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ABSTRACT: The current research used a fluorescence quenching titrations method combined with UV-Vis 
and FTIR-ATR spectroscopy to investigate the molecular mechanism of atorvastatin interaction with human 
serum albumin (HSA). Thermodynamic evaluations and molecular docking simulations were used to 
investigate the mode of atorvastatin-HSA interaction and the contributed intramolecular forces in complex 
stabilization. Atorvastatin is a statin anti-lipid drug that has recently sparked interest due to its growth-
factor-like properties and other pharmacological functions, necessitating detailed knowledge of its 
molecular mechanism of action. UV-Vis spectra analysis confirmed the formation of the HSA-atorvastatin 
complex while fitting the fluorescence quenching titrations data to the proper models revealed that complex 
formation is facilitated by a combined static and dynamic mechanism with a quenching constant value (KSV) 
of 2.25×104 M-1 at 298 K. FTIR studies showed the variation of the secondary structure of the HSA due to 
the complex formation with atorvastatin. Based on the thermodynamic evaluations, the complex formation 
probability was increased due to the improved diffusion and miscibility or conformational change of HSA. 
Although hydrophobic interactions contribute to atorvastatin-HSA complex formation. Decreased binding 
was observed both in acidic and basic pHs, which could be a result of variation in the contribution of COOH 
moiety of atorvastatin in complex formation at different pH. Molecular docking simulations confirmed 
competitive binding of atorvastatin and warfarin to the site I of HSA. The docking results revealed that the 
flexibility of the atorvastatin molecular structure is critical in improving the stability of the atorvastatin-
HSA complex. 
KEYWORDS: Atorvastatin; Human Serum Albumin (HSA); Spectroscopy; Molecular Docking; Drug-
protein binding. 

 1.  INTRODUCTION 

Atorvastatin (Figure 1)  is a selective and competitive inhibitor of HMG-CoA (3-hydroxy-3-methyl-
glutaryl coenzyme A) reductase [1]. Atorvastatin reduces plasma low-density lipoprotein (LDL) cholesterol 
levels [2, 3]. Recent research has shown that atorvastatin possesses autonomic function regulation, enhanced 
endothelial function, plaque stabilization, anti-inflammatory function, antioxidant, antithrombotic, and 
cardioprotective effects [4, 5]. The plasma protein binding of Atorvastatin is 98% [6].  
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Figure 1. A) Molecular structure of atorvastatin and B) crystal structure of HSA 

Human Serum Albumin (HSA. Figure 1B) binds to a wide range of compounds. HSA is a transport vehicle 
with important physiological functions in the metabolism and distribution of drugs [7-9]. It is made up of 585 
amino acids that are organized into three homologous domains. Each domain also has two subdomains that 
share structural motifs. Multiple ligand binding sites have been identified on HSA. The hydrophobic cavities 
in subdomains IIA (site I) and IIIA (site II) are the key sites for ligand binding [10]. Aromatic amino acids such 
as tryptophan (Trp), tyrosine (Tyr), and phenylalanine (Phe) contribute to its UV absorption at 280 nm and 
fluorescence emission at 334 nm following the excitation at 278 nm. HSA has one Trp214 amino acid located 
in subdomain IIA which has an intrinsic fluorescence and is very sensitive to micro-environmental changes 
[11, 12]. Fluorescence quenching is one of the known methods for measuring binding affinities. Following 
interaction with a quencher molecule, a fluorophore fluorescence quantum yield is reduced which indicates 
the probable interaction between ligand and HSA [13-15]. When a small molecule binds to HSA, its 
spectroscopic properties change, revealing the presence of the HSA-drug complex. As a result, rigorous 
research into these changes is critical in the fields of life sciences and clinical medicine [16-19]. It is possible to 
determine drug properties such as metabolism, secretion, delivery, and molecular mechanisms of interaction 
[20, 21]. Many studies related to serum albumin-ligand interactions were previously reported using various 
characterization tools such as spectrofluorimetry [22], equilibrium dialysis [23], circular dichroism [24], 
isothermal titration calorimetry [25], potentiometry [26], and dynamic light scattering [27]. Some of these 
methods have disadvantageous. For example; equilibrium dialysis requires the analysis of free and total ligand 
(drug) concentration and takes a long time. In the potentiometric method, ion-selective electrodes are used. 
Unfortunately, these electrodes are nonselective in the case of many ligands, such as e.g. drug molecules [28]. 
On the other hand, it is possible to obtain important results related with protein-ligand interactions by 
fluorescence and UV-visible spectroscopy”.  
Co-administration of warfarin (an anticoagulant drug and binding site marker of HSA) with statins are routine 
while different reports have been mentioned the effect of statins on the alteration of warfarin efficacy [4, 29-
31]. One of the main causes of interactions between drugs could be the availability of common transporters 
such as HSA [32-34]. 
The molecular mechanism of atorvastatin-bovine serum albumin (BSA) interaction has been studied by Wang 
et al [18] in which they have been reported the implication of both dynamic and static mechanisms in the 
quenching of intrinsic fluorescence emission of BSA. According to their report, the number of the binding site 
was almost equal to 1 with the binding constant of 1.41×105 M-1 at 310 K, indicating a strong binding interaction 
between atorvastatin and BSA. Also, van der Waals and hydrogen bonding were found to be the main 
interaction forces between atorvastatin and BSA. Many studies demonstrated the distinct differences between 
the interaction of the HSA and BSA with the same ligands [35-38]. HSA contains only one tryptophan residue 
rather than two in the BSA. When combined with long-chain alkyl derivatives, the fluorescence of Try is 
enhanced in HSA, but Tyr-related fluorescence emission of the BSA is quenched [38]. It has been reported that 
pyrimidine derivatives possess different interactions with HSA and BSA [38]. In our previous study [39], a 
different interaction of carvedilol with HSA and BSA was observed.  
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To the best of our knowledge, the interaction of atorvastatin with HSA has not been studied until now and 
there is no report on the competitive interaction between atorvastatin and warfarin with HSA. The current 
study examines the molecular mechanism of atorvastatin-HSA interaction using a combined multi-
spectroscopic and molecular modeling method, in which the interaction has been studied in acidic, neutral, 
and basic pH.  
The information presented in this paper would aid researchers in updating and expanding their knowledge 
of the pharmacological behavior and pharmacokinetic properties of atorvastatin and related drugs. The details 
presented could be used to better understand drug-atorvastatin interactions in the body.  

2. REULTS AND DISCUSSION 

2.1. UV-Vis spectroscopy studies 

UV-Vis absorption spectra of HSA, atorvastatin, and HSA-atorvastatin complexes are shown in Figure 
2A. There were two absorption bands (210 nm and 280 nm) for HSA at study conditions (pH =7.4 and 298 K). 
The α-helical content and framework conformation of HSA is demonstrated by a high absorption peak around 
210 nm, which belongs to the π→π* transition of C=O groups in peptide bonds. The π→π*  transitions from the 
phenyl rings of aromatic amino acids (Tyr, Trp, and Asp) result in a weak absorption peak at 278 nm [40]. The 
HSA absorbance intensity at 278 nm increased due to the addition of elevated atorvastatin concentration 
(Figure 2B). Also, the results for spectrophotometric titration of HSA (7 µM) with different atorvastatin 
concentrations (1-10 µM) are given as inset in Figure 2B. Enhancement in the absorption intensity of HSA upon 
addition of atorvastatin showed that there is an alteration in the microenvironment of HSA chromophores 
because of complex formation between atorvastatin and HSA. Besides, a minor red-shift at 278 nm was 
observed that provides further evidence for HSA-atorvastatin complex formation. The observed red-shift may 
happen due to the alterations of HSA molar absorbance rather than simple absorption spectra overlapping of 
HSA and atorvastatin. Furthermore, subtraction of the absorption spectrum of HSA and atorvastatin from the 
HSA-atorvastatin spectrum (Figure 2C) resulted in two completely different spectra that did not superpose 
completely to atorvastatin and HSA spectra. The results were confirmed the atorvastatin-HSA complex 
formation. 
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Figure 2. A) UV-visible spectra of HSA, atorvastatin and HSA-atorvastatin. B) UV-Vis spectra of HSA (7 µM): in absence 
(a) and, presence of increasing concentrations of atorvastatin (b–k) (1-9 µM), the inset corresponds to the absorbance 
spectra related to the titration of HSA (7 µM) with various amounts of atorvastatin (1-10) µM in phosphate buffer. C) 
Absorbance spectra differences. pH: 7.4 , T: 298 K. 

2.2. Investigation of HSA and HSA-atorvastatin conformation using FTIR-ATR spectra  

The FTIR spectra of proteins represent their molecular structure and conformation. Any change in the 
microenvironment of the proteins will lead to alterations in their FTIR spectra [41]. The binding of ligands to 
the proteins leads to the alterations of the microenvironment polarity and hydrophobicity, which in turn result 
in conformational changes. The main characteristic FTIR peaks of proteins are C=O stretching vibration (1600 
cm−1-1700 cm−1) that represents amide I band, and the C-N stretching vibration combined with plane bending 
of the N-H (1500 cm−1-1600 cm−1) that shows amide II band [42]. Both amides I and amide II bands are 
connected to the secondary structure of the protein. The amide I band is more susceptible to changes in the 
proteins' secondary structure than the amide II band [43]. Thus, to further understand the effect of atorvastatin 
binding on the secondary structure of HSA, FTIR-ATR spectra of HSA, atorvastatin, and HSA-atorvastatin 
complex were recorded under psychological conditions (pH= 7.4 and 298 K) and presented in Figure 3. In 
FTIR spectra of atorvastatin, the observed bands at 1744 cm-1 and 1171 cm-1 correspond to the C=O and C–O 
stretching respectively. Also, a weak peak at 1651 cm-1 is related to the asymmetric C=O stretching band of 
amid carbonyl while a band at 1595 cm-1 is corresponding to the aromatic C=C, and C-N stretching is seen at 
1511 cm-1 [44, 45]. The bands of amide I (~1649 cm−1) and amide II (~1541 cm−1) in the HSA spectrum were 
shifted to 1643 cm−1 and 1546 cm−1 respectively after the addition of atorvastatin. The resulted red (amide II) 
and blue (amide I) shifts of HSA characteristic peaks for amide II and amide I indicated the conformational 
changes of HSA suggesting that the secondary structure of the protein has been changed due to the complex 
formation with atorvastatin.  
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Figure 3. FT-IR spectra of HSA, atorvastatin and HSA-atorvastatin. 

2. 3. Fluorescence quenching titrations  

As mentioned earlier, the HSA fluorescence was mainly attributed to the Trp residues. The intrinsic 
fluorescence of fluorophores can alter when molecules such as drugs interact with HSA, depending on the 
effect of the interaction on the HSA conformation [46]. Therefore, variations in the intrinsic fluorescence 
besides the quenching rate constant can also be used to detect structural alterations of HSA and give details 
about the accessibility of Trp and how deep it is buried. It should be noted that Trp214 is buried in the second 
helix of the second domain in the HSA structure [47]. Figure 4 shows the fluorescence spectra of HSA (7 µM) 
in the presence of increasing concentrations (1.0 to 9.0 µM) of atorvastatin. Apart from a small blue shift in the 
maximum emission wavelength (342 nm) of HSA in the presence of atorvastatin, its fluorescence emission 
intensity was gradually decreased due to the increased atorvastatin concentrations. These observations may 
be attributed to the changes of HSA structure due to the interaction with atorvastatin and as a result, it's 
possible to deduce that the Trp214 residue is buried deep within the HSA.  
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Figure 4. A) Fluorescence spectra of HSA in presence of atorvastatin (1-9) µM, B) The Stern–Volmer plot, C) Hill plot and, 
D) Van’t Hoff plot of HSA-atorvastatin.  T: 298, 305, 310 and 315 K, HSA: 7 µM, λex: 280 nm and λem: 342 nm. 

The Stern-Volmer quenching constant was calculated by fitting the obtained data to the Stern-Volmer equation 
(Eq. 1). 

F!
F = 1 + K"#[Q] = 1 + Kqτ![Q]																																																																																													(Eq	1) 

where [Q] denotes the atorvastatin concentration, F0 and F denote the fluorescence emission intensities of HSA 
and HSA-atorvastatin, respectively, Kq is HSA's quenching rate constant, and τ!	denotes HSA's fluorescence 
lifetime in the excited state [14]. Figure 4B shows the Stern-Volmer plots at different temperatures. The 
calculated Ksv and Kq values were listed in Table 1. F0/F possessed a linear relationship with [Q] in the studied 
concentration range (1.0 – 9.0 µM) of atorvastatin. Given that the dependence of F0/F on [Q] is linear in both 
static and dynamic quenching, due to the obtained results, it could be concluded that atorvastatin quenches 
HSA through either dynamic or static quenching mechanism [48].  

Ksv values have been shown to increase with rising temperature, imply that dynamic quenching initiates the 
quenching process and complex formation is an endothermic process.[49]. Furthermore, the obtained values 
of kq are greater than the rate constant of maximum diffusion collision quenching (2.0×1010 M−1s−1), suggesting 
that the static quenching is due to the complex formation between atorvastatin and HSA [50]. 
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Table 1. The Stern–Volmer quenching constant (Ksv), binding constant (KA), binding site number (n) and 
thermodynamic parameters of the interaction of HSA with atorvastatin at different temperatures. 

 

The cooperativity of ligands binding to the HSA and the binding constant (KA) were obtained using the Hill 
equation (Eq. 2) [51].  

log 2
F0 − F
F 5 = logK$ 	+ 	nlog[Q]																																																										(Eq. 2) 

Where n is the cooperativity factor that could be representative of the number of the binding sites. Figure 4C 
shows the Hill plot of atorvastatin-HSA interaction at studied temperatures. The number of binding sites for 
atorvastatin (n) along with the values of binding constants is given in Table 1. In the studied temperature 
range, the values of n are about 1 that indicates the existence of a single binding site of atorvastatin on HSA 
without any positive or negative cooperatives. The obtained KA values reveal the existence of a moderate 
affinity between atorvastatin and HSA. The enhanced KA values at higher temperatures suggest that the HSA 

T(K) parameters Applied model 

315 310 305 298 

 

 

 
 

 

Linear Stern- Volmer 

 

2.82×104 2.72×104 2.34×104 2.26×104 KSV (M-1) 

2.823 2.716 2.341 2.257 Kq ×1012 (M-1s-1) 

0.98 0.99 0.96 0.98 R2SV plot 

6.5×104 6.5×104 7×104 6×104 KA (M-1) Modified Stern-Volmer 

      

Hill plot 

 

0.86 0.85 0.77 0.73 n 

0.94 0.97 0.93 0.95 R2 hill plot 

6310 5012 2512 1585 KA 

Thermodynamic 
parameters 

     

-23.095 -21.662 -20.229  -18.224 
ΔG (kJ.mol-1) 

 

67.169 
ΔH (kJ.mol-1) 

 

286.5 ΔS (J.mol-1.K-1) 
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can accommodate the atorvastatin better at higher temperatures, which could be because of the more 
accessibility of the HSA binding pocket at elevated temperatures [50]. The complex formation probability was 
increased due to the improved diffusion and miscibility or conformational change of HSA [52]. 

2. 4. Evaluation of thermodynamic characteristics of HSA-atorvastatin complex formation  

Fluorescence quenching titrations were performed in the temperature range of 298-315 K. Using the 
van't Hoff equation (Eq. 3), standard entropy change (∆S), and standard enthalpy change (∆H) were extracted. 
The Gibbs free energy change (ΔG) was first calculated using the equation below: 

lnK% =
∆H°
RT +

∆S°
R 																																																																	(𝐸𝑞. 3) 

The standard free energy (∆G°) was calculated using Eq. 4: 

∆G° = ∆H° − T∆S°																																																									(𝐸𝑞. 4) 

According to the obtained van't Hoff plot (Figure 4D), there is a linear relationship between ln KA and 1/T. 
The calculated parameters were listed in Table 1. The spontaneous intrinsic atorvastatin -HSA binding is 
indicated by negative ΔG values over the studied temperature range. Furthermore, the obtained values of ΔS 
(286.5 J mol−1 K−1) and ΔH (67.169 kJ mol−1), as well as |ΔH| < |TΔS| and ΔG < 0 indicated that atorvastatin 
binding to HSA is an entropy-driven and endothermic process. Even though the enthalpy shift for the 
interaction of atorvastatin with HSA is unfavorable, the hydrophobic interactions are the main interaction 
force when both ΔS0 and ΔH0 are positive, according to Ross and Subramanian [15]. The binding process of 
atorvastatin and BSA is spontaneous similar to atorvastatin-HSA interaction, while the main interaction forces 
are van der Waals force and hydrogen bonding interaction [18] rather than hydrophobic interactions in 
atorvastatin-HSA. 

2.5 HSA-atorvastatin complex formation in acidic and basic pHs  

Due to the effect of ionization states of the ligands and proteins on their stability, solubility, molecular 
interaction, and some other properties, the HSA-atorvastatin complex formation in acidic (pH =5.5) and basic 
(pH =8) pHs were evaluated. Both subdomains IIA and IIIA of HSA are the most common binding sites, 
possessing a positively charged surface on one side and a hydrophobic surface on the other, with well-defined 
cavities to bind to neutral and negatively charged compounds specifically [53]. KA values of atorvastatin 
binding to HSA at studied pHs were listed in Table 2.  

The results showed that KA was decreased at acidic and basic pHs in comparison to neutral pH (7.4). According 
to the atorvastatin pKa (4.46), its ionization increases in the basic pHs. In addition, R-COOH, R≡NH+, and R-
NH3+ moieties of HSA undergo the proton donation process which consequently reduces the affinity of HSA 
toward the atorvastatin [54]. In acidic conditions (pH=5.5) the formation of intramolecular hydrogen bonding 
may decrease the number of carboxyl groups on atorvastatin. As carboxyl is considered as the main reactive 
group of atorvastatin which facilitates its binding to HSA [55], KA value decreases at acidic pH as well. 

                      Table 2.  Effect of pH and site markers on the binding parameters of atorvastatin- HSA at 298 K. 

pH Site marker 

n Ka (modified 
Stern-volmer) 

KA (Hill plot) 
(LM-1)  n KA (M-1)  

1.4 8500 1×106 5.5 0.73 1585 Blank  

0.73 6×104 1585 7.4 0.95 10000 Ibuprofen 

1 16667 19953 8 0.18 9 Warfarin 
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2.6. Determination of atorvastatin binding site in HSA using site marker competitive studies 

HSA binding sites are mainly located in the hydrophobic cavities of sub-domain IIA and IIIA. Warfarin 
and Ibuprofen binds selectively to the HSA sub-domains IIA (site I) and IIIA (site II), respectively [56]. 
Fluorescence emission spectra of HSA-atorvastatin were recorded after the addition of elevated concentrations 
of atorvastatin to the HSA solutions including a constant concentration of warfarin and ibuprofen. Figure 5 
(A, B) shows the fluorescence emission spectra of HSA in the presence of warfarin and ibuprofen. Decreased 
emission intensity due to the addition of warfarin and ibuprofen, as well as a considerable red-shift after the 
addition of warfarin, is obvious from the figures. In addition, a steady decrease in the fluorescence emission 
intensity of HSA-warfarin was observed due to the addition of elevated atorvastatin concentrations (Figure 
5C). Besides, enhancement in the maximum emission wavelength (a red-shift) in the HSA spectrum was 
observed (Fig. 5C). These observations may be attributed to the increased polarity of the Trp-214 
microenvironment, as well as the fact that the HSA-atorvastatin binding was influenced by the addition of 
warfarin. The findings of the ibuprofen competitive study (Fig. 5D) showed that the fluorescence emission 
spectra of atorvastatin-HSA were unchanged, suggesting that ibuprofen has no interference with atorvastatin 
binding site on HSA.  

 

Figure 5. Fluorescence spectra of HSA in the presence of site indicators. A) Increased concentration of Warfarin and, B) 
Increased concentration of Ibuprofen. C) Constant concentration of Warfarin and increased concentration of atorvastatin. 
D) Constant concentration of Ibuprofen and increased concentration of atorvastatin. pH: 7.4 , T: 298 K. 

The calculated binding constants and n values in the presence of site markers are given in Table 2. The KA 
value decreased dramatically in the presence of warfarin, while there was only a slight reduction in the 
presence of ibuprofen, suggesting that warfarin and atorvastatin have a competitive binding to HSA. In 
conclusion, atorvastatin possesses a higher binding tendency to the sub-domain IIA (site I) in the hydrophobic 
cavity of HSA. According to Wang et al, atorvastatin was bound into the subdomain IIA (site I) of BSA as well 
[18].  

Drug-Drug interaction between atorvastatin and warfarin has been reported in previous studies, while there 
are few mechanistic studies to identify the mechanism of interaction [29, 57]. The findings of the current study 
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can increase the information about the mechanism of warfarin-atorvastatin interactions [58]. The competitive 
HSA binding can be regarded as one of the probable mechanisms [30, 31]. While further studies should be 
conducted to approve the significant contribution of these findings in the reported interactions.  

2.7 The study of the mode of atorvastatin-HSA interaction based on molecular modeling studies 

Molecular docking is a useful tool for predicting a small molecule's preferred orientation when bound 
to a bio-macromolecule. Scoring functions are used to measure the binding affinity or strength of association 
between two molecules. Molecular docking simulations using Auto DockVina were used to stimulate the 
binding position of atorvastatin on HSA. Six different binding sites were investigated separately. To validate 
the applied docking procedure, we evaluated the re-docking of the crystal structure of myristic acid on its 
native HSA binding site using the PDB code of 1H9Z. RMSD value between docked myristic conformer and 
its crystal structure was calculated after superimposition of them. The obtained RMSD value (1.33Å) was lower 
than 2Å, while ∆G was -10.0 kcal/mol. The appropriate RMSD value and binding energy indicated that the 
utilized docking procedure is valid. Fig.6 shows the dominant conformation of the atorvastatin-HSA complex 
in the studied binding sites. The dominant conformations selected from the conformers possessed the lowest 
ΔG.  

 

Figure 6. The lowest energy conformers of atorvastatin from docked to HSA at different binding sites. Superimposed 
structures of crystal myristic acid with the best-docked conformer.  

The calculated ΔG values are presented in Table 3. The results showed that the ΔG variation for atorvastatin 
binding into the hydrophobic cavity in subdomain IIA (site I) of HSA was more negative than site II that was 
located in subdomain IIIA. According to the results, atorvastatin prefers binding site I.  

Fig. 7 was illustrated the three-dimensional representation of the atorvastatin-HSA complex. It is obvious 
hydrophobic and non-polar residues and ionized amino acids surround that atorvastatin.  
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Table 3. Energies of the binding complexes (kcal/mol) obtained from molecular docking studies 

∆G (kcal/mol) Binding site 

-5.20 Site la 

- 9.8 Site lb 

-9.9 Site lla 

-5.6 Site llb 

-9.1 Site llla 

-5.6 Site lllb 

 
 

 

Figure 7. Three-dimensional representation of atorvastatin-HSA complex at six binding sites from the lowest binding 
energy conformers. Hydrogen bonds depicted by green color spheres and π-π stacking interaction by yellow line. 
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Hydroxyl, carboxylic acid, aromatic, and amide moieties of atorvastatin molecular structure facilitate the 
formation of various hydrogen bonds and hydrophobic interactions with polar amino acids of HSA. The 
presence of four aromatic rings in the atorvastatin structure facilitates the formation of π-π stacking interaction 
with Phe, Tyr, and Trp. Also, aromatic rings and carbonyl/hydrocarbon tail causes the hydrophobic 
interaction. Electrostatic interaction may be formed between negative charges of the carboxylic acid group of 
atorvastatin and positively charged Arg and Lys residues of HSA. The observed interactions are listed in Table 
4. 

Table 4. Interacted residues of HSA participated in hydrogen bonds and different type of non-covalent interactions with 
atorvastatin.  

HSA binding 
site Hydrogen bond Electrostatic 

interaction 
Hydrophobic 
interactions π -π interactions 

Site IA ---- ---- 

Val7-Arg10- 

Leu14-Phe19- 

Leu22-Val23- 

Ala26-Phe27- 

Val46-Phe49- 

Leu66-Leu69- 

Phe70-Pro152- Leu250-
eu251-Ala254 

Phe19-Phe27-Phe70 

Site IIA His242-Arg257 Arg257 

Gln196- Lys199- Phe211- 
Trp214- Ala215- Arg218- 
Leu238- His242- Cys245- 
Ser287-Ala291  

Trp214 

Site IIIA Ser342- Arg348-Arg485 Arg348-Arg485 

Val344-Leu387-Ile388- 
Cys392- 

Phe403-Leu407- Tyr411- 
Leu430- Gly434-Ala449- 
Leu453-Phe488- 

Ser489 

Tyr411 

Site IB Leu115-Arg117 ---- 

Arg114-Leu115-Arg117-
Tyr138-Ile142-His146-
Tyr161-Arg186-Gly189-
Lys190 

Tyr138-Tyr161-
Phe165 

Site IIB Tyr332-Arg336 Arg336 
Phe228-Asp308-Phe309-
Ser312-Lys317-Asn318-
Met329-Tyr332-Arg336 

Phe228 

Site IIIB Ala504-Thr508 ---- Gly572-Lys573-Lys574- 
Val576-Ala577 ---- 
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A two-dimensional illustration of HSA-atorvastatin (proteins. plus webserver (Pose View)) was shown in Fig. 
8. The contribution of aromatic rings of atorvastatin in hydrophobic and π-π stacking interactions can be seen. 
Also, the 2D illustrations showed that atorvastatin possesses hydrophobic interaction with HSA using its 
hydrocarbon moiety.  

 

Figure 8. Two-dimensional representation of atorvastatin-HSA complex at six binding sites from the lowest binding energy 
conformers. Hydrogen bonds, hydrophobic interactions and π-π stacking interaction are seen. 

3. CONCLUSION 

Detailed information about the interaction mechanism and binding behavior of atorvastatin to HSA was 
obtained using multi-spectroscopic methods and molecular simulation. Fluorescence data shows the 
involvement of combined dynamic and static quenching mechanisms in the quenching of intrinsic 
fluorescence of HSA at physiological conditions. According to the thermodynamic studies, the binding 
constant values increased with temperature, implying that the complex formation facilitates at higher 
temperatures, whereas hydrophobic forces and hydrogen bonding interaction were found to be the major 
interaction forces in the binding process of atorvastatin to HSA. Site competitive experiments were done using 
site markers of warfarin and ibuprofen that show the affinity of atorvastatin for binding to subdomain IIA 
(warfarin binding site) on HSA. Molecular docking results show the conformation change of atorvastatin after 
binding to HSA, indicating that the flexibility of atorvastatin has a role in the increase of the atorvastatin-HSA 
system stability. 

4. MATERIALS AND METHODS 

4.1. Reagents 

HSA (≥97% with MW of 66.5 kDa), Atorvastatin (MW=558.64 g), KH2PO4 (MW 136.09 g), and methanol 
were purchased from Sigma company. Warfarin and Ibuprofen were obtained from Sobhan Daru Company 
(Iran). The stock solution of HSA (75 mM) was prepared by using 25 mM phosphate buffer (pH=7.4). Also, the 
stock solutions of Atorvastatin, Warfarin and Ibuprofen (1mM) were prepared in methanol. Using phosphate 
buffer, working solutions were made by proper dilution of stock solutions. All stock solutions were stored at 
4 ℃. 
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4.2. Instruments  

The UV-Vis absorption spectra (200-400 nm) of the HSA and HSA-atorvastatin complex were recorded 
using UV-2550 (Shimadzu, Japan). The FTIR (BRUKER, TENSOR 27/37) spectra of HSA and HSA-atorvastatin 
solutions were recorded and to study the HSA and HSA-atorvastatin conformations. The fluorescence 
quenching titrations were performed utilizing a multi-mode reader (Cytation TM 5 system (BioTek® 
Instruments)). The fluorescence emission spectra (220-500 nm) were recorded while the excitation wavelength 
was 278 nm (slit width 10 nm).  

4.3. Molecular modeling 

Computational approaches enhance our knowledge about drugs and proteins' biological and chemical 
behaviors in the body [59]. In the current study, molecular dockings were performed using Auto Dock Vina 
software [8, 9, 21, 59]. The HSA (PDB ID: 1H9Z R=2.50Å) and atorvastatin (PDB ID: 1HWK R=2.22Å) crystal 
structures were obtained from the protein data bank (www.rcsb.com). Auto Dock Tools (ADT) was used for 
the preparation of the HSA and atorvastatin structures by merging non-polar hydrogen atoms, adding 
Kollman and Gasteiger charges. The ligand structure settled all possible torsions. The Grid boxes were 
designed with 1 Å grid spacing and the dimensions of grid points in x×y×z directions were set to 24×24 ×24 
Å3. These boxes were used in all six different binding sites of HSA. The default values of Auto Dock Vina were 
assigned for all runs. Obtained results were discussed using two and three-dimensional presentations of 
selected conformers.  
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