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Abstract 

Two new o-hydroxy Schiff-bases compounds, L1 and L2, were derived from the 

1:1 M condensation of 2,3-dihydroxybenzaldehyde and 2,4-dihydroxybenzaldehyde with tert-

butylamine and were characterized by elemental analysis, FT-IR, 1H and 13C NMR spectroscopies. 

The crystal structure of L2 was also determined by single crystal X-ray analysis. The crystal 

structure of L2 showed that the compound exists as a zwitterionic form in the solid state, with the 

H atom of the phenol group being transferred to the imine N atom. It adopts an E configuration 

about the central C N double bond. Furthermore, binding of these Schiff base ligands 

to Human Serum Albumin (HSA) was investigated by fluorescence quenching, absorption 

spectroscopy, molecular docking and molecular dynamics (MD) simulation methods. 

The fluorescence emission of HSA was quenched by ligands. Also, suitable models were used to 

analyze the UV–vis absorption spectroscopy data for titration of HSA solution by various amounts 

of Schiff bases. The spectroscopic studies revealed that these Schiff bases formed 1:1 complex 

with HSA. Energy transfer mechanism of quenching was discussed and the values of 3.35 and 

1.57 nm as the mean distances between the bound ligands and the HSA were calculated 

for L1 and L2, respectively. Molecular docking results indicated that the main active binding site 

for these Schiff bases ligands is in subdomain IB. Moreover, MD simulation results suggested that 

this Schiff base complex can interact with HSA, with a slight modification of its tertiary structure. 
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1. Introduction 

o-Hydroxy Schiff-bases compounds are important class of compounds from crystallography and 

biological activity points of view. From the crystallography point of view, o-hydroxy Schiff 

bases represent an important class of compounds that are of great interest to the investigators 
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mostly because of the intramolecular H-bond. o-Hydroxy Schiff-bases compounds display two 

possible tautomeric forms, the phenol-imine (OH) and the keto-amine (NH) forms. Depending on 

the tautomers, two types of intramolecular hydrogen bonds are observed in Schiff bases: O

H⋯N in phenol-imine and N H⋯O in keto–amine tautomers [1], [2], [3]. 

In the latter case, a proton transfer may cause a change in the electron structure: the electronic and 

protonic states are clearly coupled, and an intramolecular charge transfer may occur. Hence, a 

zwitterionic structure may appear, which is rarely seen for hydroxy derivatives. The characteristic 

property of this form is the presence of ionic N+–H⋯O– hydrogen bond [4], [5]. 

The previous research showed that the position of the proton in the OH⋯N– region 

dramatically affects the interactions and plays a very important role in determining the physical, 

chemical properties of o-hydroxy Schiff bases. In this regard, we can mention to photo-, thermo-, 

and solvatochromic properties [6] and a variety of their applications were revealed in both 

theoretical and experimental investigations [7], [8], [9], [10], [11], [12]. 

From the biological activity perspective, the origin of biological activity, especially anticancer 

activity of Schiff bases has been attributed to their ability to cleave DNA. It has been proved that 

in Schiff bases compounds the HC N linkage is an essential structural requirement for 

biological activity. Since Schiff bases are potential anticancer drugs, it was of interest to obtain 

insight in to their modes of binding with the most abundant plasma carrier protein, Human Serum 

Albumin (HSA), using spectroscopic techniques and molecular 

modeling [13], [14], [15], [16], [17], [18]. 

Fluorescence and UV–vis absorption spectroscopy are effective techniques to study the drug–

protein interactions, because of their sensitivity, reproducibility and convenience. These 

approaches can reveal the binding affinity of small molecules with proteins and help to understand 

their binding mechanisms [13], [14], [15], [16], [17], [18]. Furthermore, it was of interest to locate 

binding sites of drugs on HSA. It requires docking tools that are able to identify the pose of the 

molecule in the binding site and the binding affinity or a score representing the strength of 

binding [13], [14], [15], [16], [17], [18]. 

As part of our ongoing investigation into designing new Schiff base ligands and 

complexes [13], [19], [20], [21], [22], [23], [24], [25], [26], [27], [28], [29], [30], [31], [32], [33], 

herein we present results of a detailed investigation on the synthesis and structural characterization 

of two new o-hydroxy Schiff bases ligands derived from the condensation of tert-butylamine with 

2,3-dihydroxybenzaldehyde (L1) and 2,4-dihydroxybenzaldehyde (L2) using IR, NMR, elemental 

analysis and single-crystal X-ray diffraction. In addition, the interaction between Schiff base 

ligands and HSA has been investigated using spectroscopic methods-fluorescence, UV absorption-

along with the protein–ligand docking and molecular dynamics simulation techniques. 

2. Experimental section 

2.1. Chemicals and instrumentation 

Human serum albumin (HSA) was purchased from Sigma–Aldrich. 2,3-dihydroxybenzaldehyde, 

2,4-dihydroxybenzaldehyde and tert-butylamine were obtained from Merck Co. and used without 
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further purification. All of the solutions were used freshly after preparation. The FT-IR spectra 

were recorded on a JASCO, FT/IR-6300 spectrometer (4000–400 cm−1) in KBr pellets. 
1H and 13C NMR spectra for L1 and L2 were recorded on a Bruker Avance 400 spectrometer using 

CDCl3 and DMSO-d6 as solvent, respectively. The elemental analysis was performed on Leco, 

CHNS-932 and Perkin–Elmer 7300 DV elemental analyzers. The UV–vis spectra were recorded 

on a JASCO V-670 spectrophotometer. Fluorescence measurements were carried out on Shimadzu 

RF-5000 spectrofluorometer at room temperature. 

2.2. Single crystal diffraction studies 

The crystallographic data for Schiff base ligand, L2, was collected at room temperature with a 

Bruker APEX II CCD area detector diffractometer using Mo-Kα radiation (0.71073 Å). Data 

collections, cell refinements, data reductions and absorption corrections were performed using 

multiscan methods with Bruker software [34]. The structures were solved by direct methods using 

SIR2004 [35]. The non-hydrogen atoms were refined anisotropically by the full matrix least 

squares method on F2 using SHELXL [36]. 

Hydrogen atoms for CH and CH3 groups were positioned geometrically (C H = 0.93 Å for 

CH, C H = 0.96 Å for CH3) and refined using a riding model. H atoms of NH group was 

found in difference Fourier map and refined isotropically. Molecular graphics were prepared with 

the Olex2 program [37]. Crystallographic data for L2 are listed in Table 1. Selected bond distances 

and angles are summarized in Table 2. 

Table 1. Crystal data and structure refinement for L2. 

Empirical formula C11H15NO2 

Formula weight 193.24 

Temperature (K) 298(2) 

Wavelength (Å) 0.71073 

Crystal system Orthorhombic 

Space group P212121 

Unit cell dimensions a = 7.6122(15) 

b = 11.962(2) 

c = 12.631(3) 

Volume (Å3) 1150.1(4) 
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Z 4 

Calculated density (Mg/m3) 1.116 

Absorption coefficient (mm−1) 0.077 

F(000) 416 

Theta range for data collection (°) 3.12 to 24.99 

Index ranges −9 ≤ h ≤ 9 

−14 ≤ k ≤ 14 

0 ≤ l ≤ 15 

Reflections collected 3770 

Independent reflections 2023 [R(int) = 0.0200] 

Data Completeness (%) 99.9 

Refinement method Full-matrix least-squares on F2 

Data/restraints/parameters 2023/0/138 

Goodness-of-fit on F2 0.896 

Final R indices [I > 2σ (I)] R1 = 0.0286 

wR2 = 0.0642 

R indices (all data) R1 = 0.0367 

wR2 = 0.0657 

Largest diff. peak and hole (e.Å−3) 0.064 and −0.142 

Table 2. Selected bond lengths (Å) and angles (°) for L2. 

O(1) C(2) 
1.299(2) 



O(2) C(4) 
1.342(2) 

N(1) C(7) 
1.298(2) 

N(1) C(8) 
1.482(2) 

C(1) C(7) 
1.403(2) 

C(7) N(1) C(8) 
128.0(1) 

O(2) C(4) C(3) 
123.4(1) 

O(2) C(4) C(5) 
116.1(1) 

O(1) C(2) C(3) 
122.7(1) 

O(1) C(2) C(1) 
120.1(1) 

N(1) C(7) C(1) 
124.7(1) 

C(7) C(1) C(6) 
119.5(1) 

C(4) O(2) H(2) 
109 (1) 

C(8) N(1) H(1) 
119(1) 

C(7) N(1) H(1) 
113(1) 



2.3. Synthesis of Schiff-base ligands 

Tert-butylamine (10 mmol) was dissolved in 30 mL of absolute methanol and added slowly to a 

stirred solution 2,3-dihydroxybenzaldehyde or 2,4-dihydroxybenzaldehyde (10 mmol) in 30 mL 

of absolute methanol in ambient temperature. The color immediately changed to yellow for L1 and 

orange for L2. The mixture was then stirred for 2 h in ambient temperature. The reaction mixture 

was allowed to stand for slow evaporation of the solvent until the formation of precipitate. The 

precipitate was filtered off and purified by washing with 10 mL of cold methanol. For 

compound L2, the filtrate was allowed to stand at room temperature and orange crystals suitable 

for single crystal X-ray diffraction analysis were obtained after 1–2 days. 

L1: Yield: 91%. Anal. calc. for C11H15NO2: C: 68.37, H: 7.82, N: 7.25. Found: C: 68.32, H: 7.80, 

N: 7.29. 1HNMR (CDCl3, 400 MHz, 298 K) δ/ppm: 14.73 (1H, br, OH); 8.10 (s, 1H, N CH); 

6.91 (d of d), 6.70 (d of d), 6.48 (t) (3H, Har); 1.47 (s, 9H, CH3). 
13CNMR (CDCl3, 400 MHz, 

298 K) δ/ppm: 159.89 (CH N), 148.18, 122.15, 115.00, 114.56, 113.54 (Ar carbons), 55.73 

(CH(CH3)2), 29.54 (CH(CH3)2. FT-IR: Selected IR data (KBr, cm−1): 1636(νC = N), 1185(νC‒O). 

L2: Yield: 93%. Anal. calc. for C11H15NO2: C: 68.37, H: 7.82, N: 7.25. Found: C: 68.35, H: 7.85, 

N: 7.30. 1HNMR (DMSO-d6, 400 MHz, 298 K) δ/ppm: 14.70 (1H, br, OH); 8.39 (s, 1H, N

CH); 7.23(d), 6.23 (d), 6.11 (d) (3H, Har); 3.46 (1H, br, NH); 1.34 (s, 9H, CH3).
13CNMR (DMSO-

d6, 400 MHz, 298 K) δ/ppm: 162.06 (CH N), 159.63, 133.85, 110.90, 106.22, 102.94 (Ar 

carbons), 55.29 (CH(CH3)2), 29.35 (CH(CH3)2. FT-IR: Selected IR data (KBr, cm−1): 1636(νC

N), 1204(νC‒O). 

2.4. HSA binding experiments 

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 used within 

2 h. HSA concentration was determined by UV–vis spectroscopy using the molar absorption 

coefficient 35,700 M−1 cm−1 at 278 nm [38]. The solution of the compounds was first prepared in 

DMSO as co-solvent, and then diluted with phosphate buffer. The final DMSO concentration never 

exceeded 0.5% v/v. All the solutions were used freshly after preparation. The interaction of HSA 

with the synthesized Schiff base ligands was investigated using absorption titration experiment at 

room temperature. The UV–vis absorption spectra of the solution of HSA (10 μM) in the absence 

and presence of various amounts of the ligands (100 μM) were recorded at room temperature and 

the changes in the HSA absorption were recorded after each addition. Moreover, fluorescence 

quenching experiment was also done to more investigation of the interaction between HSA and 

the Schiff base ligands. In this experiment 2 mL of HSA solution (5 μM) was placed into the cell 

and various amounts of the Schiff base ligands (50 μM) were added to the cell. The absorbance at 

excitation wavelengths was always less than 0.1, in order to avoid inner filter effects. 

The fluorescence intensity was measured with excitation wavelength at 295 nm and emission 

wavelength rang of 300–450 nm and the excitation and emission slits set at 5 and 10 nm, 

respectively. In each measurement the mixture was allowed to incubate for 2 min after addition of 

the ligand. 
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2.5. Molecular docking procedure 

In this work, docking study was carried out to indicate the binding site for the synthesized ligands. 

The 3D structures of the L2 ligand was generated using the CIF file of its X-ray crystal structure. 

The CIF file was converted to the PDB format by using the Mercury software 

(http://www.ccdc.cam.ac.uk/). The geometry of the L1 ligand was optimized using Gaussian 

03 [39] at the level of B3LYP/6-31G** [40], [41]. The crystal structure of HSA (PDB ID: 1AO6) 

was taken from the Brookhaven Protein Data Bank (http://www.rcsb.org/pdb). The R-value and 

resolution of this file were 0.218 and 0.25 Å, respectively. Water molecules of the protein. pdb file 

were removed, polar hydrogen atoms and Gasteiger charges were added. Flexible-ligand docking 

was performed by AutoDock 4.2 molecular-docking program using the implemented 

empirical free energy function and the Lamarckian Genetic Algorithm [42]. The Autogrid was 

used to calculate Grids. A blind docking with 126 lattice points along X, Y, and Z axes was 

performed to find the active site of ligands on HSA. After determination of the active site, the 

dimensions of the grid map were selected 60 points with a grid point spacing of 0.375 Å, to allow 

the ligand to rotate freely. 200 docking runs with 25,000,000 energy evaluations for each run were 

performed. 

2.6. Molecular dynamics simulation 

The lowest binding free energy conformation of each complex was considered as the initial 

conformation for the MD studies. All MD studies were carried out using the GROMACS 4.5.6 

(University of Groningen, Netherlands) package [43], [44] and the GROMOS96 43a1 force 

field [45], [46]. The Dundee PRODRG2.5 server was used to generate the topology parameters of 

the ligands [47]. The partial atomic charges of ligands were calculated using Gaussian 03 [39] at 

the level of B3LYP/6-31G** [40], [41]. The complex was located in the cubic box with 

the periodic boundary conditions. The box volume was 11.36381 × 11.36381 × 11.36381 nm3 and 

the minimum distance between the protein surface and the box was 1.0 nm. The box, filled with 

extended simple point charges (SPC), water molecules [48], and the solvated systems, were 

neutralized by adding 15 sodium ions (Na+). Energy minimization was done through using 

the steepest descent method. Then, the system was equilibrated for 100 ps at the temperature of 

300 K. Finally, a 20 ns MD simulation was carried out at 1 bar and 300 K. A Berendsen 

thermostat [49] at 300 K, the particle mesh Ewald (PME) method [50], [51] for long range 

electrostatics, and a 9 Å cut off for van der Walls interactions and Coulomb interactions were used. 

The equation of motions was integrated by the leap-frog algorithm with the 2 fs time steps. 

The atomic coordinates were recorded to the trajectory file every 0.5 ps for later analysis. Finally, 

an all-bond constraint was used to keep the ligand from drifting in the MD. 

3. Results and discussion 

The procedure synthesis of the Schiff base ligands, L1 and L2, reported in Scheme 1. 

The L1 and L2 Schiff base ligands obtained by the self-condensation reaction between tert-

butylamine with 2,3-dihydroxybenzaldehyde (L1) and 2,4-dihydroxybenzaldehyde (L2), 

respectively, in methanol at the ambient temperature. The Schiff base ligands are yellow (L1) and 

orange (L2) powder, stable in air and soluble in the most common organic solvents such as MeOH, 

EtOH, CHCl3, DMSO, DMF. 
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Scheme 1. Synthesis of Schiff base ligands. 

The most characteristic feature in the IR spectra of the Schiff base ligands comes from the C

N stretching vibrations. In IR spectra, these stretching vibrations are at 

1636 cm−1 for L1 and L2 confirming the presence of the imine groups. The presence of several 

medium intensity bands in the range 3060–2740 cm−1 suggests the existence of C H stretching 

vibrations of aliphatic and aromatic protons. Another characteristic region of the Schiff bases 

derivate spectrum is 1100–1400 cm−1, which is attributed to C O stretching vibrations. The C

O stretching vibration was observed at 1185 cm−1and 1204 cm−1 for L1 and L2 respectively, 

which confirms the presence of phenolate group in the compound. Also, The Schiff base ligands 

exhibit two broad IR-bands of medium intensity in the 3400–3200 cm−1 region, the higher 

frequency peak is due to the ν(OH) mode while the lower one can be assigned to the ν(N H) 

vibration [21]. The presence of the OH and NH hydrogens are also revealed in the X-ray crystal 

structure of the L2 ligand. 

The 1H NMR and 13C NMR spectra of L1 and L2 were recorded using CDCl3 (L1) and DMSO-

d6 (for L2) as the solvent and data are summarized in the experimental section and shown 

in Fig. 1, Fig. S1 and Fig. S2. The 1H and 13C NMR spectra were run immediately after solution 

in CDCl3 (L1) and DMSO-d6 (for L2) with TMS as internal standard and gave the expected simple 

spectra, indicating the integrity of the Schiff base ligands. The spectra obtained after 12, 24 and 

120 h were similar to the initial spectra indicating that the Schiff base ligands are stable in solution. 
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Fig. 1. 1HNMR of (a) L1 and (b) L2. A star marks in black color represents peak for CDCl3 (L1) 

and DMSO-d6 (L2). 

 

The 1H NMR spectra of L1 and L2 Schiff base ligands exhibit –OHphenolic proton resonances at 

∼14.70 ppm for two –OHphenolic protons as broad singlet peak (Fig. 1). The signal for the imine 

proton in the L1 and L2 Schiff base ligands appears at 8.10 and 8.39 ppm, respectively, as a singlet 
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peak. Also, methyl protons appear as singlet at 1.47 and 1.34 ppm for L1 and L2, respectively. 13C 

NMR spectra of Schiff base ligands, L1 and L2, show in the region corresponding to signals 

of aromatic rings (148.18–113.54 ppm for L1 and 159.63–102.94 ppm for L2) 5 peaks instead of 

6 expected peaks are observed. It seems that one carbon in this region are overlapping to other 

carbons due to high similarity of carbons (See Figs. S1 and S2). Also, 13C NMR spectra show 

the azomethine carbon peaks at 159.89 and 162.06 ppm, for L1 and L2, respectively. 

The UV–vis electronic absorption spectra of the title compounds were recorded in MeOH solvent. 

The experimental diagrams of absorption spectra for two Schiff base compounds are shown 

in Fig. 2. The observed spectra showed four bands at 210, 231, 288 and 381 nm for L1 and three 

bands at 221, 299 and 371 nm for L2. It should be noted that the electronic absorption spectra of 

2-hydroxy Schiff bases which exist mainly as phenol–imine structure indicate the presence of a 

band at <400 nm, whereas compounds that existing in the keto–amine form show a new band, 

especially in polar and nonpolar solvents at >400 nm [52], [53], [54]. According to absence of 

bonds at >400 nm in UV–vis spectra of two compounds, we can say that the compounds exist in 

solution as phenol–imine form. This result also can be confirmed by 1HNMR spectra (Fig 1). As 

a result, the observed bands at 210, 231, 288 and 381 nm for L1 and three bands at 221, 299 and 

371 nm for L2 can be due to benzene π → π* and azomethine π → π* and n → π* transitions. 

These values are similar to those found in related compound [55], [56]. 

 

Fig. 2. UV–Vis spectra of L1 (a) and L2 (b) in MeOH solution at 25 °C. 

 

3.1. Crystal structure of L2 

The molecular structure of L2 is shown in Fig. 3. Selected bond distances and bond angles are 

listed in Table 2. The molecule has adopted E-configuration about the C7 N1 double bond 

(1.2981(18) Å) with a C8 N1 C7 C1 torsion angle of 178.139°. The C11 N1 

[1.300(4) A] and C2 O1 [1.304(4) A] bonds of the title compound are the most important 

indicators of the tautomeric type (Scheme 2). While the C2 O1 bond is of a double bond for 

the keto–amine tautomer, this bond displays single bond character in phenol–imine tautomer. In 

addition, the C11 N1 bond is also a double bond in phenol–imine tautomer and of single bond 
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length in keto–amine tautomer [53], [57]. However, these bond distances have intermediate values 

between single and double C O (1.362 and 1.222 A, respectively) and C N (1.339 and 

1.279 A, respectively) bond distance. The shortened C2 O1 bond and the slightly longer C11

N1 bond provide structural evidence for the zwitterionic form of the title compound. 

 

Fig. 3. ORTEP representation of L2. Displacement ellipsoids are drawn at the 30% probability 

level and H atoms are shown as small spheres of arbitrary radii. Intramolecular H-bond is 

illustrated by dashed line. 
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Scheme 2. Possible tautomeric forms for L1 and L2. 

 

Intramolecular N H⋯O hydrogen bond between the NH+ and the phenolate O¯ generates an 

S(6) ring motif (Fig. 3; Table 3) which help to stabilize the planarity of the molecule [58]. The 

bond distances are in normal ranges and comparable with those found in related 

structures [59], [60]. In the crystal packing, molecules are connected by O H⋯O hydrogen 

bonds, generating C(6) chains (Fig. 4) [58]. According to the hydrogen bonding 

classification [61], [62], these intramolecular and intermolecular hydrogen-bonding are moderate 

(mostly electrostatic) and strong (strongly covalent) interactions, respectively. 
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Table 3. Hydrogen-bond geometry (Å, °) for L2. 

D—H⋯A D—H H⋯A D⋯A D—

H⋯A 

Empty Cell Symmetry code 

N(1)

H(1)⋯O(1) 

0.904(15) 1.875(15) 2.6233(17) 138.7 Intra 
 

O(2)

H(2)⋯O(1) 

0.965(19) 1.593(18) 2.5429(15) 167.1 Inter −1/2 + x,1/2−y,−z 

Note: D donor, A acceptor. 

 

 

Fig. 4. Intramolecular and intermolecular hydrogen bond geometries for L2 (Å,°). 

 

3.2. UV–vis spectroscopy 

UV–vis absorption spectroscopy is an effective and simple technique to study of the HSA-drug 

binding and to investigate the structural changes of protein upon its drug binding. The UV 

absorption spectra of HSA shows a strong absorption peak at about 220 nm resulted of the n→π* 

transition for the peptide bond of α-helix and a weak peak at 278 nm assigned to π→π* transition 

of the phenyl rings in aromatic acid residues (Trp, Tyr and Phe) [63]. Through addition of various 

amount of the Schiff base ligands (10 × 10−5 M), a hypochromic effect in spectrum of HSA is 
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observed (Fig. 5). This observation indicates that the aromatic amino acid residues of HSA in 

a hydrophobic cavity were exposed to an aqueous upon binding to the compounds. Moreover, 

observation of hypochromic effect in UV–vis spectra of HSA with increase amount of the 

synthesized ligands reveals the π–π stacking interaction between the aromatic rings of the 

compounds and the phenyl rings of aromatic acid residues [63]. 

 

Fig. 5. Electronic absorption spectra of HSA (10 μM) in the absence and presence of various 

concentrations of (a) L1 and (b) L2. 

 

To assess the binding ability of the Schiff base ligands with HSA, the intrinsic binding 

constant (Kb) was determined using Benesi–Hildebrand plot and the following equation [64], [65]: 

 

where A0 and A are the absorbance of HSA in the absence and presence of drug, 

respectively. Amax is the obtained absorbance at saturation and [M] is the concentration of drug. 

The plot of 1/(A-A0) versus 1/[M] gives Kb as ratio of y-intercept to slop. The binding constants 

for L1 and L2 are equal to 1.31 × 104 and 3.16 × 104, respectively (Fig. S3). 

3.3. Fluorescence spectroscopy 

Fluorescence quenching experiment has been performed to investigate the mechanism of 

interaction between HSA and the ligands. Although fluorescence of HSA protein 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 [66]. 

The fluorescence intensity of protein was quenched through the addition of the synthesized 

ligands, revealing the interaction of the ligands and HSA takes place and leads to the changes of 

microenvironment around the Trp-214 residue in HSA [67], [68]. Fig. 6 represents the 

fluorescence quenching of 5 μM HSA at the presence of various amounts of the ligands 

(5 × 10−5 M). In order to determine the binding ability between the ligands and HSA, the Stern–

Volmer quenching plot was obtained by monitoring the fluorescence quenching of HSA with 

increasing the concentration of the compounds according to the Stern–Volmer equation [67]: 
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where, F0 and F are the fluorescence intensity of HSA in absence and presence of the 

compounds. Ksv is the Stern–Volmer quenching constant, kq is the quenching rate constant of HSA 

and τ is the average lifetime of HSA without quencher which is typically equal to 10−8 s for 

biomacromolecules [38]. Ksv is determined from the plot of F0/F vs. [Q] (Fig. 6). In the present 

study, the values of Ksv were obtained and presented in Table 4. Fluorescence quenching is 

classified to 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 mechanism. Linearity of the Stern–

Volmer plot indicates that quenching fluorescence has only one mechanism, dynamic or static [38]. 

In this study, the value of kq was obtained and represented in Table 4 that is greater than 

limiting diffusion rate constant of the diffusional quenching for biopolymers (2 × 1010 M−1S−1). 

This observation supports that quenching fluorescence of HSA occurs by static mechanism [38]. 

In addition the changes in the absorption spectrum of HSA show the formation HSA-drug complex 

in the ground state, which is because of the change in the HSA structure. While dynamic quenching 

affects on the exited state and do not have impact on the absorption spectrum. Moreover, binding 

constant (Kb) of the ligands and HSA can be calculated by this experiment using following 

equation [38]: 

 

where, F0 and F are the fluorescence intensity of HSA in absence and presence of Schiff base 

ligand, respectively. [Q] is the concentration of quencher that quencher is the synthesized ligand 

here. “Kb” is obtained from the plot of ln ((F0 F/F) versus Ln[Q]as a y-intercept. Furthermore, 

“n” which is the number of binding site per protein is slope of the plot. The value of n is nearly 1, 

indicating that the synthesized compounds bind to HSA with molar ratio of 1:1. The calculated 

results are shown in Table 4. The Kb value reveals that the L2-HSA complex is more stable than 

other one; in the other words, this is more available for drug–cell interaction. Moreover, this result 

is in good agreement with the UV–vis spectroscopy result. 
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Fig. 6. Fluorescence quenching of HSA (5 μM) in the absence and presence of various 

concentrations of (a) L1 and (b) L2. 

 

Table 4. The HSA binding constant (Kb), the number of binding sites (n), the Stern–Volmer 

constant (Ksv) of the compounds, the quenching rate constant of HSA (kq) and the obtained results 

from FRET theory for the compounds. 

Ligand KSV kq Kb n R0 (nm) r (nm) 

L1 7.04 × 104 7.04 × 1012 4.05 × 104 1 3.07 3.35 

L2 3.63 × 104 3.63 × 1012 4.33 × 104 0.76 1.30 1.57 

In general, binding constant of a drug with a carrier protein such as HSA should be high enough 

to bind and transfer thought body. Moreover, in order to release a drug since arrival at its target, it 

should not be too high. With respect to above, HSA binding constants of these ligands are in a 

good range (2–10 × 104) [69]. 

3.4. Energy transfer from HSA to ligands 

Energy transfer between the ligands and HSA can provide valuable information about HSA-ligand 

binding. The fluorescence quenching of HSA upon the binding of ligands can be indicative of 

energy transfer between HSA and these compounds. This energy transfer can be explained 

by fluorescence resonance energy transfer (FRET) theory. FRET that also known as Förster,s 

resonance energy transfer is an interaction between the excited molecule and its adjacent molecule. 

Upon this interaction, energy absorbed by donor molecule is transferred to an acceptor [70]. 

According to this theory, three conditions are required to energy transfer: (1) the donor should 
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have fluorescence, (2) the fluorescence emission spectrum of the donor and the UV–vis spectrum 

of the acceptor should have sufficient overlap (3) the small distance between donor and acceptor 

(<8 nm) [70]. The distance and efficiency of energy transfer (E) between tryptophan residue of 

protein (HSA) and ligand has been calculated using this theory through the following equation: 

 

where F0 and F are fluorescence intensities of HSA in the absence and presence of ligands, 

respectively and R0 is the critical distance when the transfer efficiency is 50%; r is the distance 

between donor and acceptor. R0 can be calculated by Eq. (5) [71]. 

 

In the above equation, the term K2 is the orientation factor of the dipoles; N is the refracted index 

of medium, J is the overlap integral of the fluorescence spectrum of the donor with absorption 

spectrum of the acceptor and φ is the fluorescence quantum yield of the donor. The value of J can 

be calculated by the following expression: 

 

where, F(λ) is the fluorescence intensity of the donor in the absence of the acceptor at wavelength 

λ and ɛ is the molar absorption coefficient of the acceptor at λ. In the present 

case, K2 = 2/3, N = 1.336 and φ = 0.15 for HSA. Therefore, according to Eqs. (4), (5), (6) the 

parameters for the synthesized ligands were calculated (Table 4). Fig. 7 represents the overlap of 

the fluorescence emission spectrum of HSA (5 μM) and the UV–vis spectrum of ligands (5 μM). 

The values of r for all the ligands are less than 8 nm and “0.5 R0 < r < 1.5 R0”, suggesting energy 

transfer from HSA to the Schiff base ligands occurs with high probability. Furthermore, the higher 

values of r than R0, indicating the presence of a static quenching mechanism in the interaction of 

HSA and compounds [72]. 

 

Fig. 7. Spectral overlap of the HSA fluorescence with the (a) L1 and (b) L2 absorption spectrum. 

[HSA] = [L] = 5 μM, λex = 295 nm. 
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3.5. Molecular docking studies 

It has been confirmed that the major factor affecting on the distribution, metabolism, the free 

concentration and the elimination rate of drugs is the binding affinity of drugs to HSA. Moreover, 

the half-life of drugs depends on their HSA-binding that effects on the dosage of drugs [73]. 

Therefore, the study of interaction between HSA and drugs is essential to investigate 

the pharmacokinetics and availability of drugs in tissues. HSA as the most abundant carrier protein 

comprises three α-helical domains (I, II and III), each containing two subdomains (A and B) [74]. 

The previous crystal structure studies showed that many drugs bind to one of the three binding 

sites located in subdomains IIA, IIIA and IB. In this work, the synthesized ligands were docked to 

the crystal structure of HSA. The obtained results from molecular docking showed that two ligands 

bind to the IB subdomain of HSA. Also, the affinity of L2 is higher than the L1. The standard Gibbs 

free energies for binding of ligands to HSA are −5.63 and −5.82 kcal mol−1 for L1 and L2, 

respectively. The results indicated that TYR161 and ARG117 amino acid residues are involved in 

the hydrogen bond interaction in the HSA-L1 system. Also, ASP108 and TYR148 amino acid 

residues are involved in the hydrogen bond interaction in the HSA-L2 complex. The results of 

docking are presented in Fig. 8, Fig. 9. The docking results are in good agreement with the 

experimental results and reveal important interactions between Schiff base ligands and HSA. Thus 

it can be concluded that the interaction of L1 and L2 with HSA is not mainly hydrophobic and the 

phenolic OH groups in the structure of ligands have a significant role in the binding process. 

 

Fig. 8. L1 and L2 docked in HSA using AutoDock. Ligands, depicted as a surface model, and 

HSA, represented in cartoon ribbon (The red circles show the ligands). 
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Fig. 9. The docking poses of the HSA–ligand complexes. a) L1 and b) L2. Hydrogen bond 

interactions showed as spheres. 

 

3.6. Analysis of the dynamics trajectories 

The beginning structures for the MD analyses were selected from the conformations with lowest 

docking energies. The trajectories were analyzed in terms of root mean square deviation 

(RMSD), radius of gyration (Rg), and root mean square fluctuation (RMSF) using 

the GROMACS routines. 

3.7. Root mean square deviation 

The stability of trajectories for HSA–ligands was examined using the RMSD of the backbone of 

HSA (Fig. 10). A glance at the analysis in Fig. 10 shows that the RMSD of all systems reached 

equilibrium and fluctuated around 0.44 and 0.39 nm for L1 and L2, respectively at about 7500 ps. 

This means that HSA-L complexes are well equilibrated and RMSD has low fluctuation around 

its mean value. 
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Fig. 10. Time dependence of RMSD. RMSD values for HSA–ligand complexes. 

3.8. Radius of gyration 

The Rgs for all systems were also determined and plotted against simulation time to study the 

protein compactness (Fig. 11) showed that all of the systems stabilized after about 8000 ps, 

indicating that the MD simulation equilibrated after 8000 ps. It can be clearly seen that the Rg was 

larger upon binding of the L2 than for L1 suggesting a less compact structure after the binding 

of L2 Schiff base ligand to HSA. Also, Fig. 11 shows that the Rg value of HSA decreases upon the 

complexation with L1 and L2. This indicates that the environment of HSA changes during its 

interaction with Schiff base ligands. 

 

Fig. 11. Time evolution of the radius of gyration (Rg) during 20,000 ps of MD simulation of HSA–

ligand complexes. 

3.9. Root mean square fluctuation 

The mobility of the HSA residues was evaluated by analysis of the RMSF of the Cα atoms of HSA 

in the presence of the Schiff base ligands (Fig. 12). The results indicate that the residues that were 

in contact with the ligands are the most stable and have low RMSF values. 

https://www.sciencedirect.com/science/article/pii/S0022286016304306#fig11
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Fig. 12. The RMSF values of HSA–ligand complexes were plotted against residue numbers. 

 

In addition, the RMSF of the atomic positions of the Schiff base ligands was calculated to examine 

their conformational variations (Fig. 13). The results indicate that the ligands atoms showed 

limited fluctuations (<0.14 nm). Hence, it can be concluded that the interactions of HSA and the 

Schiff base ligands were stable during the simulation time. 

 

Fig. 13. RMSF values of Schiff base ligands were plotted against atom numbers. 

4. Conclusions 

In this study, two new o-hydroxy Schiff-bases compounds, L1 and L2, have been synthesized from 

reaction of 2,3-dihydroxybenzaldehyde and 2,4-dihydroxybenzaldehyde with tert-butylamine. 

The synthesized compounds have been investigated by elemental analysis and FT-IR, 1H and 13C 

https://www.sciencedirect.com/topics/chemistry/atomic-coordinate
https://www.sciencedirect.com/science/article/pii/S0022286016304306#fig13


NMR spectroscopy. The structure of L2 has been also confirmed by X-ray crystallography. The 

crystal structure of L2 showed that the compound exists as a zwitterionic form in the solid state, 

with the H atom of the phenol group being transferred to the imine N atom. The HSA binding of 

the synthesized compounds were evaluated using experimental methods including fluorescence 

quenching and UV–vis spectroscopy. The computational methods (molecular docking and 

molecular dynamics simulation methods) were also carried out to investigate more details. The 

obtained results from both experimental and theoretical methods indicate that the compounds bind 

to HSA as L2 > L1. The obtained results from UV–vis spectroscopy and fluorescence quenching 

represent that all the synthesized compounds bind to HSA with binding constants about 

4 × 104 M−1 that is appropriate value for drugs. The results of fluorescence experiment as well as 

the changes in the absorption spectrum of HSA upon addition of the compounds show that the 

HSA-compound complexes formed in the ground state. The synthesized ligands bind to HSA with 

molar ratio of 1:1. Moreover the binding distance between the donor (HSA) and the acceptors (the 

ligands) was evaluated based on the FRET theory and the results indicated that the quenching of 

HSA by the synthesized compounds was static quenching processes. 

In addition, the binding propensity of the compounds to HSA was investigated by computational 

methods (Molecular docking and molecular dynamics simulation methods). Molecular docking 

studies revealed that hydrogen bond and hydrophobic interactions have major role in the binding 

of these Schiff base ligands to HSA. The presence of the hydrogen bond gives additional 

stabilization to the HSA-ligands systems. Also, the details of HSA binding properties of the 

compounds on the molecular level were obtained by this method. 

To investigate HSA-binding of the compounds more accurately, the molecular dynamics 

simulation method was carried out. MD simulation studies showed the stabilization of HSA–ligand 

complexes at around 8 ns It can be clearly seen that Rg decrease upon binding of Schiff base 

ligands, suggesting a more compact structure after the binding of these two ligands to HSA. In 

addition, the environment of HSA changes slightly during its interaction with L1 and L2. 

Furthermore, the profiles of atomic fluctuations showed that the interactions of HSA and Schiff 

base ligands were stable during the simulation time. 
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The following is the supplementary data related to this article: 

CCDC 1448114 contains the supplementary crystallographic data for L2. This data can be obtained 

free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the Cambridge 

Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223-336-
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