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 Biophysical Study on the Interaction between Eperisone Hydrochloride and Human Serum Albumin Using Spectroscopic, Calorimetric, and Molecular Docking Analyses Gulam Rabbani,† Mohammad Hassan Baig,† Eun Ju Lee,† Won-Kyung Cho,‡ Jin Yeul Ma,‡ and Inho Choi*,† †
 
 Department of Medical Biotechnology, YeungNam University, 280 Daehak-ro, Gyeongsan, Gyeongbuk-38541, Republic of Korea Korean Medicine (KM) Application Center, Korea Institute of Oriental Medicine (KIOM), Donggu, Daegu-41062, Republic of Korea
 
 ‡
 
 ABSTRACT: Eperisone hydrochloride (EH) is widely used as a muscle relaxant for patients with muscular contracture, low back pain, or spasticity. Human serum albumin (HSA) is a highly soluble negatively charged, endogenous and abundant plasma protein ascribed with the ligand binding and transport properties. The current study was undertaken to explore the interaction between EH and the serum transport protein, HSA. Study of the interaction between HSA and EH was carried by UV−vis, ﬂuorescence quenching, circular dichroism (CD), Fourier transform infrared (FTIR) spectroscopy, Förster’s resonance energy transfer, isothermal titration calorimetry and diﬀerential scanning calorimetry. Tryptophan ﬂuorescence intensity of HSA was strongly quenched by EH. The binding constants (Kb) were obtained by ﬂuorescence quenching, and results show that the HSA−EH interaction revealed a static mode of quenching with binding constant Kb ≈ 104 reﬂecting high aﬃnity of EH for HSA. The negative ΔG° value for binding indicated that HSA−EH interaction was a spontaneous process. Thermodynamic analysis shows HSA−EH complex formation occurs primarily due to hydrophobic interactions, and hydrogen bonds were facilitated at the binding of EH. EH binding induces α-helix of HSA as obtained by far-UV CD and FTIR spectroscopy. In addition, the distance between EH (acceptor) and Trp residue of HSA (donor) was calculated 2.18 nm using Förster’s resonance energy transfer theory. Furthermore, molecular docking results revealed EH binds with HSA, and binding site was positioned in Sudlow Site I of HSA (subdomain IIA). This work provides a useful experimental strategy for studying the interaction of myorelaxant with HSA, helping to understand the activity and mechanism of drug binding. KEYWORDS: circular dichroism, diﬀerential scanning calorimetry, eperisone hydrochloride, esterase-like activity, human serum albumin, isothermal titration calorimetry, molecular docking, muscle relaxant
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 INTRODUCTION Eperisone hydrochloride (EH) is an antispastic agent that was formulated by Japanese and is now commercialized in Japan, Korea, India, and Far East under the trademark name Myonal. In fact, Kim et al. recently reported that ∼25% of EH prescribed in Korea is used in combination with aceclofenac and is frequently prescribed for the treatment of muscular pain.1 EH reduces alpha and gamma aﬀerent motor neuron activities and inhibits spinal cord activities as demonstrated by its action on the spinal cord and supraspinal structures.1 EH is a centrally acting, hydrophobic drug and acts as a muscle relaxant and calcium antagonist with vasodilatory and antispastic eﬀects used to reduce spasticity.2,3 Its treatment shows improvement in conditions of myotonic situation caused by scapulohumeral periarthritis, low back pain (LBP), neck−shoulder−arm syndrome, and in paralysis.4 Skeletal muscle is composed of tubular cells (myocytes or myoﬁbers), formed in a process known as myogenesis.5 Skeletal © 2017 American Chemical Society
 
 muscles are endowed with contractibility, extensibility, elasticity, and excitability and constitute 40% of body mass.6 Periphery and centrally acting myorelaxants are used to treat muscle spasticity of neurological origin. EH is utilized for the treatment of problems, such as acute LBP, and their medication reduces the adverse eﬀects on the central nervous system (CNS).7 EH was initially introduced for the treatment of painful conditions caused by muscle contracture and is now considered to be an antispastic agent with an improved safety proﬁle.8−10 The eﬀects of EH are believed to be due to the blockade of Na+-channels.11 EH related compounds such as silperisone hydrochloride and tolperisone hydrochloride shows signiﬁcant inhibitory eﬀects on the voltage-gated Na+/Ca+Received: Revised: Accepted: Published: 1656
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 Molecular Pharmaceutics channels.12 EH and its derivatives exert inhibitory eﬀects on spinal reﬂex through inhibition in the presynaptic release of transmitter from primary aﬀerent nerve ﬁbers.13 Their receptors are localized on axonal terminals of aﬀerent ﬁbers.14 As reported in clinical trials of patients infected with myelopathy,15 bladder dysfunction,16 or muscle cramps in liver disease,17 EH did not show any sedative eﬀect on the CNS. A majority of drugs and small bioactive molecules reversibly binds with HSA, which functions as a carrier molecule to them. HSA often solubilizes long chain fatty acid in plasma, increases their stability, and modulates their deliveries to cellular receptors.18 Most of the drugs reversibly bind to serum albumin (SA) for their transport in the blood.19,20 It has been well documented that the interaction of drugs with SA in the circulation determines their distributions, bound/free concentrations, metabolisms, and elimination.21 SA serves as a channel to carry the plasma insoluble lipophilic drugs to their target sites.19 Furthermore, drug−protein interactions increase halflife of drug by preventing drug metabolism and elimination and thus provide slow drug release.19 However, the binding of drug to their target sites is known to trigger structural changes, and thus, it could potentially aﬀect the biological functions of drug bound proteins.22 In the current study, we explored the binding between HSA and EH by Trp ﬂuorescence quenching, far-UV circular dichroism (CD), Fourier transform infrared (FTIR) and Förster’s resonance energy transfer (FRET). A comprehensive thermodynamic characterization of HSA−EH complex has been subsequently obtained by isothermal titration calorimetry (ITC) and diﬀerential scanning calorimetry (DSC) study. The EH induced functionality (esterase-like activity) of HSA was assayed by measuring the hydrolysis of p-nitrophenyl acetate. The binding location of EH within the HSA explored from AutoDock-based molecular docking simulation. The ﬁndings of this study will provide understanding of pharmacological and structural changes underlying the binding eﬀects of EH with HSA.
 
 Fcorr = Fobs × e(Aex + Aem)/2
 
 (1)
 
 where Fcorr and Fobs are corrected and observed ﬂuorescence intensities, respectively. The excitation and emission absorbance wavelengths of HSA are shown by Aex and Aem, respectively. In all emission spectral scanning both λex and λem slit widths were set to 3.0 nm, and λex was set to 295 nm. The HSA concentration was maintained at 5 μM in absorption and 2 μM in Trp quenching measurements. However, the quenching of Trp residues were analyzed by using Stern− Volmer equation.24 Fo = KSV[Q ] + 1 = kqτ o[Q ] + 1 F
 
 (2)
 
 where F0 and F are the ﬂuorescence intensities in absence and presence of the quencher. [Q] is the molar concentration of quencher (EH), Stern−Volmer quenching constant is denoted by KSV, the bimolecular rate constant of the quenching reaction is denoted by kq, and τo is the integral ﬂuorescence lifetime of tryptophan (5.78 × 10−9 s). The modiﬁed Stern−Volmer equation was used to determine the quantitative binding constant (Kb) and binding stoichiometry (n) of the HSA−EH complex: ⎡F − F⎤ log⎢ o = log Kb + n log[Q ] ⎣ F ⎥⎦
 
 (3)
 
 The thermodynamics of HSA−EH interaction was calculated directly from the binding constant data performed at various temperatures. Within the studied temperature range, the enthalpy (ΔH°) and entropy (TΔS°) changes were calculated from the slope and intercept of the van’t Hoﬀ equation: ln K = −
 
 ΔH ◦ ΔS◦ + RT R
 
 (4) −1
 
 −1
 
 where R is the universal gas constant (1.987 cal K mol ) and T is absolute temperature in Kelvin. The Gibbs free energy change (ΔG°) of the process was determined using the relation:
 
 ■
 
 MATERIALS AND METHODS Chemicals and Reagents. HSA (A1887; fatty acid and globulin free) and p-nitrophenyl acetate (N8130) were purchased from Sigma-Aldrich. Eperisone hydrochloride (>99% purity index, Mw = 295.85) was from Santa Cruz Biotechnology (Dallas, USA). HSA and EH solutions were prepared by dissolving in Na-phosphate buﬀer (20 mM, pH 7.4). Before sample preparation HSA stock was dialyzed in 20 mM Na-phosphate buﬀer at 4 °C. The concentration of HSA in buﬀer was determined from absorbance measurement using molar absorption coeﬃcient E1% 280nm = 5.3. The aqueous solution of drug was prepared on the weight/volume (w/v) basis. UV−Vis Absorption and Fluorescence Spectroscopy. UV−vis absorption spectra of EH, HSA, and HSA−EH complex systems were obtained using PerkinElmer Lambda 45 double beam UV−vis spectrophotometer, and temperature of cell holder was controlled by a Peltier temperature programmer (PTP-1). The ﬂuorescence quenching experiments were carried out on a Varian Cary Eclipse ﬂuorimeter and connected to a circulating water bath. The deviation of ﬂuorescence quenching was experimentally recorded, and correction of inner ﬁlter eﬀects for ﬂuorescence intensity in solution absorbance was calculated by eq 1:23
 
 ΔG◦ = ΔH ◦ − T ΔS◦
 
 (5)
 
 ITC Measurements. Binding thermodynamics of EH to HSA was performed at 25 °C on a titration microcalorimeter (VP-ITC). The degassed HSA solution (15 μM) and Naphosphate buﬀer (20 mM, pH 7.4) were loaded in sample and reference cells of the calorimeter, respectively. Degassed EH solution (1.5 mM) was sequentially injected (10 μL in each injection) into the sample cell containing HSA. The rotating speed of injector was set at 307 rpm, and reference power of ITC was set at 16 μcal s−1. The time duration of each injection was 20 s, and delay time between next injections was 180 s. To reduce the involvement of thermal eﬀects due to EH, the control experiments were carried by injecting EH solution into the buﬀer solution in an identical manner, and resulting thermal eﬀects were subtracted from integrated data before curve ﬁtting. Far-UV CD Spectropolarimetry. A Jasco J-815 spectropolarimeter was used for CD measurements at 25 °C. The ﬁnal CD spectra are an average of four repeated scans performed with an interval of 1 nm and scan speed of 50 nm min−1 and corrected with baseline. Solutions for baseline correction (blank, 20 mM Na-phosphate buﬀer pH 7.4) were prepared in the identical manner except that HSA was omitted. The CD spectra of solutions (HSA + EH) were acquired, and changes in far-UV CD spectral results were analyzed. The obtained CD 1657
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 crystal structure of HSA was retrieved from the Protein Data Bank (PDB code: 2BXB). The structure was puriﬁed by removing all the heteroatoms and solvent molecules. This clean structure of HSA was further subjected to energy minimization using the Charmm force ﬁeld. The structure of EH (pubchem id: 123698) was downloaded from the Pubchem compound database. EH was docked within the active site of HSA using Autodock 4.0 and the Lamarkian genetic algorithm. The total number of runs was set at 15. Optimal docking was selected based on considerations of binding free energy. Accessible Surface Area Calculations. Diﬀerences between the accessible surface areas (ASAs) of HSA in native and in complex with EH were calculated using NACCESS version 2.1.1.25
 
 signals were converted into mean residual ellipticity (MRE) using
 
 MRE =
 
 Θobs 10nCl
 
 (6)
 
 where Θobs is CD in millidegree, n is the number of amino acid residues (n = 585−1), l is the path length of the cell in cm, and C is the molar concentration of HSA (2 μM). Fourier Transform Infrared (FTIR) Spectroscopy. Infrared spectra were recorded on FTIR/FIR (Frontier; PerkinElmer) spectrophotometer using an attenuated total reﬂection (ATR) sampling accessory. Solutions of HSA and HSA−EH complex were loaded in the well and data measurement acquired at 25 °C in the range of 1700−1600 cm−1. Typically, 40 scans were collected and averaged for a single spectrum with resolution of 4 cm−1. The background was corrected before scanning the samples. The FITR spectra of HSA were collected in the absence and presence of EH and then absorbance of buﬀer were subtracted from the spectra of HSA and HSA−EH complex. The molar ratio of HSA/EH was 1:5 and the used concentration of HSA was 75 μM. Calorimetric Measurements for Thermostability. The thermal unfolding was investigated by diﬀerential scanning calorimetry (DSC) in 20 mM Na-phosphate buﬀer (pH 7.4) between 20 to 90 °C at a scan rate of 1.0 °C min−1. The thermal unfolding experiments were carried out using 15 μM HSA, and the molar ratio of HSA/EH was 1:5. Individual buﬀer scan (baseline) was determined before each sample scan under the same experimental conditions. The collected excess heat capacity curves were subtracted from buﬀer scans and normalized the subtracted curves by the used HSA concentration before curve ﬁtting. The normalized excess heat capacity curves were analyzed according to a non-two-state model using Origin 7.0 software to calculate the calorimetric enthalpy (ΔHcal), van’t Hoﬀ enthalpy (ΔHvH), and melting point temperature (Tm). Esterase-Like Activity of HSA. Changes in the esteraselike activity can be assessed with spectrophotometric method. The 50 mM p-nitrophenyl acetate (p-NPA) stock solution was prepared in acetonitrile. 5 μM HSA was incubated at various HSA/EH molar ratios (1:0, 1:5, and 1:10) for 12 h. The concentration of the substrate (p-NPA) ranged from 0.1 to 0.7 mM. The absorbance of colored reaction product of p-NPA with HSA was recorded at 405 nm by measuring the emergence of p-nitrophenol measured over 2 min. The enzyme activities are reported as observed absorbance diﬀerences between ﬁnal and initial. Initial reaction velocities (v0) were determined from the linear portion of graph between 0 and 2 min. ν0 =
 
 Vmax[S] K m + [S]
 
 ■
 
 RESULTS AND DISCUSSION Absorption Spectroscopic Studies for Physical Changes upon EH Interaction. The absorption spectral changes can be used to investigate the structural alteration, after drug−protein complexation. The UV−vis absorption spectra of HSA and HSA−EH complex are shown in Figure 1A. Native
 
 Figure 1. (A) UV−visible absorption spectra of HSA in the absence and presence of eperisone hydrochloride at diﬀerent concentrations. (B) Circular dichroic spectral proﬁles of HSA with increasing EH concentration.
 
 HSA exhibited a strong absorption peak at 278 nm, which was mostly recognized as the absorptions of Trp and Tyr.26 The maximum absorption wavelength increases with blue shift after addition of increasing concentration of EH.27 The results indicate that observed changes in the absorbance of HSA−EH complexes clearly assigned the strong interaction between EH and HSA. The signiﬁcant blue shift in maximum peak positions was possibly caused by a change in the polarity, and hence hydrophobicity increases, around the tryptophan residue.27 Reformation of Secondary Structure of HSA Studied by CD and FTIR Spectroscopy. CD spectroscopic studies were carried out to explore the secondary structural change in HSA after binding of EH. In this work, molar ratios ([HSA]/ [EH]) of 1:0, 1:5, and 1:10 were used. The far-UV CD spectrum of native HSA gives two negative peaks at 208 and 222 nm, a characteristic feature of α-helix structure of HSA (Figure 1B). A logical elucidation of two negative bands 222 nm (contributed to n−π* transfer of α-helical structure of protein) and ∼208 nm (contributed to π−π* transfer of α-helix of protein) shows an interrogating secondary structure such as α-helix.28,29 The outcome was in agreement with the previous ﬁnding, advocating the dominance of α-helix conformation (65−67%) in native HSA.28 As shown in Figure 1B, the rise in the molar ratio of EH (from 1:0 to 1:10) induces the α-helical
 
 (7)
 
 where v0 and Vmax are initial and maximum velocities, respectively, [S] is p-NPA concentration, and Km is the Michaelis−Menten constant. Lineweaver−Burk reciprocal plot was constructed by plotting 1/v0 against 1/[S] at varying concentration of p-NPA in the absence or in the presence of EH: Km 1 1 = + ν0 Vmax + [S] Vmax
 
 (8)
 
 In Silico Studies. Molecular docking was performed to gain an insight of EH binding within the active site of HSA. The 1658
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 Figure 2. (A) Stern−Volmer plots and (B) double-logarithm plot for the quenching of HSA by EH at four diﬀerent temperatures.
 
 Table 1. Binding and Thermodynamic Parameters of HSA and EH at 25, 30, 37, and 42 °C Obtained from Fluorescence Quenching Experimentsa 25 °C
 
 parameters n (binding stoichiometry, HSA/EH) KSV (Stern−Volmer constant, M−1) Kb (binding constant, M−1) kq (bimolecular quenching rate constant, M−1 s−1) ΔH° (binding enthalpy, kcal mol−1) TΔS° (entropy change, kcal mol−1) ΔG° (Gibbs free energy change, kcal mol−1) a
 
 0.93 9.7 0.49 1.6
 
 ± ± ± ±
 
 30 °C
 
 0.11 0.41 × 104 0.11 × 105 0.12 × 1013
 
 17.5 ± 0.24 −6.5 ± 0.13
 
 1.0 7.9 0.99 1.3 11.0 17.8 −6.8
 
 ± ± ± ± ± ± ±
 
 0.13 0.34 × 104 0.16 × 105 0.16 × 1013 1.5 0.34 0.18
 
 37 °C 1.0 6.1 1.0 1.0
 
 ± ± ± ±
 
 42 °C
 
 0.16 0.29 × 104 0.32 × 105 0.13 × 1013
 
 18.2 ± 0.18 −7.2 ± 0.25
 
 1.1 4.8 1.7 0.83
 
 ± ± ± ±
 
 0.12 0.26 × 104 0.23 × 105 0.14 × 1013
 
 18.5 ± 0.38 −7.5 ± 0.31
 
 The data are the means ± standard deviations of three independent trials.
 
 percentage of HSA.29 Our ﬁnding showed that free HSA contained 48% α-helix, and after complexation with 10 and 20 μM of EH, the proportion of α-helix of HSA increases from 48% to 54% and 59%, respectively. An increase in the α-helix structure was also reported for a ﬂavonoid diosmetin/HSA interaction.30 From the above results, it was evident that EH caused secondary structure changes in the HSA and increased the α-helix stability. Amide I and II bands are two major frequencies in the IR region; the frequencies of amide I band (1700−1600 cm−1) are more responsive to small vibrations in molecular geometry in the secondary structure of proteins, giving rise to CO stretching frequency.31 The FTIR of free HSA and HSA−EH complex at 1:5 molar ratio showed presence of 52% α-helix, 18% β-sheet, 14% turn, 12% disordered, and 4% β-antiparallel in free HSA. The composition of α-helix was increased to 55% in HSA−EH complex (ﬁgure not shown), which agrees with the previously reported data.32 Thus, the percentage of α-helix tends to increase as a result of binding of EH with HSA. This ﬁnding conﬁrms an agreement with the result obtained by CD experiments. The retention of the secondary structure of αhelix of HSA is the primary requirement for biomedical applications. Steady-State Fluorescence Quenching of HSA in the Presence of EH. Fluorescence quenching provides useful information on the speciﬁc ligand binding sites in macromolecules. Intrinsic ﬂuorescence probes are provided by aromatic amino acids, allowing to access the conformation of protein as well as protein dynamics and their intermolecular interactions. HSA excitation wavelength of 295 nm was used to selectively excite the Trp residue and emissions at 340 nm were examined. A concentration-dependent regular decrease in the emission signal of HSA suggests Trp residue is situated at or
 
 nearby the drug binding site. In addition to the accessibility of a ﬂuorophore by a ligand, protein conformation changes can also be estimated33 or inferred by reduced Trp emission induced by a nearby quencher residue, such as His or Arg.34 Due to the presence of only one Trp residue (W214) in the Sudlow site I of HSA, this residue is often used as an intrinsic probe to investigate the interaction of ligands with HSA.35,36 Binding Aﬃnity of EH with HSA. The plot of F0/F vs [Q] is presented in Figure 2A, and its slope obtained by linear regression yielded the Stern−Volmer constant (Figure 2A), as previously described.37 The plots were linear and the rise in temperature causes decrease in the slopes, indicating that quenching phenomena was static rather than dynamic. Stern− Volmer constants were found to fall in the range 104−105 M−1, which is in accord with those reported for drug/protein interactions (104−105 M) in vivo.38 Furthermore, from eq 3, intercepts and slopes provide the binding constant (Kb) and binding stoichiometry (n) of EH with HSA (Figure 2B). The Kb values as shown in Table 1 were of 4 orders of magnitude, indicating a strong binding between HSA and EH. Type of HSA Quenching by EH. Usually, the ﬂuorescence quenching of protein by small molecules can be either dynamic or static. In dynamic quenching, rise in temperature causes faster diﬀusion and more quantity of collisions, which increases quenching constants, while in static quenching, rise in temperature weakens the complex stability maintained by intermolecular forces (H bonding and van der Waals interactions) and henceforth reducing the quenching constants, providing strength to hydrophobic eﬀect.39 The value of the bimolecular rate constant (kq) was calculated by considering the ﬂuorescence lifetime of Trp 5.78 × 10−9 s (as discussed in UV−Vis Absorption and Fluorescence Spectroscopy). The values of obtained kq were in order of 1.6 ± 0.12 × 1013, 1.3 ± 1659
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 Molecular Pharmaceutics 0.16 × 1013, 1.0 ± 0.13 × 1013, and 0.83 ± 0.14 × 1013 M−1 s−1 at 25, 30, 37, and 42 °C, respectively (Table 1). The obtained kq values of HSA−EH system are in the range of 1013 M−1 s−1, which is much larger than the upper limit of scattering quenching constant, kq of various quenchers with the biopolymers in aqueous solution (2 × 1010 M−1 s−1).40 These ﬁndings conﬁrm the interaction between HSA and EH appear to occur through static quenching. The static quenching refers to formation of nonﬂuorescence complex between the ﬂuorophore and quencher. The collisional (dynamic) quenching is diﬀerentiated from static one because type of quenching can be determined in response to temperature and viscosity changes.41 Thermodynamic of Complexation between HSA and EH. The thermodynamic parameters of protein−drug interactions at diﬀerent temperatures can be exploited to identify the major forces that contributes to protein−drug complex formation.42 To identify the main driving forces involved in HSA−EH complex formation, a van’t Hoﬀ plot was generated using previously calculated Kb at four diﬀerent temperatures (inset of Figure 2B). The thermodynamic parameters (ΔH° and ΔS°) were determined from the slope and intercept of eq 4 (van’t Hoﬀ plot inset of Figure 2B). It was observed that the formation of HSA−EH complex was an exothermic process with large amount of positive enthalpy and entropy, suggesting the dominance of hydrophobic interactions in the formation of complex. Here, positive value of TΔS° signals a strong indication of expulsion of water molecules from the binding site. However, hydrophobic interactions are involved because of the internalization of W214 after addition of EH.43 The changes in thermodynamic parameters are summarized in Table 1 and reveal that the binding process between HSA and EH is entropy driven (ΔH° > 0 and ΔS° > 0). Negative Gibbs free energy change (ΔG°) in the present study reveals that the binding process was spontaneous (−6.5 ± 0.13, −6.8 ± 0.18, −7.2 ± 0.25, and −7.5 ± 0.31 kcal mol−1 at 25, 30, 37, and 42 °C, respectively). The positive values of TΔS° and ΔH° suggest hydrophobic interaction plays a major role in the binding of EH.44 Isothermal Titration Calorimetric Measurements. EH interaction with HSA was studied by ITC at 25 °C (Figure 3). The obtained titration data allows the calculation of binding aﬃnity (Ka), thermodynamics of binding, i.e., entropy changes (ΔS°), enthalpy changes (ΔH°), and binding stoichiometry (n). After correction of heat of EH dilution eﬀect the ITC data was analyzed with the single site binding model. In Figure 3 each of the heat burst peaks corresponds to a single injection of EH into the HSA solution in the calorimeter cell (upper panel). The lower panel corresponds to the corrected heats per mole of injection, plotted against molar ratio of HSA/EH. The calorimetric titration proﬁle of EH with HSA resulted in the negative heat deﬂection, indicating binding was an exothermic reaction (Figure 3). The value of the binding constant (Ka) was in order of (2.73 ± 0.14) × 104 M, and the binding stoichiometry (n) was 0.970 ± 0.10. A large negative value of enthalpy change (ΔH° = −31.2 ± 1.1 kcal mol−1) indicates dominance of electrostatic interaction and hydrogen bonding between lone pair electron of the benzene ring of EH molecule and amino acid residues of HSA.37 Similarly, negative value of entropy change (TΔS° = −24.5 ± 0.61 kcal mol−1) suggests favorable electrostatic, van der Waals forces, and redistribution of the hydrogen bonding network between EH and HSA.42 The
 
 Figure 3. ITC proﬁles for the binding of EH to HSA. The top panels represent raw data for the sequential injection of EH solution into HSA solution. The bottom panels show integrated heat data after correcting of heat of EH dilution. The data points (●) reﬂect experimental injection heats, while the solid lines represent the calculated ﬁt of the data.
 
 calculated value of ΔG° is negative (−6.7 ± 0.2 kcal mol−1) indicating the interaction process was spontaneous. Förster Energy Transfer between HSA and EH. The overlap spectra of ﬂuorescence of HSA and absorption of EH indicates the transfer of energy from HSA (donor i.e Trp) to EH molecule (acceptor) (Figure 4). Förster’s resonance energy
 
 Figure 4. Overlap of the ﬂuorescence emission spectrum of HSA with the absorption spectrum of EH. The molar ratio of protein and EH was 1:1. The protein concentration was 2 μM.
 
 transfer (FRET)38 was employed to calculate the binding distance (r) and the energy transfer eﬃciency (EFRET) using equation: ⎛ R 06 F⎞ E FRET = ⎜1 − ⎟ = F0 ⎠ ⎝ R 06 + r 6 1660
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 Molecular Pharmaceutics where F is ﬂuorescence intensity of HSA with EH and F0 is ﬂuorescence intensity of HSA without EH. R0 is critical distance at which the EFRET is 50%. The value of R0 can be calculated from donor emission and acceptor absorption spectra using equation: R 0 6 = 8.79 × 10−25K 2n−4φJ
 
 (10)
 
 2
 
 In eq 10 K is the orientation factor related to the geometry of the donor and acceptor molecule, n is the average refractive index of the buﬀer, φ denotes the ﬂuorescence quantum yield of HSA (donor), and J is the degree of spectral overlap integral between donor and acceptor. The value of J was calculated by following equation: ∞
 
 J=
 
 ∫0 F(λ)ε(λ)λ 4 dλ ∞
 
 ∫0 F(λ) dλ
 
 (11)
 
 For the ligand−HSA interaction, K2 = 2/3, n = 1.336, and φ = 0.15.38 Using the eqs 9−11, the values obtained to be J = 2.23 × 10−15 cm3 M−1, R0 = 1.98 nm, EFRET = 0.35, and r = 2.18 nm. Values of F0 = 450 and F = 290 at 25 °C are taken to calculate the EFRET. Thus, R0 was 1.98 nm and r = 2.18 nm for HSA−EH system is within the scale of 2−8 nm. The relation 0.5R0 < r < 1.5R0, validates that energy transfer occurred between HSA to EH, and ﬁndings are in good correlation with high possibility of complex formation between HSA and EH indicative of static quenching. Diﬀerential Scanning Calorimetry of HSA and HSA− EH Complex for Thermostability. The eﬀect of EH on the thermal stability of HSA was measured by DSC and heat capacity (Cp) vs temperature curve is shown in Figure 5. The measured transition temperature and the enthalpies of thermal unfolding of HSA are summarized in Table 2. In the absence of EH, HSA has a ﬁrst peak at T1m = 57.4 ± 0.03 and a second peak at T2m = 70.2 ± 0.21 °C (Figure 5A). The higher Tm values show the thermogram shifted toward higher temperature; ﬁrst endothermic peak reﬂects T1m = 59.4 ± 0.01 and a second endothermic peak reﬂects T2m = 70.4 ± 0.98 °C in comparison to native HSA peaks, which conﬁrms the binding of EH aﬀected thermal stability of HSA. As shown in Figure 5B, a downward shift in Cp after addition of EH indicates reduction in the hydrophobic surface area of HSA, which agreed well with our ﬂuorescence results. Corresponding results for the HSA− EH complex revealed experimental Cp proﬁles can be deconvoluted using two components up to 70 °C, which suggest stabilization of the IA−IB−IIA domain induced by ligand binding impacts of the other energetic domain. After denaturation, the protein started to aggregate and the thermal transition became irreversible, which agrees with previous studies.45,46 The ratio of ΔHvH/ΔHcal is an index to measure the transition process to the unfolding states during thermal denaturation. 47 According to obtained van’t Hoﬀ and calorimetric enthalpy we calculated the ΔHvH/ΔHcal ratio, and native HSA gave the highest R value (Table 2). It is known that ΔHvH/ΔHcal ratio shows two things: (i) increase the distance and weak interactions between interacting domains48 and (ii) the weak internal forces that governs the stability of proteins.49 The calculated enthalpy ratios (ΔHvH/ΔHcal), deﬁned as if obtained ratios, are greater than unity mean greater distances and smaller intramolecular forces for native HSA domains as compared to HSA−EH complexes. The diﬀerences in ΔHcal of the uncomplexed and complexed HSA
 
 Figure 5. (A) Calorimetric melting proﬁle of HSA (black line) at pH 7.4, and the best ﬁt of the curves to the non-two-state transition model (thin red line). (B) Thermal unfolding proﬁle of HSA and eperisone hydrochloride (black line) in the presence of 15 μM HSA and 75 μM eperisone hydrochloride (1:5 molar ratio).
 
 Table 2. Thermodynamic Parameters for the Thermal Unfolding of HSA and the HSA−EH Complex Obtained by Diﬀerential Scanning Calorimetry at pH 7.4a transition
 
 parameters
 
 1st transition
 
 T1m
 
 2nd transition
 
 ΔH1cal ΔH1vH R1 T2m ΔH2cal ΔH2vH R2
 
 native HSA 57.4 225.9 74.2 0.32 70.2 47.3 67.3 1.42
 
 ± 0.033 ± 1.85 ± 0.49 ± 0.21 ± 1.95 ± 2.7
 
 HSA−EH complex 59.4 128.2 104.5 0.81 70.4 62.1 60.6 0.97
 
 ± 0.01 ± 0.86 ± 0.47 ± 0.98 ± 0.98 ± 0.99
 
 R or R2 = ΔHvH/ΔHcal. Tm is expressed in °C. ΔH is expressed in kcal mol−1.
 
 a 1
 
 (225.9 ± 1.85 and 128.2 ± 0.86 kcal mol−1) suggest the extent of exposure of hydrophobic region caused by thermal unfolding. Eﬀect of EH Binding on Esterase-Like Activity of HSA. HSA exhibits esterase-like activity for the hydrolysis of various compounds, such as p-NPA, esters, amides, and phosphates.19,50 A variety of drugs inhibiting the prominent esterase-like activities of HSA are very closely related to the binding sites of drugs with the substrate (p-NPA). The kinetic parameters (Km and Vmax) for hydrolysis were estimated by ﬁtting initial velocity versus (p-NPA) concentration to the Michaelis−Menten equation using eq 7, shown in Figure 6A. In addition, the reciprocal of the substrate (p-NPA) concentration and initial velocity was plotted in the form of a Lineweaver− Burk plot (Figure 6B). The calculated values of kcat and Km are 1661
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 a signiﬁcantly higher enzymatic activity (28 × 10−2 min−1) than that of HSA (30 × 10−2 min−1), as determined by Watanabe et al.51 The reduction in catalytic eﬃciency (kcat/Km) indicates that EH binds in active site of HSA and induces the conformation that is more favorable for catalysis associated with high Km values Molecular Docking of Eperisone Hydrochloride and HSA. Molecular docking study was performed to examine the intermolecular interactions between the amino acid residues in the subdomain IIA cavity of HSA and EH (Figure 7A). EH,
 
 Figure 6. (A) Relationship between initial velocity v0 (mM min−1) and substrate (p-NPA) molar concentration [S]. Values were ﬁtted in Michaelis−Menten plot to determine Km and Vmax. (B) Lineweaver−Burk plots: inverse of initial reaction velocity versus inverse of substrate concentration (1/v0 vs 1/[S]) for HSA in absence or presence of diﬀerent concentrations of EH.
 
 Figure 7. (A) Molecular docking of EH with HSA: HSA is represented as a cartoon. (B) The ligand structure is represented by green color. The important interacting residues of HSA are shown in ligplot.
 
 listed in Table 3. The R410 and Y411, critical amino acid residues of HSA located in the center of site II (subdomain IIIA), are participating in its esterase-like activity.51 The catalytic function of HSA toward p-NPA was investigated to determine the involvement of R410, Y411, and K199 residues in the binding of EH to HSA. Y411 is the ﬁrst amino acid residue of HSA to be acetylated rapidly by p-NPA.52 Kinetic constants for hydrolysis of p-NPA by HSA gives Km values of 25 × 10−2, 48 × 10−2, and 63 × 10−2 mM at a molar ratio of 1:0, 1:5, and 1:10, respectively (Table 3). Vmax remained the same at all studied molar ratios suggesting that EH interacts with the same catalytic part of HSA. The increase in Km and no change in Vmax indicate the inhibitor (EH) binds with active site of HSA where substrate usually occupies and exhibits competitive type of inhibition. The large enhancement in Km after the binding of EH indicates that conformational changes of structural element (secondary and tertiary structure) in HSA are occurring, as results obtained by the ﬂuorescence and farUV CD spectral measurements. The EH-induced structural changes detected in HSA caused partial denaturation of the HSA. The rate-determining step, which limits the Vamx of the enzymatic reaction (expressed as kcat) and the propensity of the substrate turn over to product (Km), is calculated by ratio of kcat/Km. The HSA used in this study was defatted and displayed
 
 being a fairly bulky molecule, was found to get accommodated in the cavity near W214 residue and make a favorable interaction proﬁle within this cavity. EH was found to interact with a binding free energy of −6.8 kcal mol−1, which is conﬁrmed with experimental results (−6.7 ± 0.2 kcal mol−1 obtained by ITC and −6.5 ± 0.13 kcal mol−1 by ﬂuorescence quenching, respectively). The ΔG values obtained from three diﬀerent methods (molecular docking, ﬂuorescence quenching, and calorimetry) are literally the same. This indicates that obtained docking energy is veriﬁed with ﬂuorescence quenching and calorimetric results. Within the interaction cavity, EH interacts via hydrogen bonds with R257 (zoom of Figure 7B). EH was surrounded by the hydrophobic cavity of subdomain IIA lined with the following amino acid residues; Y150, K199, L219, F223, L238, H242, R257, L260, I264, I290, and A291 (Table 4). Docking studies revealed R257 form hydrogen bonding with the oxygen atom of EH at distance of 2.88 Å. While several binding site residues of HSA were showing hydrophobic interaction with EH in the range of of 3.28−3.89 Å. The carboxyl groups of the cyclic anhydride form hydrogen bonds with the K199 residues, with a distance of 3.75 and 3.54 Å. These ﬁndings support the ITC results, showing
 
 Table 3. Michaelis−Menten Kinetic Parameters of HSA in the Presence of Increasing EH Concentrationsa HSA/drug 1:0 1:5 1:10
 
 RA (%) 100 98 94
 
 Vmax (mM min−1)
 
 Km (mM)
 
 −4
 
 −2
 
 25 × 10 48 × 10−2 63 × 10−2
 
 14.0 × 10 14.6 × 10−4 15.3 × 10−4
 
 kcat (min−1) −2
 
 28 × 10 29 × 10−2 30 × 10−2
 
 kcat/Km (mM−1 min−1) 1.12 0.60 0.47
 
 All measurements were carried out in 20 mM Na-phosphate buﬀer pH 7.4 at 37 °C. Values of Vmax and Km were derived from Lineweaver−Burk, eq 8. RA, relative activity. kcat/Km, catalytic eﬃciency. kcat, catalytic constant (Vmax = kcat × enzyme concentration). The concentration of HSA was 5 μM. a
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 Table 4. Binding Eﬃcacy of Eperisone Hydrochloride against HSA and the Amino Acid Residues Involved in Their Complex Formation with EH and the Distance between Speciﬁc Atoms of EH with Speciﬁc Residue of HSA residues involved protein
 
 compound
 
 binding free energy (kcal mol−1)
 
 hydrogen bond
 
 hydrophobic interaction
 
 HSA
 
 eperisone hydrochloride
 
 −6.8
 
 R257: NH2···O1 2.88 Å
 
 Y150: CE2···C17 3.66 Å Y150: CE2···C14 3.47 Å Y150: CZ···C14 3.79 Å K199: CE···C18 3.54 Å K199: CE···C19 3.75 Å L219: CD1···C7 3.81 Å L219: CD2···C7 3.54 Å F223: CE2···C6 3.88 Å L238: CG···C19 3.78 Å L238: CD1···C3 3.78 Å L238: CD1···C13 3.52 Å L238: CD1···C16 3.42 Å L238: CD2···C5 3.8 Å L238: CD2···C7 3.61 Å L238: CD2···C16 3.80 Å L238: CD2···C19 3.82 Å H242: CD2···C19 3.56 Å H242: CE1···C17 3.74 Å R257: CG···C10 3.89 Å L260: CG···C3 3.64 Å L260: CD2···C3 3.28 Å L260: CD2···C5 3.53 Å I264: CD1···C3 3.49 Å I264: CD1···C5 3.31 Å I264: CD1···C6 3.64 Å I264: CD1···C4 3.80 Å I290: CB···C8 3.73 Å I290: CG2···C8 3.42 Å I290: CG2···C4 3.32 Å A291: CB···C12 3.85 Å
 
 Table 5. Changes in the ASA (Å2) Values of the Interacting Residues of HSA before and after Binding of Eperisone Hydrochloride
 
 involvement of hydrogen bonds between EH and binding site residues of HSA. Molecular docking analysis revealed that the major ligand binding region of HSA is located in the hydrophobic cavity of Sudlow Site I.53,54 Table 4 lists the binding score of EH and HSA. The ligand binding site in HSA was found to be located in a hydrophobic cavity surrounded by 11 amino acids. EH binding is dominated largely by the hydrophobic interactions. Change in the Accessible Surface Area of HSA. The accessible surface areas of the residues were calculated for HSA and HSA/EH complex. Comparisons of the ASA changes caused by binding provide insights of the goodness of packing of amino acid residues in a protein structure and their importance with respect to ligand binding.55 Residues that lose more than 10 Å2 of accessible surface area upon switching from the uncomplexed to complexed state are considered to be actively involved in the interaction.56,57 Several studies have reported the use of this approach to reveal important binding residues.25 Table 5 presents the total change in the accessible surface area (ΔASA) of HSA upon moving from the uncomplexed to complexed state with EH. The uncomplexed HSA had a total ASA of 27126.46 Å2, which was reduced to 26938.87 Å2 after binding with EH. This large reduction in accessible surface area provides solid support for the eﬀectiveness of EH binding to HSA. This ﬁnding shows that EH binds eﬀectively and tightly to the active site of HSA. The ΔASA values for important
 
 residues Y150 K199 L219 F223 L238 H242 R257 L260 I264 I290 A291
 
 ASA (Å2) in HSA ASA (Å2) in HSA−EH complex 25.01 43.53 12.80 4.33 38.39 11.17 23.30 17.93 13.80 14.33 44.45
 
 9.35 23.65 3.02 0 0.65 0 8.03 5.02 0 0 16.25
 
 ΔASA (Å2) 15.66 19.88 9.78 4.33 37.74 11.17 15.27 12.91 13.8 14.33 28.2
 
 binding site residues before and after complex formation were also calculated (Table 5). Several interacting residues lost more than 10 Å2 of accessible surface area after complex formation. For example, R257 showed an ASA reduction from 23.30 to 8.03 Å2, and other interacting residues, i.e., Y150, K199, L219, F223, L238, H242, L260, I264, I290, and A291 also showed large reductions in ASA, which suggests a large change in the microenvironment of HSA. Therefore, this ﬁnding is identical to well explained ﬂuorescence quenching of HSA in the presence of EH. 1663
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 CONCLUSIONS The present study examined the complex formation of EH with human serum albumin. HSA was found to be an ideal small molecule for examining the interactions between the drug, chemicals, fatty acids, etc. The CD and FTIR spectroscopy show the interaction of EH leads to increase in the secondary structures of HSA. The distance (r) 2.18 nm obtained through FRET indicates that donor (HSA) and acceptor (EH) are close to each other. The obtained results from molecular docking showed that the EH molecule enters the hydrophobic cleft of subdomain IIA (Sudlow’s site I) near W214 and form speciﬁc hydrogen bonds with R257 and K199, thereby causing static ﬂuorescence quenching of W214. The thermodynamic and molecular docking study suggests interaction between HSA and EH molecule is governed by hydrogen bonding and the hydrophobic interactions. These interactions are believed to make the local microenvironment of HSA (in complex with EH) more hydrophobic than its native state. This study provides an eﬀective approach to inspect the drug-induced microenvironmental changes in the protein, which can be further utilized toward the development of medicines and improving drug delivery. This study not only provides important insights into the binding of HSA with EH but it also supports the medicinal background of EH.
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