFF) were employed to perform
QM/MM studies. The molecular mechanics (MM) was described using the UFF force field for
HSA and DNA (low layer) while semi-empirical quantum mechanics (QM) method (PM6) was
chosen for the NiL> (high layer). The most stable geometries obtained from the molecular docking
calculations were opted as starting points of HSA- and DNA- NiL: for the two-layer ONIOM
studies. All calculations were performed using Gaussian 03 quantum chemistry package. The
partial atomic charges on the atoms of the NiL., DNA and HSA were considered to reoptimize the
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optimized geometries. The van der Waals (vdw) and electrostatic interaction were considered in
structure optimization. Moreover, the polarization of the wave function of the NiL. was considered
to obtain more truthful geometries [12]. The results of ONIOM calculations represented that
structure of the NiL deviates from its initial geometry due to the binding to DNA and HSA. Along
with the interaction of NiL. with biomacromolecules some bond lengths and bond angles are
changed. Such the changes can be indicative of the strength of the interaction between
biomacromolecules and NiL.. Fig. 8, Fig. 9 show the changes take place in some geometrical
parameters including bond angles of NiL> along with binding to DNA and HSA. The calculated
binding energies (AE) of NiL and biomacromolecules are present in Table 5 for DNA and HSA.
In view of considering the polarization of the NiL: in electrostatic field of HSA and DNA in
QM/MM calculation, this energy is more accurate than calculated energy by molecular docking
method.

After doing ONIOM

l:::;l:»f Angle (before ONIOM)/Degree Angle (after ONIOM)/Degree
« 88.17 84.52
B 116.37 123.24

Y 125.02 115.84
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Fig. 8. (A) The structure of the NiL> complex and DNA optimized considering charged embedding
of MM part in QM part in the gas phase. (B) The changes of structural parameters of NiL> during
binding to DNA.

After doing ONIOM

Type of

Angle Angle (before ONIOM )Y Degree Angle (after ONIOM)/Degree
« 127.65 123.30
p 130.11 114.60
Y 93.92 97.93

Fig. 9. (A) The structure of NiL> complex and HSA optimized considering charged embedding of
MM part in QM part in the gas phase. (B) The changes of structural parameters of NiL> during
binding to HSA.

Table 5. The calculated binding energies (AE) of NiL2 with HSA and DNA.
System NiL2(PM6) (kcal'mol™ ')  Biomolecule(UFF) (kcal-mol™ 1) AE (kcal-mol™ 1)

NiL:-HSA —2.4473 —4913.25 4957.091

NiL2-DNA  —2.4473 2823.01 —2744.14
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5. Conclusions

In conclusion, we have synthesized a new nano-scale Schiff base Ni(ll) complex in water as
a green solvent and at ambient temperature. The structure of complex has been established by
using single crystal X-ray diffraction analysis. The crystallographic data reveal that NiL: is placed
in a crystallographic center of symmetry that is right in the middle point of the Ni(ll) in a planar-
transoid conformation. The MMT assay results indicated that the anticancer activity of the
compound is affected by its size. The DNA- and HSA-binding of the NiL> was also investigated,
using both experimental (fluorescence quenching, CD analysis, viscosity measurements and UV—
Vis spectroscopy) and computational methods (molecular docking, molecular dynamics
simulation and ONIOM). The obtained HSA- and DNA-binding constant values from
experimental and computational methods stated that the binding of Ni(ll) complex to the minor
groove of DNA and warfarin binding site of protein by formation of hydrogen bond, n-cation
and hydrophobic interactions. MD simulation studies revealed that complexation with
NiL. changed the structure of HSA when compared to free protein. Finally, the ONIOM results
showed that the structural parameters of the compound changed along with binding to DNA and
HSA, indicating the strong interaction between the compound and these biomacromolecules.
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Appendix A. Supplementary data

CCDC 1547057 contains the supplementary crystallographic data for

NiL2. Copies of the data can be obtained, free of charge, on application to

CCDC, 12 Union Road, Cambridge CB21EZ, UK (Fax: +44 1223 336033

or e-mail: deposit@ccdc.cam.ac.uk).
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