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ABSTRACT 
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Author NATCHAPHON NGUEANNGAM 
Degree MASTER OF SCIENCE 
Academic Year 2023 
Thesis Advisor Associate Professor Apinya Chaivisuthangkura  
Co Advisor  Arthit Makarasen  

  
The interaction between plasma proteins and drugs is crucial for understanding the 

pharmacodynamics and pharmacokinetics of therapeutic agents.  This study examined the 
intermolecular interactions of both bovine serum albumin (BSA)  and human serum albumin (HSA) 
with two newly synthesized 2,4-disubstituted quinoline derivatives under physiological conditions. 
Multiple spectroscopic and computational methods were employed to evaluate the binding 
interaction. The study found that both the quinoline derivatives bound with both BSA and HSA at site 
III ( sub-domain IB)  and quenched the fluorescence of the protein through a static quenching 
mechanism. The binding constant (Kb) at the level of 104 L mol-1 and the number of binding site was 
determined to be approximately:  ( 1)  the binding mode based on thermodynamic parameters 
(298,308, and 318 K)  suggested a spontaneous process, indicating that the interaction could be 
hydrogen bonding and van der Waals force.  Additionally, the molecular docking and molecular 
dynamics (MD)  simulations corresponded with the spectroscopic results, confirming the binding 
interactions between the quinoline derivatives and both BSA and HSA.  This research provides 
valuable insights for designing and developing quinoline derivatives to enhance their potency 
against HIV-1 RT inhibitors. 

 
Keyword : Bovine serum albumin (BSA), Human serum albumin (HSA), Quinoline, Molecular docking, 
Molecular dynamics simulations (MD) 
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CHAPTER 1 
INTRODUCTION 

Background 
Quinoline derivatives currently play a pivotal role in drug development, and find 

widespread applications across various fields including chemistry, medicine, and 
pharmacology.  These compounds exhibit significant pharmacological properties such 
as anti-inflammatory, anticonvulsant, antimalarial, antibacterial, and anticancer effects, 
due to their unique chemical structures.  Quinoline derivatives serve as foundational 
structures in the synthesis of pharmacologically active substances and other intriguing 
chemicals.  Currently, drugs within the quinoline derivative group are utilized in medical 
treatments, particularly in combating bacterial infections with antibiotics like 
fluoroquinolones, including norfloxacin, ciprofloxacin, and ofloxacin.  Additionally, 
medications such as tafenoquine are prescribed for preventing the recurrence of 
Plasmodium vivax malaria and have gained approval from the United States Food and 
Drug Administration (US-FDA) in 2018 for treating P. vivax malaria infections. Moreover, 
cancer drugs like neratinib, pelitinib, dovitinib, tipifarnib, and quarfloxin belong to this 
group and are employed in breast cancer treatment.  Studies have also indicated the 
transportation of quinoline derivative drugs via albumin transport proteins in the 
bloodstream.  Previous research has delved into the use of the cancer drug neratinib in 
conjunction with the transport protein bovine serum albumin (Wani, Bakheit, Abounassif, 
& Zargar, 2018) .  Serum albumin, a globular protein predominantly present in plasma, 
constitutes roughly 60%  of the protein content in plasma (Tao, Wang, Sheng, & Zhen, 
2021) .  Its significance lies in its pivotal role in transporting diverse substances and 
molecules through the bloodstream, thereby enhancing the distribution of nutrients, 
hormones, vitamins, drugs, and other compounds to various tissues.  This function of 
serum albumin holds utmost importance in pharmacokinetic studies of drugs. Therefore, 
investigating the interaction between small biomolecules and serum albumin is 
immensely valuable for comprehending the mechanism of action of drugs.  
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Bovine serum albumin (BSA)  and human serum albumin (HSA)  are both transport 
proteins found in plasma, sharing approximately 76%  similarity in their physical 
characteristics (Huang, Kim, & Dass, 2004; Majorek et al., 2012; Mishra & Heath, 2021). 

They are characterized by an α-helix structure with three domains, each containing 
subdomains A and B. BSA consists of a sequence of 582 amino acids, while HSA has a 
sequence of 585 amino acids.  Both proteins possess binding sites capable of 
interacting with drugs such as warfarin and ibuprofen, and they exhibit a well-defined 
amino acid sequence structure. Furthermore, BSA and HSA are readily available at low 
cost, making them easily accessible for research purposes.  They are widely utilized in 
studying drug interactions with serum albumin due to their similarities and practicality. 

Therefore, this research aims to investigate the interaction mechanisms between two 
quinoline derivatives, 4-(2′ ,6′ -dimethyl-4′ -formylphenoxy) -2-(5′ -cyanopyridin-

2′ ylamino)  quinoline (C)  and 4-(2′ ,6′ -dimethyl-4′ -cyanophenoxy) -2-(5′ -
cyanopyridin-2′ ylamino)  quinoline (J) , with bovine serum albumin (BSA)  and human 
serum albumin (HSA), as depicted in Figures 1 and 2. These derivatives were designed 
and synthesized due to their observed inhibition of HIV-1 reverse transcriptase (RT) and 
to assess their cytotoxicity.  Compounds C and J were synthesized through molecular 
hybridization of nevirapine ( NVP) , efavirenz ( EFV) , and rilpivirine ( RPV) , which are 
common inhibitors of HIV-1 RT. The derivatives exhibited inhibitory effects against HIV-1 
RT with IC50 values of 1.93 µM and 1.22 µM, respectively, comparable to NVP ( IC50 = 
1.05 µM) .  Additionally, compound J showed no cytotoxicity against normal embryonic 
lung (MRC-5) cells, while compound C exhibited very low cytotoxicity compared to EFV 
and RPV.  This study utilized multi-spectroscopic and multi-molecular modeling 
approaches to elucidate the interaction mechanisms between quinoline derivatives and 
serum albumins.  The findings provide valuable information for the design and 
development of quinoline derivatives to enhance their efficacy as HIV-1 RT inhibitors in 
the future. 
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Figure 1 The structure of 4-(2′,6′-dimethyl-4′-formylphenoxy)-2-(5′-cyanopyridin-
2′ylamino) quinoline, (C) 

 

 

 

 

 

 

 



  4 

 

 

Figure 2 The structure of 4-(2′,6′-dimethyl-4′-cyanophenoxy)-2-(5′-cyanopyridin-

2′ylamino) quinoline, (J). 

Objectives of the research 
1.  To study the intermolecular interactions between serum albumins and quinoline 

derivatives, identifying binding energy, binding sites, and the stability of each ligand on 
the proteins using multi-spectroscopic and molecular modeling techniques. 

2.  To determine the thermodynamic parameters associated with the binding forces 
and processes of serum albumin interactions with both quinoline derivatives. 

3.  To compare the binding efficiency of compound ( C)  and compound ( J)  with 
proteins. 
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Scope of the research 
1. Investigate the binding mechanism interactions between quinoline derivatives and 

proteins using spectroscopic techniques. 
2.  Analyze the thermodynamic parameters of these interactions through 

spectroscopic methods. 
3.  Investigate the binding free energy, binding sites, and interaction mechanisms 

between quinoline derivatives and BSA and HSA using multi-spectroscopic and 
computational methods. 
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CHAPTER 2 
THEORY AND LITERATURE REVIEWS 

This research delves into the mechanism of binding interactions between quinoline 
derivatives and serum albumin, which is crucial for comprehending the 
pharmacokinetics of drugs.  This investigation holds significant implications for guiding 
the design and development of quinoline derivatives with the potential to inhibit HIV-1 
RT.  To understand these interactions, researchers can develop more effective 
therapeutic agents that optimize drug efficacy and minimize adverse effects.  This 
chapter provides a comprehensive description of the mechanism of binding interaction 
of quinoline derivatives with serum albumin, along with pertinent general information and 
related research on the topic, ensuring a thorough understanding of the current state of 
knowledge. 

 

Proteins 
Proteins are essential organic compounds ubiquitous in all living organisms, 

composed of carbon, hydrogen, oxygen, nitrogen, and sulfur.  They consist of amino 
acid subunits, each comprising functional groups:  an amino group, a carboxyl group, 
and a distinct R group.  Amino acids link together via peptide bonds to form peptide 
chains. For instance, the peptide bond formation in glycine alanine (glycyl alanine, Gly-
Ala)  involves the amino acids glycine and alanine, resulting in the loss of one water 
molecule as depicted in Figure 3.  Proteins play a vital role in virtually all biological 
processes, acting as enzymes, structural components, signaling molecules, and 
transporters.  Understanding the structure and function of proteins is fundamental to 
biochemistry and molecular biology, insights into the proteins perform their diverse 
functions at the molecular level (Lever, 2014). 
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Figure 3 The process of peptide bond formation in glycine alanine (glycylalanine,  
Gly-Ala) 

Source: Lever, G.  (2014) . Large Scale Quantum Mechanical Enzymology.  (Doctoral 

dissertation. University of Cambridge, Magdalene College, Cambridge, United Kingdom.  

 

Protein Structure 
Proteins, when linked together into long chains, have the ability to fold into specific 

structures, often forming spirals or coils due to interactions such as hydrogen bonding 
or disulfide linkages.  These interactions contribute to the stabilization of the protein's 
structure. The structure of a protein can be categorized into four levels. 
 



  8 

Primary structure 
The primary structure of a protein refers to the linear arrangement of amino acids 

linked together to form a polypeptide chain.  At one end of the polypeptide chain, there 
is a free amino group known as the N-terminal amino acid, while at the other end, there 
is a free carboxyl group referred to as the C-terminal amino acid.  This linear sequence 
of amino acids is determined during the protein synthesis or translation process 
( Elansary, 2012) .  The precise sequence of amino acids in a protein determines its 
unique characteristics and functions, as even a single change in the sequence can lead 
to significant alterations in protein function and stability. 

Secondary structure 
The structure of proteins involves the coiling or folding of the polypeptide chain. 

Polypeptides form hydrogen bonds between the carbonyl group (C=O)  and the amino 
group (N-H) in the peptide backbone, resulting in the appearance of two main structural 

motifs: the alpha helix (α-helix) and the beta pleated sheet (β-pleated sheet) (Figure 4). 

The α-helix structure resembles a spiral rod, formed by the coiling or twisting of the 
polypeptide chain. In this structure, the carbonyl group (C=O) of one amino acid forms a 
hydrogen bond with the amino group (N-H) of an amino acid located four positions away 
along the chain.  This repetitive hydrogen bonding pattern creates a uniform spiral 

structure.  On the other hand, the β-pleated sheet structure appears as sheets 
overlapping each other.  This structure is formed by hydrogen bonds between the 
carbonyl groups of one polypeptide chain and the amino groups of another polypeptide 
chain that are parallel to each other, resulting in the formation of overlapping sheets. 

Many globular proteins exhibit both α-helix and β-pleated sheet structures within the 
same protein molecule (Mishra & Heath, 2021). 

Tertiary structure 
The tertiary structure of a protein refers to its three-dimensional arrangement, 

which is formed by the folding and twisting of the secondary structures such as alpha 
helices and beta sheets.  Weak binding forces, including hydrogen bonds, hydrophobic 
interactions, van der Waals forces, and disulfide bonds, contribute to the stabilization of 
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this structure. The specific three-dimensional shape of a protein is critical for its function, 
as it determines how the protein interacts with other molecules, including substrates, 
inhibitors, and other proteins. Misfolding or alterations in the tertiary structure can lead to 
loss of function or diseases such as Alzheimer's and cystic fibrosis (Elansary, 2012). 

 

 

Figure 4 Structures of α-helix (a) and β-pleated sheet (b) 

Source: Lever, G.  (2014) . Large Scale Quantum Mechanical Enzymology.  (Doctoral 
dissertation. University of Cambridge, Magdalene College, Cambridge, United Kingdom.  

 

Quaternary Structure 
The quaternary structure forms through the assembly of subunits, either identical 

or diverse from the tertiary structure.  It involves multiple polypeptide chains bound by 
weak interactions ( salt bridges, hydrogen bonds, van der Waals forces, hydrophobic 
forces) , enhancing protein stability and functionality.  This level of structure is essential 
for the activity of many proteins, such as hemoglobin, which requires the interaction of 
multiple subunits to efficiently transport oxygen in the blood (Lever, 2014). 
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Figure 5 The four levels of protein structure 

Source: Elansary, M. (2012). Prediction of protein aggregation inducing mutations. 

 

Plasma protein 
Plasma protein, integral to the circulatory system, encompasses various types with 

distinct roles.  These proteins help regulate osmotic pressure, act as buffers, and 
facilitate the transport of diverse substances or molecules. Among them, serum albumin 
serves as the principal transport protein within plasma, playing a crucial role in carrying 
various compounds throughout the bloodstream. 

Human Serum Albumin (HSA) and Bovine Serum Albumin (BSA) 
Human serum albumin (HSA) predominates in plasma, constituting about 60%  of 

its protein content ( Mishra & Heath, 2021) .  It facilitates the transportation of various 
substances, including nutrients, hormones, vitamins, and medications, throughout the 
bloodstream to different tissues.  Comprising 585 amino acids and weighing 66.5 kDa, 
HSA is structured into three domains ( I, II, and III) , each further divided into sub-

domains A and B, characterized by α-helices (Belinskaia et al. , 2020; Evoli, Mobley, 
Guzzi, & Rizzuti, 2016; Rabbani & Ahn, 2019) 
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Bovine serum albumin ( BSA) , sharing 76%  similarity with HSA, serves as a 
valuable model for studying drug-protein interactions.  BSA consists of 582 amino acids 
and a molecular weight of 66.4 kDa, BSA features three drug binding sites: site I in sub-
domain IIA, site II in sub-domain IIIA, and site III in sub-domain IB (Ghuman et al., 2005; 
Z. M. Wang et al., 2013; Yamasaki, Chuang, Maruyama, & Otagiri, 2013) 
 

 

 

Figure 6 Structural locations of domain-binding sites in (A) HSA and (B) BSA. 

Source: Starosta, R., Santos, F. C., & de Almeida, R. F. M. (2020). Human and bovine 
serum albumin time-resolved fluorescence: Tryptophan and tyrosine contributions, effect 

of DMSO and rotational diffusion. Journal of Molecular Structure, 1221. 

 

Previous research has explored the binding of clonazepam with BSA (Lou, Zhou, 
Pan, Shen, & Shi, 2017) .  Spectroscopy and molecular docking studies revealed that 
clonazepam interacts with site II of BSA.  BSA exhibits absorption peaks in the 190-230 
nm and 280 nm wavelength range, indicative of ligand-protein binding interactions 
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involving aromatic amino acids like tyrosine, tryptophan, and phenylalanine (as depicted 
in Figure 7).  

 

 

 

Figure 7 Absorption spectrum for aromatic amino acids as trypotophan (Trp), tyrosine 
(Tyr), phenylalanine (Phe) and albumin derived from bovine serum (BSA). 

Source:  Hammond, B.  R. , Johnson, B.  A. , & George, E.  R.  ( 2014) .  Oxidative 
photodegradation of ocular tissues:  beneficial effects of filtering and exogenous 

antioxidants. Exp Eye Res, 129, 135-150. 

 

UV-Vis Spectroscopy 
UV-VIS radiation encompasses electromagnetic waves resulting from electron 

energy level transitions associated with rotation and vibration, occurring within the 
wavelength range of 380–700 nm (Peter Atkins, 2006). This radiation, depicted in Figure 
8, plays a crucial role in spectroscopic analyses, enabling the investigation of molecular 
structures and interactions through the absorption and scattering of light. 



  13 

 

 

Figure 8 Electromagnetic Spectrum Diagram 

Source: Peter Atkins, J. d. P. (2006). Atkins' Physical Chemistry (8th ed.). Oxford: 

Oxford University Press.  

 

 

 

When sample molecules encounter UV-Visible light with adequate energy, their 
electrons absorb the light, transitioning to higher energy states.  According to the Beer-
Lambert law, substance absorbance correlates with the number of light-absorbing 
molecules.  By assessing light transmission through a sample versus a source with 
varying wavelengths, absorbance quantifies light absorption, as depicted in Figure 9. 
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Figure 9 Changing the electronic state of a molecule 

Source: Peter Atkins, J. d. P. (2006). Atkins' Physical Chemistry (8th ed.). Oxford: 

Oxford University Press.  

 

Fluorescence Spectroscopy 
Under typical circumstances, electrons reside in the ground state ( S0) .  When 

energized by short-wavelength light, electrons transition to an excited state ( S1)  in a 
higher energy orbital, rendering them unstable.  Some energy dissipates due to atom 
collisions and vibrations, causing a return to the ground state and emitting photons, 
resulting in light emission fluorescence, as illustrated in Figure 10. 
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Figure 10 Jablonski diagram 

Source:  Eck, M.  (2014) .  Performance enhancement of hybrid nanocrystal-polymer 
bulk heterojunction solar cells: aspects of device efficiency, reproducibility, and stability. 

 

Fluorescence quenching mechanisms 
The fluorescence spectroscopic technique was employed to measure the emission 

spectra, observing a reduction in fluorescence intensity. When molecules in the excited 
state (S1)  interact with other substances, they are prevented from emitting fluorescent 
light, leading to energy loss.  This energy loss can occur through various mechanisms, 
including complex formation ( static quenching)  or collisions ( dynamic quenching) , 
ultimately reducing fluorescence. Quenching mechanisms can generally be categorized 
into two types:  static quenching, where a non-fluorescent complex is formed between 
the fluorophore and the quencher, and dynamic quenching, where collisional 
interactions between the excited fluorophore and the quencher lead to non-radiative 
energy transfer. 
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Static quenching 
Static quenching occurs when a fluorophore in the ground state (S0) is excited by 

light energy, transitioning to the excited state (S1)  and forming a complex compound 
with the quencher.  This complex formation transfers energy to the quencher, reducing 
light emission. Figure 11(A) illustrates this process. 

 
Dynamic quenching 

Dynamic quenching involves a fluorophore in the excited state ( S1)  transferring 
kinetic energy to two molecules, causing them to diffuse towards each other and collide 
with the quencher.  This collision results in the loss of energy and a reduction in 
fluorescence intensity, leading to less emitted light. Figure 11(B) illustrates this process. 
 

 

Figure 11 Fluorescence quenching mechanisms. (A) Static quenching, and (B) Dynamic 
quenching mechanisms 

Source:  Lakowicz, J.  R.  (2006) .  Principles of Fluorescence Spectroscopy (3rd ed) . 
New York: Springer. 
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The static quenching mechanism, identified in Lou et al.  ( 2017) , highlights the 
interaction between clonazepam and BSA, leading to the formation of complex 
compounds.  This interaction blocks the emission of fluorescent light, shedding light on 
ligand-protein binding through fluorescence techniques. 

 
In this study, fluorescence quenching can classify static or dynamic mechanisms of 

quinoline derivatives with serum albumin.  This is achieved by experimentally blocking 
fluorescence emission and analyzing thermodynamic parameters at varying 
temperatures. Stern-Volmer equation [1] allows calculating the constant value, shedding 
light on the quenching mechanism.  

 
′0

′
= 1 + ′′′[′] = 1 + ′′′0[′]   [1] 

 

The Stern-Volmer equation, which relates the fluorescence intensity in the presence 
(F) and absence (F0) of the quencher, involves the quenching constant (Kq), the lifetime 

of the fluorophore without the quencher (τ0) , the quencher concentration ([Q]), and the 
Stern-Volmer constant ( KSV) .  The change in light output with temperature control can 
reveal the mechanism of fluorescence emission quenching. In Figure 12 (A) , with rising 
temperature, if the slope of the graph increases, indicating an increase in the KSV value, 
it suggests a dynamic quenching mechanism. On the other hand, in Figure 12(B), if the 
slope of the F0/F plot decreases with increasing temperature, resulting in a decrease in 
the KSV value, it indicates a static quenching mechanism. 
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Figure 12 (A) Dynamic quenching (B) Static quenching  

Source: Lakowicz, J. R. (2006). Principles of Fluorescence Spectroscopy. New York: 
Springer.  

The binding constant ( Kb)  for the interaction between quinoline derivatives and 
serum albumin can be determined using equation [2]. 

 

log
F0-F

F
= logKb + nlog [Q]     [2] 

 

lnKb = - 
′H

RT
 + 

′S

R
     [3] 

 

′G = -RTlnKb=′H-T′S    [4] 
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Thermodynamic parameters and binding mode 
The binding modes between proteins and non-covalent ligands, such as van der 

Waals forces, hydrogen bonding interactions, electrostatic interactions, and 
hydrophobic interactions, can be elucidated through thermodynamic parameters like 

entropy change ( ΔS) , enthalpy change ( ΔH) , and Gibbs free energy ( ΔG) , as 

determined by Equations [ 3]  and [ 4] .  Typically, negative values of both ΔS and ΔH 
suggest van der Waals forces or hydrogen bonding as the main interaction forces, while 

positive values of ΔS and ΔH indicate predominant hydrophobic interactions.  If ΔH is 

close to zero and ΔS is positive, electrostatic interactions are likely the driving forces. 
The Van't Hoff equations, shown in equations [3]  and [4] , are used to determine these 
thermodynamic parameters in the binding model between proteins and ligands (Philip 
D. Ross, 1981) 

 
The site marker competition 

Studies on the competitive binding of specific sites reveal that small molecules 
typically bind to serum albumin at sub-domains IIIA, IIA, and IB within the hydrophobic 
pockets known as sites I, II, and III, respectively.  The ligands binding sites on serum 
albumin can be identified through competitive binding experiments using drugs that 
bind to known serum albumin sites. For the site marker, warfarin binds to subdomain IIA, 
whereas ibuprofen binds to subdomain IIIA.  Fluorescence competitive binding 
experiments can accurately pinpoint the binding sites of ligands on serum albumin, as 
illustrated in Figure 18 ( Tan, Zaremska, Lim, Knoll, & Pelosi, 2020) .  Additionally, 
highlighted the importance of this method for understanding drug interactions at the 
molecular level. 
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Computational chemistry 
Computational chemistry utilizes computer power and mathematical models to 

simulate chemical structures and reactions, often employing quantum mechanics 
theory.  This approach, demonstrated in Figure 13, aids in understanding molecular 
properties and interactions, such as protein-ligand binding energies studied through 
molecular docking techniques. 

 

 

 

Figure 13 Computational chemistry integrates various techniques to predict and analyze 
chemical reactions and properties, providing a deeper understanding of chemical 

processes. 

Source: Kästner, J. Computational chemistry. Retrieved from https://www. itheoc.uni-
stuttgart.de/research/kaestner/ 

 

https://www.itheoc.uni-stuttgart.de/research/kaestner/
https://www.itheoc.uni-stuttgart.de/research/kaestner/
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Molecular docking 
Molecular docking predicts molecular interactions, identifying stable complex 

formations, binding sites, and binding energies.  This technique is pivotal in designing 
and developing drugs with specific effects on biomolecules like enzymes and nucleic 
acids.  Based on the lock-and-key theory, it ensures specificity between ligands and 
receptors, facilitating binding.  Figure 14 illustrates this concept ( Garrett M.  Morris, 
1998). 
 

 

 

Figure 14 The Lock-and-Key Model of Enzyme-Substrate Interaction 

Source: Raval, K., & Ganatra, T. (2022). Basics, types and applications of molecular 
docking:  A review.  IP International Journal of Comprehensive and Advanced 

Pharmacology, 7(1), 12-16. 
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Molecular dynamics (MD) simulations 
Molecular dynamics simulations are employed to model the structural movements 

of biomolecules, offering insights into protein-ligand binding mechanisms and molecular 
flexibility ( Ding & Peng, 2016) .  This computational technique is essential in drug 
development, as it helps to analyze dynamic interactions and understand time-
dependent conformational changes that are crucial for protein function (Ali et al. , 2021; 
Van Der Spoel et al., 2005) MD simulations provide a detailed view of how proteins and 
ligands interact over time, revealing the stability and binding characteristics of potential 
drug candidates.  For example, Figure 15 illustrates the molecular dynamics simulation 
of Human Hemoglobin, showcasing its movement and interaction dynamics. 
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Figure 15 Structural representation of the Lysozyme-ligand complex in aqueous solution 
with NaCl, illustrating the dynamic movement observed during MD simulations. 

 

 

Binding free energy calculation using MM-PBSA 
The binding free energy was calculated using the Molecular Mechanics/Poisson-

Boltzmann Surface Area (MM-PBSA)  method, which is widely utilized in computational 
chemistry to estimate the contributions and interactions within protein-ligand complexes. 
The MM-PBSA method calculates the free energy difference between two states, 
typically representing the bound and unbound states of two solvated molecules.  It also 
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compares the free energy of different solvated conformations of the same molecule in a 
simulation.  This approach integrates molecular mechanics energies with solvation-free 
energies obtained from the Poisson-Boltzmann equation.  The method involves 
considering molecular mechanics energy, solvation-free energy from the Poisson-
Boltzmann equation, and the nonpolar contribution estimated using the solvent-
accessible surface area ( SASA)  model.  Furthermore, it decomposes the free energy 
contributions from various interaction forces, such as van der Waals interactions, 
electrostatic interactions, and solvation effects, into separate components, and then 
calculates the binding free energies (ΔGbinding) according to the following equations. 
 

∆′′′′′  =  ∆EMM  −  T∆S +  ∆′′′′′   [5] 

 

∆′′′  =  ∆′′′′ +  ∆′′′′′     [6] 

 

∆′′′′′ =  ∆′′′′′′ +  ∆′′′′−′′′′′   [7] 

 

When The total binding free energy (ΔGbind)  was calculated as the sum of the 

changes in molecular mechanical energy in the gas phase (ΔEMM) , the conformational 

entropy after ligand binding ( -TΔS) , and the free energy of solvation (ΔGsol) .  ΔEMM, 

based on the molecular mechanics force field, includes van der Waals (ΔEvdw)  and 

electrostatic (ΔEelec) energies. ΔGsolv comprises polar (ΔGpolar) and nonpolar (ΔGnon-polar) 
contributions, computed using the Poisson–Boltzmann ( PB)  equation and solvent-
accessible surface area (SASA) , respectively.  The entropic component is represented 
by (-TΔS) was computed using the interaction entropy (IE) approach. 
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Related research 
Previous research has elucidated the pharmacokinetic and pharmacodynamic 

properties of diverse quinoline derivatives.  
 
Ghosh et al.  ( 2008) .  focused on synthesizing a series of 2-( 2-methyl-quinoline-

4ylamino) -N-( 2-chlorophenyl) -acetamide derivatives to assess their potential against 
Japanese encephalitis ( JE) , a disease transmitted by Culex tritaeniorrhynchus 
mosquitoes.  The objective was to explore the antiviral efficacy of these quinoline core 
structure compounds.  Their research demonstrated that these derivatives possess 
significant inhibitory effects on the JE virus, both in vitro and in vivo.  This study 
highlights the importance of quinoline derivatives in developing antiviral agents and 
underscores the potential of these compounds as therapeutic candidates for JE 
disease. 
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Figure 16 Anilidoquinoline analogue PP2 demonstrated significant inhibition of the virus 
both in vivo and in vitro. 

Source:  Ghosh, J. , Swarup, V. , et al.  ( 2008) .  Therapeutic effect of a novel 
anilidoquinoline derivative, 2-( 2-methyl-quinoline-4ylamino) -N-( 2-chlorophenyl) -
acetamide, in Japanese encephalitis:  correlation with in vitro neuroprotection. 
International Journal of Antimicrobial Agents, 32(4), 349-354. 

 

In their study, Zeng et al.  (2010)  developed Diarylbenzoprimidine (DABPs)  using a 
hybrid structure combining elements of DPC083 and etravirine to enhance 
pharmacological properties.  Their innovative application of hybrid structures in drug 
design, particularly for quinoline derivatives, aimed to improve efficacy and interaction 
with biological targets, as shown in Figure 17. DABPs effectively inhibited HIV-1 in MT-4 
cells, with an EC50 value of 0.034 µM.  This study marks a significant advancement in 
medicinal chemistry, demonstrating a strategic method for optimizing quinoline-derived 
drug candidates. 
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Figure 17 The fusion of DPC083 and etravirine yields a novel derivative known as 
diarylbenzoprimidine (DABPs). 

Source: Zeng, Z.-S., He, Q.-Q., Liang, Y.-H., Feng, X.-Q., Chen, F.-E., Clercq, E. D., 
Pannecouque, C.  ( 2010) .  Hybrid diarylbenzopyrimidine non-nucleoside reverse 
transcriptase inhibitors as promising new leads for improved anti-HIV-1 chemotherapy. 
Bioorganic & Medicinal Chemistry, 18(14), 5039-5047. 

 

In their study, Asahchop, Wainberg, Sloan, and Tremblay ( 2012)  conducted 
research focusing on antiretroviral drug resistance.  Their work led to the design and 
development of new drugs aimed at inhibiting HIV-1 reverse transcriptase ( RT) .  The 
results of their study showed that these newly developed drugs were effective in 
inhibiting the activity of HIV-1 RT, highlighting their potential as therapeutic agents in the 
fight against HIV. 

 
J. Wang et al. (2014)  synthesized diarylpyrimidine-quinolone hybrids by altering the 

position of substituents to various groups.  Their research demonstrated that inhibiting 
HIV-1 RT is achievable by modifying the position of substituents, as depicted in  
Figure 18. 
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Figure 18 Hybridization alters the positions of substances within the diarylpyrimidine–
quinolone group. 

Source: Wang, J., Zhan, P., Li, Z., Liu, H., De Clercq, E., Pannecouque, C., & Liu, X. 
( 2014) .  Discovery of nitropyridine derivatives as potent HIV-1 non-nucleoside reverse 
transcriptase inhibitors via a structure-based core refining approach.  European Journal 
of Medicinal Chemistry, 76, 531-538. 

 

In their study, Makarasen et al.  (2019)  conducted a comprehensive study involving 
the synthesis and molecular docking of amino-oxy-diarylquinoline derivatives, identifying 
them as potent non-nucleoside inhibitors of HIV-1 reverse transcriptase (RT) .  Among 
these derivatives, compounds like 4-Cyanophenoxy ( Figure 19)  were found to inhibit 
HIV-1 RT by 39.71% . Additionally, they exhibited significant inhibitory effects on various 
cancer cells, including liver cancer (HepG2) with an IC50 value of 44.80 µg/mL, leukemia 
(MOLT-3)  with an IC50 of 6.00 µg/mL, cholangiocarcinoma (HuCCA-1)  with an IC50 of 
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23.00 µg/mL, lung cancer (A549) with an IC50 of 26.00 µg/mL, and lung cancer (MRC-5) 
with an IC50 of 12.03 µg/mL. 
 

 

Figure 19 Hybrid design and structure of quinoline derivative. (A) Schematic 
representation of the design process of quinoline derivatives using hybrid molecular 
techniques from NVP, EFV, TMC278, and TMC125. (B) Structure of 4-Cyanophenoxy. 

Source: Makarasen, A., Kuno, M., Patnin, S., Reukngam, N., Khlaychan, P., Deeyohe, 
S. , Techasakul, S.  ( 2019) .  Molecular Docking Studies and Synthesis of Amino-oxy-
diarylquinoline Derivatives as Potent Non-nucleoside HIV-1 Reverse Transcriptase 
Inhibitors. Drug Res (Stuttg), 69(12), 671-682. 

 

In their study, Lou et al.  ( 2017)  investigated the distribution of clonazepam, a 
benzodiazepine used for treating seizures and panic disorder, in the bloodstream. They 
explored its pharmacokinetic and pharmacodynamic mechanisms, focusing on its 
binding interaction with BSA using spectroscopy and molecular docking.  Clonazepam 
was found to block BSA's intrinsic fluorescence emission via static quenching, involving 
hydrogen and van der Waals forces.  Molecular docking revealed clonazepam's 
interaction with Site II of BSA, elucidating the experimental findings (Figure 20). 

 



  30 

 

 

Figure 20 The internal structure of the site II interaction between BSA and clonazepam. 

Source:  Lou, Y. -Y. , Zhou, K. -L. , Pan, D. -Q. , Shen, J. -L. , & Shi, J. -H.  ( 2017) . 
Spectroscopic and molecular docking approaches for investigating conformation and 
binding characteristics of clonazepam with bovine serum albumin ( BSA) .  Journal of 
Photochemistry and Photobiology B: Biology, 167, 158-167. 

 

In their study, Patnin et al.  ( 2020)  investigated the interaction between amino-oxy-
diarylquinoline, known for its HIV-1RT inhibitory effect, and serum albumin transport 
proteins.  Specifically, they observed that 4-( 4'-cyanophenoxy) -2-( 4" -cyanophenyl) -
aminoquinoline interacted with both BSA and HSA at site I.  The binding energy values 
were calculated to be -10.64 kcal/mol for BSA and -10.14 kcal/mol for HSA, indicating a 
strong affinity.  The study revealed a static quenching mechanism, driven by hydrogen 
bonds and van der Waals forces, suggesting spontaneous interaction (Figure 21). 
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Figure 21 The binding interaction between amino-oxy-diarylquinoline with BSA (a) and 
HSA (b) at site I 

Source:  Patnin, S. , Makarasen, A. , Kuno, M. , Deeyohe, S. , Techasakul, S. , & 
Chaivisuthangkura, A.  (2020) .  Binding interaction of potent HIV-1 NNRTIs, amino-oxy-
diarylquinoline with the transport protein using spectroscopic and molecular docking. 
Spectrochim Acta A Mol Biomol Spectrosc, 233, 118159. 

 

Makarasen et al.  ( 2022)  designed and synthesized 2-Phenylamino-4-
phenoxyquinoline derivatives, 4-( 2',6'-dimethyl-4'-formylphenoxy) -2-( 5" -cycanopyridin-
2" ylamino) quinoline ( 6b)  and 4-( 2',6'-dimethyl-4'-cyanophenoxy) -2-( 5" -cycanopyridin-
2" ylamino) quinoline ( 6d) , indicated that the efficactive against HIV-1 reverse 
transcriptase.  The laboratory results demonstrated that these derivatives exhibit 
significant inhibitory activity against the HIV-1 enzyme, with IC50 values of 1.93 µM for 
compound 6b and 1. 22 µM for compound 6d.  Additionally, the study confirmed that 
both compounds were non-toxic to MRC-5 cells, highlighting their potential as effective 
and safe therapeutic agents for HIV-1 treatment. 
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Figure 22 Structural modifications of quinoline derivatives leading to the synthesis of 
compounds 6b and 6d with distinct functional groups (CHO and CN), enhancing activity 

against HIV-1 RT. 

 

Shamsi et al.  (2020)  conducted a comprehensive study on the interaction between 
Rosmarinic acid and human serum albumin ( HSA)  using molecular dynamics 
simulations with the GROMOS 54A7 force field.  Their findings revealed that Rosmarinic 
acid forms a stable complex with HSA without causing significant conformational 
changes, primarily stabilized by hydrogen bonding and van der Waals forces.  This 
research enhances our understanding of the pharmacokinetic behavior of Rosmarinic 
acid, emphasizing its potential as a therapeutic agent and improving our knowledge of 
drug-serum albumin interactions. 

 

Ali et al.  (2021)  extensively studied the binding interactions between cefoperazone 
and bovine serum albumin (BSA) using experimental and computational methods. Their 
molecular dynamics simulations with the GROMOS96 43a1 force field revealed that 
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cefoperazone binds most stably to site II on BSA.  This finding was corroborated by 
fluorescence quenching and UV-Vis spectroscopy data. The study showed that van der 
Waals forces and hydrogen bonding significantly contribute to the binding at site II. 
These insights underscore the importance of understanding drug-serum albumin 
interactions for drug design and development, aiding in optimizing cefoperazone's 
therapeutic efficacy. 

 

Figure 23 Molecular dynamics simulation analysis of cefoperazone binding with bovine 
serum albumin (BSA), indicating the most stable binding at site II, supported by van der 
Waals forces and hydrogen bonding. Data includes RMSD and RMSF fluctuation plots. 

Source: Ali, M. S., Muthukumaran, J., Jain, M., Santos-Silva, T., Al-Lohedan, H. A., & 
Al-Shuail, N.  S.  ( 2021) .  Molecular interactions of cefoperazone with bovine serum 
albumin: Extensive experimental and computational investigations. Journal of Molecular 
Liquids, 337. 
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CHAPTER 3 
EXPERIMENTAL 

Equipment  
- Precision analytical balance digital scale, Mettler Toledo, code AB104-S 
- pH meter, Mettler Toledo 
- Water baths, Memmert 
- UV-VIS spectrophotometer, Jasco, code V-750 
- Fluorescence spectrophotometer, Jasco, code FP-8300  

 

Chemical reagents 
- 4-( 2′ ,6′ -dimethyl-4′ -formylphenoxy) -2-( 5′ -cyanopyridin-2′ ylamino) 

quinoline, (C) 
- 4-( 2′ ,6′ -dimethyl-4′ -cyanophenoxy) -2-( 5′ -cyanopyridin-2′ ylamino) 

quinoline, (J) 
- Trizma hydrochloride, Sigma-Aldrich 
- Bovine serum albumin (BSA), Sigma-Aldrich 
- Human serum albumin (HSA), Sigma-Aldrich 
- Warfarin, Tokyo Chemical Industry 
- Ibuprofen, Tokyo Chemical Industry 
- Digitoxin, Tokyo Chemical Industry 

 

All chemicals were of reagent grade and utilized without additional purification. 
Protein solutions were freshly prepared using 50 mM Tris-HCl buffer (pH 7.0). 
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Methods  
UV-Vis absorption measurement  

The absorption spectra of serum albumin in the presence and absence of newly 
synthesized compounds were recorded at room temperature using the UV-VIS 
spectrophotometer ( Jasco V-750)  equipped with 1. 0 cm quartz cells.  The 
spectrophotometer was blanked with 1000 µL of 50 mM Tris-HCl buffer at pH 7.0 in the 
quartz cuvette. To measure the absorption titrations of BSA and HSA solutions in 50 mM 
Tris-HCl buffer at pH 7. 0 with compounds ( C)  and ( J) , both protein solutions were 
maintained at a concentration of 5.0 µM. The concentrations of compounds (C) and (J) 
were increased from 0 to 50 µM, and the spectral data were recorded in the 200-700 nm 
region. 

 

Fluorescence measurement 
Fluorescence spectroscopy was employed to investigate fluorescence quenching 

mechanisms, with excitation at 280 nm and recording of fluorescence emission spectra 
from 290 to 700 nm.  In the binary systems, serum albumin was maintained at a 
concentration of 5. 0 µM in 50 mM Tris-HCl buffer at pH 7. 0, while concentrations of 
quinoline derivatives (C)  and (J)  ranged from 0 to 12 µM.  Thermodynamic parameters 
were evaluated at temperatures of 298, 308, and 313 K using the Jasco FP-8300 
spectrofluorometer, enabling calculation of the quenching constant via the Stern–Volmer 
equation and determination of thermodynamic parameters through temperature-
dependent measurements. 

 

Site marker competitive experiments 
Competitive experiments were conducted using site markers warfarin, ibuprofen, 

and digitoxin to determine the binding positions of compounds (C) and (J) at sites I, II, 
and III of BSA and HSA structures.  In the ternary systems at room temperature, both 
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protein solutions and site markers were maintained at 6 µM, while the concentration of 
(C)  or (J)  ranged from 0 to 12 µM, and all systems were stabilized during a 6-minute 
incubation.  The excitation wavelength was set to 280 nm, and emission was recorded 
from 290 to 700 nm. 

 

Molecular docking 
Molecular docking was employed to predict the interactions and binding energy 

between small molecules and the binding site of serum albumin.  The binding 
interactions of the new compounds with both BSA and HSA structures, acquired from 
the Protein Data Bank ( PDB)  under the identification codes 4F5S and 1AO6, 
respectively, were assessed using AutoDock 4.2 software.  The compounds underwent 
geometry optimizations using density functional theory (DFT)  with the B3LYP/6-31G (d, 
p)  basis set within the Gaussian09 package.  For the docking analysis, a three-
dimensional grid box measuring 60 Å x 60 Å x 60 Å, with a grid spacing of 0.375 Å 
along the X, Y, and Z axes, was employed. The central grid sites I, II, and III for BSA and 
HSA were located at (-4.795, 30.487, 101.007), (10.906, 16.276, 119.720), and (19.857, 
33.531, 97.915)  for BSA, and (34.720, 31.631, 33.029) , (13.616, 35.053, 19.672) , and 
(43.486, 22.726, 15.244) for HSA, respectively. Autodocking parameters consisted of a 
population size of 150 for the Genetic Algorithm ( GA)  and a maximum of 2,500,000 
energy evaluations. The docked conformations' interactions were visualized and residue 
interactions were analyzed using the Biovia Discovery Studio 2020 program. 

 

Molecular dynamics simulations (MD) 
All molecular dynamics simulations (MD) were performed using GROMACS 2022.3 

on GPU.  The simulations were accelerated by NVIDIA GeForce RTX 4090, operating 
within an AMD Ryzen 9 7950X processor-based system environment ( Chulabhorn 
Research Institute) .  Therefore, simulations were conducted to understand the stability 
and conformational changes, and they have been applied to investigate and screen the 
three different binding sites ( I, II, and III)  of both BSA and HSA, comparing their 
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unbound and bound with each newly synthesized quinoline (C)  and ( J) , respectively. 
The topologies of proteins and ligands were prepared using the AMBER package, with 
the proteins employing the AMBER 99SB force field.  The ligands were parameterized 
with corresponding the restrained electrostatic potential atomic partial (RESP)  charges 
at the HF/ 6-31G( d)  level using the Antechamber module.  These complexes were 
centered within a periodic cubic box filled using the TIP3P water model, while 
maintaining a 10 Å distance from the box edges.  The protonation state of ionizable 
residues was evaluated at pH 7.0 using the software tool PDB2PQR implemented by the 
ProPka server.  Additionally, sodium ions were added to the solvent to neutralize the 
system.  The energy minimization process employed the steepest descent algorithm, 
with a tolerance value of 10 kJ/ mol/ nm applied to the protein-ligand complexes. 
Subsequently, equilibration was performed using position restraints in the canonical 
ensemble (NVT)  followed by the isothermal–isobaric ensemble (NPT)  for a duration of 
1000 ps.  Additionally, the velocity of atoms was initialized at 300 K according to the 
Maxwell distribution with a random seed. The LINCS algorithm was employed to restrict 
bonds involving hydrogen atoms.  Long-range electrostatic interactions were calculated 
using the particle mesh Ewald (PME)  method, applying a cutoff of 12 Å.  Temperature 
and pressure coupling were managed using the Berendsen thermostat and Parrinello–
Rahman barostat, respectively.  The MD simulation was performed for a duration of 30 
ns, maintaining a temperature of 300 K and a pressure of 1 bar.  Additionally, the MD 
simulation results were analyzed and visualization of the trajectory using the Visual 
Molecular Dynamics (VMD) program. 

The Gibbs free energy landscape ( FEL)  obtained from principal component 
analysis (PCA)  confirms the structural stability of the complexes. This was achieved by 
calculating eigenvectors from the covariance matrix using the gmx_covar and 
gmx_anaeig commands, focusing on the protein backbone. Simulation trajectories were 
then used to identify the structural energy minimum state of the complexes through FEL 
analysis.  The 3D FEL plots were created using the Python script xpm2txt, which 
converts xpm files to dat format.  These files were generated using the xpm2ps module 
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implemented in the GROMACS package.  The JupyterLab interface in the Anaconda 
Navigator program was used to analyze the time period of the global energy minimum 
state from the MD trajectory.  Subsequently, the binding free energy of the complexes 
was calculated for the period corresponding to the global energy minimum state.  

 

Binding Free Energy Calculation using MM-PBSA  
The binding free energy of both the BSA and HSA complexes was assessed using 

the widely employed Molecular Mechanics/Poisson-Boltzmann Surface Area (MM-PBSA) 
method, commonly utilized in studies related to protein-ligand interactions and drug 
design.  The binding free energy and per-residue decomposition free energy were 
calculated from 500 frames extracted from the Gibbs free energy landscape to select 
the region corresponding to the global energy minimum state.  These calculations were 
performed at a temperature of 300 K.  Additionally, the solvation energy of complexes 
was computed using PB models ( ipb=  2) , with an implicit solvent dielectric constant of 
80. The dielectric constant parameters for the solute were set to 4, and the ionic strength 
was adjusted to 0.15 M to replicate physiological conditions. These calculations utilized 
appropriate algorithms, with a solvent probe radius of 1. 4 Å, and incorporated the 
Interaction Entropy ( IE)  method.  The binding free energy results were analyzed using 
the gmx_MMPBSA_ana program, a component of the gmx_MMPBSA package. 
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CHAPTER 4 
RESULTS 

UV-Vis absorption studies 
UV-Vis spectroscopy is a widely used technique for investigating the binding 

interactions and complex formation of serum albumin with small molecules.  The 
absorption spectrum of serum albumin exhibits two significant peaks at approximately 
210 nm and 280 nm.  The absorption peak at 210 nm corresponds to the polypeptide 
backbone of the serum albumin structure, while the peak around 280 nm is associated 

with the π-π*  electronic transitions characteristic of the aromatic residues tryptophan 
(Trp) , tyrosine ( Tyr) , and phenylalanine (Phe) .  Furthermore, this peak was utilized to 
monitor changes in the absorption spectrum, thus enabling the study of interactions 
between both BSA and HSA with newly synthesized compounds.  The absorption 
spectra of BSA from 240 to 650 nm in the absence and presence of various 
concentrations of compounds ( C)  and ( J)  are displayed in Figures 24A and 24B, 
respectively. The spectra for HSA are shown in Figures 25A and 25B, corresponding to 
the titration with increasing concentrations of compounds (C)  and (J) , respectively.  As 
seen in Figures 24 and 25, increasing the concentration of compounds ( C)  and ( J) 
enhanced the absorbance at 280 nm for both BSA and HSA, with no shifts in the 
spectral peaks. Therefore, significant changes in the absorption peak intensities of both 
serum albumins in the presence of compounds (C)  and ( J)  indicate the formation of 
conformational complexes. 
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Figure 24 Absorption spectra of BSA (5 µM) in the absence and presence of increasing 
concentrations (a-f) of compounds (C) and (J), shown as BSA-(C) (A) and BSA-(J) (B), 

respectively. The concentrations of quinoline derivatives were increased to 0, 10, 20, 30, 
40, and 50 µM. 

 

 

 

Figure 25 Absorption spectra of HSA (5 µM) in the absence and presence of increasing 
concentrations (a-f) of compounds (C) and (J), shown as HSA-(C) (A) and HSA-(J) (B), 

respectively. The concentrations of quinoline derivatives were increased to 0, 10, 20, 30, 
40, and 50 µM. 
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Fluorescence quenching measurements 
To elucidate the binding interactions of both BSA and HSA with compounds (C) and 

(J), fluorescence spectroscopy was employed. The emission spectra of BSA at different 
concentrations of these compounds were analyzed, revealing a strong fluorescence 
emission peak at 340 nm upon excitation at 280 nm. Similarly, when excited at 280 nm, 
the HSA displayed a strong fluorescence emission peak around 335 nm. Increasing the 
concentration of the (C)  compound decreases the fluorescence intensity of both BSA 
and HSA at 280 and 335 nm and without significant changes in the emission peak 
position. In contrast, the titrations of both BSA and HSA with the (J) compound caused a 
slight red shift and hypochromism in the fluorescence spectra, along with a new 
emission peak around 450 nm.  Therefore, these changes indicate an altered 
environment surrounding the chromophores, such as tryptophan ( Trp)  and 
phenylalanine ( Phe) , with tryptophan having the highest fluorescence intensity among 
these residues, affecting the protein structure of serum albumin upon binding to each 
compound.  The decrease in fluorescence emission is shown in Figures 26 and 27 for 
BSA and HSA, respectively. 
 

 

Figure 26 Fluorescence quenching spectra of BSA with compound (C) (Figure 26A) and 
compound (J) (Figure 26B) at various increasing concentrations (a-g) with an excitation 

wavelength of 280 nm. 
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Figure 27 Fluorescence quenching spectra of HSA with compound (C) (Figure 27A) and 
compound (J) (Figure 27B) at various increasing concentrations (a-g) with an excitation 

wavelength of 280 nm. 

 

Fluorescence quenching mechanisms can be clearly differentiated by temperature 
differences and classified as either dynamic (collisional)  or static (complex formation) 
quenching.  The fluorescence quenching mechanism was determined by analyzing the 
quenching constant ( Ksv)  from the fluorescence intensity data using the Stern-Volmer 
equation (equation [1]). In dynamic quenching, the quenching constant (Ksv) increases 
with rising temperature due to enhanced diffusion and collision of the fluorophore and 
quencher.  Conversely, in static quenching, the stability of the fluorophore-quencher 
complex decreases with increasing temperature, resulting in a lower quenching 
constant ( Liu, Chen, Luo, Lin, & Song, 2013; Phopin, Ruankham, Prachayasittikul, 
Prachayasittikul, & Tantimongcolwat, 2019; Y. Zhang, Cao, Li, & Zhang, 2022).  
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The fluorescence intensity data were analyzed using the Stern-Volmer equation 
(Equation 1) to determine the type of fluorescence quenching mechanism. 

 

F0/F = 1 + KSV[Q]     [1] 
 

The Ksv value was determined from the slope of the plot of F0 / F versus [Q] and used 
to analyze the fluorescence intensity data.  Where F0 and F represent the fluorescence 
intensities of both BSA and HSA in the absence and presence of the quencher 
(compounds (C) or (J)) , respectively. The concentration of the quencher is denoted as 
[Q] .  The Stern-Volmer quenching plots at three different temperatures, along with the 
corresponding fitted data, are shown in Figures 28A for BSA bound with ( C)  and in 
Figure 28B for BSA bound with (J). Similarly, Figures 29A and 29B show the fitted Stern-
Volmer quenching plots for HSA bound with (C)  and ( J) , respectively.  The Ksv values 
were determined and are presented in Tables 1 and 2 for BSA and HSA, respectively. 
The results showed that the Ksv values decreased as the temperature increased.  This 
behavior suggests that the interaction between serum albumin and both compounds is 
likely due to static quenching, where the formation of a stable complex becomes less 
stable at higher temperatures. 
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Figure 28 The Stern-Volmer quenching plots of BSA with compound (C) (Figure 28A) 
and compound (J) (Figure 28B) at different temperatures (298 K, 308 K, and 318 K). 

 

 

 

Figure 29 The Stern-Volmer quenching plots of HSA with compound (C) (Figure 29A) 
and compound (J) (Figure 29B) at different temperatures (298 K, 308 K, and 318 K). 
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Table 1 Stern–Volmer quenching constant (Ksv), the binding constant (Kb), and the 
number of binding sites (n) for the interaction of (C) and (J) with BSA at 298, 308 and 
318 K. 

Systems T (K) Ksv (x104 Lmol-1) Kb (x104 Lmol-1) n 

BSA-(C) 

298 1.91 4.31 1.07 
308 1.56 3.48 1.07 
318 1.40 1.44 1.00 

BSA-(J) 

298 2.50 6.31 1.09 

308 1.76 2.75 1.04 

318 1.15 1.69 1.04 

 

 

Table 2 Stern–Volmer quenching constant (Ksv), the binding constant (Kb), and the 
number of binding sites (n) for the interaction of (C) and (J) with HSA at 298, 308 and 
318 K. 

Systems T (K) Ksv (Lmol-1) Kb (Lmol-1) n 

HSA-(C) 

298 9.07 x 103 3.86 x 104 1.13 
308 8.75 x 103 1.75 x 104 1.06 
318 7.75 x 103 1.01 x 103 1.02 

HSA-(J) 

298 1.70 x 104 6.17 x104 1.07 

308 1.30 x 104 2.16 x 104 1.02 

318 1.25 x 104 5.52 x 103 1.02 
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Determination of binding constants and the number of binding site 
To estimate the binding affinity of the newly synthesized compounds (C and J)  with 

serum albumin, the binding constant ( Kb)  and the number of binding site ( n)  were 
determined using equation [2]. The Kb values were derived from the intercept and slope 
of the double logarithmic regression curve of log (F0-F)/F versus log [Q]. 
 

log
F0-F

F
= logKb + nlog [Q]     [2] 

 

In Equation [ 2] , n represents the number of binding sites per molecule of serum 
albumin, and Kb is the binding constant for the interaction of both BSA and HSA bound 
with either compound ( C)  or ( J) .  The Kb values, calculated at three different 
temperatures, are listed in Tables 1 and 2 for the BSA and HSA systems, respectively. 
Additionally, the fitted data corresponding to the double logarithm plots of both BSA and 
HSA with compounds (C) and (J) are illustrated in Figures 30(A and B) and 31(A and B). 
Therefore, the binding constants (Kb) and the number of binding sites (n) obtained from 
the results indicated that the Kb values ranged from 103 to 104 L·mol-1 for both BSA and 
HSA bound to compounds ( C)  and ( J) , respectively, indicating strong binding 
interactions.  Moreover, the number of binding sites for the serum albumin-ligand 
complex was approximately 1, indicating a 1: 1 binding ratio between serum albumin 
and the compounds. 
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The thermodynamic parameters and binding mode 
The binding modes for intermolecular interactions between ligands and proteins can 

be categorized into four types:  electrostatic interactions, hydrogen bonding, 
hydrophobic interactions, and van der Waals forces.  To investigate the binding forces 
between serum albumin and compounds (C)  and (J) , thermodynamic parameters such 

as Gibbs free energy (ΔG) , enthalpy change (ΔH) , and entropy change (ΔS)  were 
calculated using equations [3]  and [4] .  These parameters were determined using the 
Van’t Hoff equation and the Gibbs function.  Additionally, the binding process of protein 
and ligand interactions was evaluated to establish the binding mode. 
 

lnKb = -
′H

RT
+

′S

R
     [3] 

 

 

′G = -RTlnKb=′H-T′S     [4] 

 

In the equations, R denotes the universal gas constant, T represents the temperature 

in Kelvin, and Kb is the binding constant.  The values of ΔH and ΔS for the binding 
reaction provide crucial information for elucidating the main binding forces.  Positive 

values of both enthalpy change (ΔH)  and entropy change (ΔS)  indicate hydrophobic 

interactions.  On the other hand, negative values of both ΔH and ΔS suggest 
interactions dominated by van der Waals forces or hydrogen bonding.  Additionally, 

when ΔH is close to zero and ΔS is positive, electrostatic interactions are considered 
the main binding force (Philip D. Ross, 1981; X. Zhang, Lin, Liu, & Lin, 2015). According 
to the Van't Hoff equations, the thermodynamic parameters for both BSA and HSA 
binding with compounds (C)  and (J)  were obtained from the slope and intercept of the 
plots of Kb versus 1/T, shown in Figure 30(C and D)  and 31(C and D) , respectively. 

Tables 3 and 4 show that the values of ΔH and ΔS for both BSA and HSA binding with 
compounds (C)  and ( J)  were negative indicating that hydrogen bonding and van der 

Waals forces play a major role importance in this binding process.  The negative ΔG 
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values observed at different temperatures confirm that the binding processes of 
compounds (C) and (J) with both BSA and HSA are spontaneous processes. 
 

 

Table 3 Thermodynamic parameters for the interaction of BSA with compounds (C) and 
(J) at different temperatures. 

Temperature 
(K) 

 ′H (kJ.mol-1)  ′S (kJ.mol-1)  ′G (kJ.mol-1) 

 (C) (J)  (C) (J)  (C) (J) 
298  -42.65 -52.08  -53.48 -83.29  -26.43 -27.38 
308        -26.78 -26.18 
318        -25.32 -25.74 

 

 

 

Table 4 Thermodynamic parameters for the interaction of HSA with compounds (C) and 
(J) at different temperatures. 

Temperature 
(K) 

 ′H (kJ.mol-1)  ′S (kJ.mol-1)  ′G (kJ.mol-1) 

 (C) (J)  (C) (J)  (C) (J) 
298  -142.55 -95.49  -387.62 -229.97  -26.16 -27.33 
308        -25.02 -23.87 
318        -18.29 -22.78 
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Figure 30 The double logarithmic plots of (F0-F)/F versus log [Q] for BSA-(C) and BSA-
(J) complexes in Figures 30(A) and 30(B), respectively, at 298, 308 and 318 K. Van't 
Hoff plots of In Kb versus 1/T for the binding interactions of BSA-(C) and BSA-(J) are 

shown in Figures 30(C) and 30(D), respectively. 
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Figure 31 The double logarithmic plots of (F0-F)/F versus log [Q] for HSA-(C) and HSA-
(J) complexes in Figures 31(A) and 31(B), respectively, at 298, 308 and 318 K. Van't 
Hoff plots of In Kb versus 1/T for the binding interactions of HSA-(C) and HSA-(J) are 

shown in Figures 31(C) and 31(D), respectively. 
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Identification of the binding site 
The ligand binding sites on the structure of serum albumins are located within the 

hydrophobic pockets of subdomains IIA (site I), IIIA (site II), and IB (site III). The specific 
binding site of each ligand on the protein can be determined through competitive 
binding experiments using warfarin, ibuprofen, and digitoxin as site probes.  These site 
markers, with known binding sites on both BSA and HSA, indicate that warfarin binds at 
site I, ibuprofen at site II, and digitoxin at site III (Ha & Bhagavan, 2013; Phopin et al. , 
2019) .  Therefore, to investigate the binding sites of compounds (C)  and ( J)  on the 
structures of both BSA and HSA, competitive binding experiments were performed 
using fluorescence measurements (Wu et al., 2011) . To evaluate the binding constants 
(Kb)  at the competitive binding sites, compounds (C)  or (J)  were gradually added to 
systems where BSA and HSA were each bound with their respective site markers.  The 
binding constants ( Kb)  of compounds ( C)  and ( J)  with both BSA and HSA, in the 
absence and presence of the site markers, were determined by analyzing the 
fluorescence intensity using equation [2]. The results for the BSA system are presented 
in Table 5, and the results for the HSA system are presented in Table 6.  According to 
the data in Table 5, the binding constants of BSA with compounds ( C)  and ( J) 
significantly decreased from 2.743 and 2.699 to 1.767 and 1.523, respectively, in the 
presence of digitoxin.  According to the data in Table 4, the binding constants (Kb)  of 
BSA with compounds (C) and (J) significantly decreased from 2.743 and 2.699 to 1.767 
and 1. 523, respectively, in the presence of digitoxin.  Similarly, Table 5 shows the Kb 
values of HSA with compounds (C)  and (J)  were 3.286 and 3.226, respectively, in the 
absence of the site marker. When digitoxin was present as a site marker, the Kb values 
for HSA with compounds ( C)  and ( J)  decreased to 2. 390 and 2. 198, respectively. 
Conversely, the binding constants remained largely unchanged in the presence of 
warfarin and ibuprofen.  The decrease in Kb values for competitive interactions in the 
absence of the site marker was less significant than in its presence, indicating the major 
binding site for the ligand (Li et al. , 2022) .  Thus, the binding sites for compounds (C) 
and (J) on both BSA and HSA are located at site III in subdomain IB. 
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Table 5 Binding constants of BSA with compounds (C) and (J) in both the absence and 
presence of site markers. 

System 

Without the site 
marker 

 Site I marker 
(Warfarin) 

 Site II marker 
(Ibuprofen) 

 Site III marker 
(Digitoxin) 

log Kb R2  log Kb R2  log Kb R2  log Kb R2 

BSA – (C) 2.743 0.9880  2.665 0.9809  2.851 0.9806  1.767 0.9779 

BSA – (J) 2.699 0.9836  2.584 0.9868  2.616 0.9817  1.523 0.9881 

 

 

 

 

Table 6 Binding constants of HSA with compounds (C) and (J) in both the absence and 
presence of site markers. 

System 

Without the site 
marker 

 Site I marker 
(Warfarin) 

 Site II marker 
(Ibuprofen) 

 Site III marker 
(Digitoxin) 

log Kb R2  log Kb R2  log Kb R2  log Kb R2 

HSA – (C) 3.286 0.9727 
 

3.4013 0.9868 
 

3.212 0.9941 
 

2.390 0.9842 

HSA – (J) 3.226 0.9929 
 

3.098 0.9913 
 

3.128 0.9817 
 

2.198 0.9867 
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Molecular docking studies 
Molecular docking, a widely used and efficient technique, has been employed to 

investigate the binding interactions between a protein and small molecules. It illustrates 
the types of amino acids surrounding the ligand and the formation of hydrogen bonds 
(Abdullah, Fatma, Rabbani, & Ashraf, 2017; Zargar & Wani, 2021). To support the results 
from the competitive experiment, a molecular docking technique was employed to 
investigate the binding mechanism between newly synthesized compounds and serum 
albumin. This approach aimed to enhance the understanding of the potential efficacy of 
quinoline derivatives as candidate drugs.  The amino acid sequences of BSA share 
approximately 76%  similarity with those of HSA. This docking method aids in predicting 
the binding locations and affinities of compounds (C)  and (J)  on the structures of BSA 
and HSA. The optimized structures of compounds (C) and (J) were docked to BSA (PDB 
ID:  4F5S)  and HSA (PDB ID:  1AO6)  using the AutoDock program ( version 4.2) .  The 
docking results with the lowest binding free energies and the interactions with amino 
acids within 5 Å of both compounds are presented in Table 7 for BSA and Table 8 for 
HSA.  Docking studies revealed that the estimated binding free energies of both 
compounds in subdomain IB ( site III)  of BSA and HSA were lower than those in 
subdomains IIA (site I) and IIIA (site II). This indicates that compounds (C) and (J) bind 
to both BSA and HSA at site III in subdomain IB (Figures 32A and 33A for BSA-(C) and 
BSA-( J) ; Figure 34A and 35A for HSA- ( C)  and HSA-( J) ) , consistent with the 
experimental data obtained from the competitive experiment. 

As shown in Figure 32A, compound ( C)  exhibited the lowest binding energy of  
-10.48 kcal/mol at site III of BSA.  Within 5 Å, this binding pose was surrounded by the 
amino acids Lys114, Leu115, Lys116, Pro117, Asp118, Thr121, Leu122, Glu125, 
Phe133, Lys136, Tyr137, Glu140, Ile141, Tyr160, Ile181, Met184, Arg185, and Val188. 
Hydrogen bonding interactions were observed between the aldehyde group of 
compound (C)  and the nitrogen atom on the Lys116 residue, as well as between the 
cyanide group (CN)  of compound (C)  and the oxygen atom on the Tyr137 residue in 
BSA. For compound (J), Figure 33B shows the lowest binding energy of -10.53 kcal/mol 
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at site III of BSA. The amino acids encircling compound (J) within 5 Å included Leu115, 
Lys116, Pro117, Asp118, Leu122, Glu125, Phe126, Asp129, Lys132, Phe133, Lys136, 
Tyr137, Glu140, Ile141, Tyr160, Ile181, Met184, Arg185, and Val188.  In the BSA 
structure, the cyanide group of compound (J)  formed hydrogen bonds with the oxygen 
atom on the Tyr137 residue. Additionally, the oxygen atom of the Tyr137 residue formed 
hydrogen bonds with the cyanide group (CN) of compound (J). The hydrogen bonding 
interactions of the newly synthesized compounds to BSA indicate that the binding mode 
aligned with the thermodynamic parameter analysis results. Furthermore, compound (C) 

exhibited π-π stacking interactions with residues Phe133 and Tyr160 in site III of BSA, 

while compound (J)  also bound to the same domain through π-π stacking interactions 
with Tyr160. 
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Figure 32 Conformation and interaction of compound (C) with BSA, conformation at 
three sites (A), 2D interaction at site III (B). 

 

 

Figure 33 Conformation and interaction of compound (J) with BSA, conformation at three 
sites (A), 2D interaction at site III (B). 
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Figure 34A illustrates that compound ( C)  binding at site III of HSA exhibited a 
binding free energy of -10.15 kcal/mol, without forming hydrogen bonds in this region. 
The amino acids within 5 Å of this binding pose included Leu115, Val116, Arg117, 
Pro118, Met123, Thr133, Phe134, Lys135, Lys136, Lys137, Tyr138, Ile142, Phe149, 
Phe157, Tyr161, Phe165, Lys181, Lys182, Asp183, Lys185, Arg186, Gly189, and 
Lys190. For compound (J), Figure 35A shows a binding free energy of -10.50 kcal/mol at 
site III of HSA.  The amino acids surrounding this binding pose within 5 Å included 
Leu115, Val116, Arg117, Pro118, Met123, Thr133, Phe134, Lys135, Lys136, Lys137, 
Tyr138, Ile142, Phe149, Phe157, Tyr161, Lys181, Lys182, Asp183, Lys185, Arg186, 
Glu188, Gly189, and Lys190.  Additionally, the NH group in the linker region of 
compound (J) formed hydrogen bonds with the oxygen atom of Tyr161. Furthermore, the 
results of the binding interactions of HSA with both compounds indicate that the binding 

mode aligns with the thermodynamic parameter analysis. Compound (C) exhibited π-π 
stacking interactions with residues Phe134 and Tyr161 at site III of HSA, while 

compound (J)  also bound to the same domain through π-π stacking interactions with 

Tyr161.  Therefore, the result of docking interaction exhibited the π-π stacking 
interactions align with the UV-Vis absorption study results, where the absorption 
intensities of both BSA and HSA increased with rising concentrations of compounds (C) 
and (J). 

Comparisons of the binding energies in subdomain IB ( site III)  of compounds (C) 
and (J) bound to both BSA and HSA showed that serum albumin bound to (J) with lower 
binding free energy than to (C). These results indicate that (J)  bound to both BSA and 
HSA is more stable than (C). To determine the greater stability of compound (J) binding 
with the proteins, further studies were conducted using molecular dynamics simulations. 
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Figure 34 Conformation and interaction of compound (C) with HSA. Conformation at 
three sites (A). 2D interaction at site III (B). 

 

 

Figure 35 Conformation and interaction of compound (J) with HSA. Conformation at 
three sites (A). 2D interaction at site III (B). 
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Table 7 Binding energies and interacting amino acids of compounds (C) and (J) with 
BSA at three sites. 

System 
Binding site on 

BSA 
Binding energy 

(kcal/mol) 

Surrounding amino acid within 5 Å 

H-bond π-π stacking 

BSA – (C) 

Site I -7.97 Arg194, Arg256 His287 
Site II -7.67 Arg409, Arg484 - 
Site III -10.48 Lys116, Tyr137 Phe133, Tyr160 

BSA – (J) 

Site I -8.15 Arg198, Arg217 Trp213 

Site II -7.74 Arg409, Lys413 - 

Site III -10.53 Tyr137 Tyr160 

 

 

 

Table 8 Binding energies and interacting amino acids of compounds (C) and (J) with 
HSA at three sites. 

System 
Binding site on 

HSA 
Binding energy 

(kcal/mol) 

Surrounding amino acid within 5 Å 

H-bond π-π stacking 

HSA – (C) 

Site I -9.65 
Tyr150, Lys195, Glu292, 

Ser287 
- 

Site II -7.29 Lys414 - 
Site III -10.15 - Phe134, Tyr161 

HSA – (J) 

Site I -10.05 Tyr150, Lys195, Glu292 - 

Site II -6.50 Lys545, Ala406 - 

Site III -10.50 Tyr161 Phe134 
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Molecular dynamics (MD) simulations 
Molecular dynamics (MD) simulations were performed to assess the binding stability 

between ligands and the target protein, along with conformational changes, ligand-
binding, and protein folding within the surrounding solvent environment. MD simulations 
treat each protein, ligand, and solvent atom dynamically and flexibly ( Ding & Peng, 
2016) .  In contrast, molecular docking assumes a rigid macromolecule with a flexible 
ligand in the protein binding site ( Ali et al. , 2021) .  Therefore, MD simulations were 
conducted to investigate the structural stability of both BSA and HSA bound with newly 
synthesized compounds (C)  and (J)  at three different binding sites (site I, II, and III) , 
compared to unbound proteins.  These simulations were analyzed using several 
parameters, including root mean square deviations ( RMSD) , root mean square 
fluctuations (RMSF), and radius of gyration (Rg).  

Root Mean Square Deviation ( RMSD)  is a key parameter used to measure the 
stability of proteins in the presence of ligands over time, indicating the binding stability 
and equilibrium of protein-ligand complexes by determining fluctuations in the protein 
backbone within the simulated system (Al-Khafaji & Taskin Tok, 2020; Li et al. , 2022) . 
RMSD calculations were performed using three replicate simulations to reduce bias in 
classical MD simulations for compounds (C) and (J) bound to both BSA and HSA at the 
three binding sites, as shown in Figures 36 and 37, respectively. Interestingly, site III of 
both BSA and HSA bound with compounds (C)  and ( J)  exhibited slightly fluctuations 
compared to protein-free systems, indicating that both complexes had reached an 
equilibrium state. The average of three replicate simulations indicated that the stability of 
both compounds (C) and (J) bound to the BSA and HSA structures at site III was greater 
than at sites I and II, supporting the results from competitive experiments and docking 
studies.  The RMSD of BSA-( C)  at site III showed similar fluctuations and a slight 
increase compared to unbound BSA, beginning to equilibrate after about 15 ns, as 
illustrated in Figure 36A. For BSA-(J) at site III (Figure 36B) , the dynamic equilibrium of 
the backbone indicated a stable state from 10 ns onwards.  When comparing 
fluctuations at the three binding sites, ( J)  exhibited the most structural stability when 
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bound to BSA at site III.  From Figure 37A, HSA bound with compounds (C)  and (J)  at 
site III had slight fluctuations compared to HSA-free.  Additionally, Figure 37B indicates 
that the RMSD of HSA-(J) exhibited the most stability when bound to HSA at site III. The 
RMSD plots of HSA-(C)  and HSA-(J)  at site II showed similar fluctuations and a slight 
increase compared to HSA-free because both compounds (C) and (J) were located on 
the outside of the binding pocket at site II. 
 

 

Figure 36 The RMSD backbone plots for BSA-(C) and BSA-(J) at three different binding 
sites, including the average of replicates, RMSD plot for BSA-(C) complex (A), RMSD 

plot for BSA-(J) complex (B). 

 

 

Figure 37 The RMSD backbone plots for HSA-(C) and HSA-(J) at three different binding 
sites, including the average of replicates, RMSD plot for HSA-(C) complex (A), RMSD 

plot for HSA-(J) complex (B). 
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The RMSF plots indicate that reduced fluctuations of residues in the backbone atoms 
exhibit stable interactions between the protein and ligand.  Conversely, higher 
fluctuations imply greater flexibility in the protein structure, which may suggest 
conformational changes ( Ding & Peng, 2016; Kooravand, Asadpour, Haddadi, & 
Farhadian, 2021) . The structural flexibility derived from ligand binding results in residue 
fluctuations, indicating conformational changes.  Figures 38 and 39 present the RMSF 
calculations for both BSA and HSA complexes with compounds (C)  and (J) , compared 
to changes in the free and bound forms of the proteins at different binding sites. Figure 
38A shows that the RMSF of BSA-(C)  at site III ( navy blue)  had reduced fluctuations 
compared to pure BSA (black), indicating increased stability in sub-domain IB. Similarly, 
the reduced fluctuation of the BSA-(J)  complex at site III ( red)  compared to pure BSA 
(black) showed stability at binding site III (sub-domain IB). Increased RMSF fluctuations 
in certain regions indicated conformational changes upon ligand binding. For the RMSF 
plot for HSA at site III (Figures 39A and 39B, respectively) , the decreased fluctuation of 
the HSA-(C) complex (royal blue) and the HSA-(J) complex ( light blue) compared with 
unbound HSA indicates that the binding interactions at sub-domain IB. 

The radius of gyration (Rg)  is a key parameter for assessing the compactness and 
stability of protein-ligand complexes, indicating fluctuations in the protein backbone 
within the simulated system.  Fluctuations in the Rg plot for the complex being higher 
than that of the unbound protein indicate conformational changes aimed at stabilizing 
the complex (Lobanov, Bogatyreva, & Galzitskaya, 2008). The Rg plots for BSA-(C) and 
BSA-(J)  complexes at all three binding sites, compared to unbound BSA, are shown in 
Figure 38C and 38D, respectively. The Rg plot in Figure 38C demonstrates that BSA-(C) 
at site III exhibits reduced fluctuations, indicating enhanced stability compared to sites I 
and II.  Similarly, the Rg plot for BSA-( J)  at site III ( Figure 38D)  shows decreased 
fluctuations, almost coinciding with unbound BSA, suggesting greater compactness and 
structural stability.  Additionally, the Rg plots for HSA bound with both ( C)  and ( J) 
compounds are shown in Figures 39C and 39D, respectively.  Interestingly, site III of 
HSA binding with both (C) and (J) exhibited lower Rg fluctuations compared to unbound 
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HSA, indicating compactness of the complexes.  These results suggest that 
conformational changes lead to the stability of the complex.  Therefore, the MD 
simulation results showed that both BSA and HSA bound with (C)  and ( J)  form more 
stable complexes at site III compared to sites I and II, consistent with the competitive 
experiment and docking study results. 
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Figure 38 Analysis of MD simulation plots for BSA-(C) and BSA-(J) at three different 
binding sites, (A) RMSF plots of the protein backbone for BSA-(C), (B) RMSF plots of the 
protein backbone for BSA-(J), (C) Radius of gyration (Rg) plots for BSA-(C), (D) Radius 

of gyration (Rg) plots for BSA-(J). 
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Figure 39 Analysis of MD simulation plots for HSA-(C) and HSA-(J) at three different 
binding sites, (A) RMSF plots of the protein backbone for HSA-(C), (B) RMSF plots of the 
protein backbone for HSA-(J), (C) Radius of gyration (Rg) plots for HSA-(C), (D) Radius 

of gyration (Rg) plots for HSA-(J). 

 

 

Since the results for both BSA and HSA are consistent, particularly in terms of 
stability when binding with compounds (C)  and (J)  at site III, and in accordance with 
spectroscopic data, we chosed to use BSA for further calculations. Additionally, running 
simulations and binding free energy calculations for both BSA and HSA would require 
extensive computational resources.  Therefore, we selected BSA for the calculation of 
binding free energy using the MM-PBSA method. 
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Binding free energy calculation 
The Gibbs free energy landscape ( FEL)  indicates the global minimum of protein-

ligand complex states in relation to energy function and time (Al-Khafaji & Taskin Tok, 
2020; Khan et al. , 2020) . To ensure the structural stability of the complexes throughout 
the simulation, we examined the structural minimum state.  Therefore, we extended the 
period of the three replicated MD simulations to 100 ns. The average of replicates from 
the RMSD plots is shown in Figure 40 for BSA-(C)  and BSA-( J)  at site III, illustrating 
similar fluctuations for both complexes.  The average RMSD replicates indicated that 
BSA-(J) at site III was more stable than BSA-(C).(Al-Khafaji & Taskin Tok, 2020; Ding & 
Peng, 2016; Miller et al., 2012) 
 

 

 

Figure 40 RMSD backbone plots for BSA bound forms at site III, (A) RMSD plots for 
BSA-(C) and BSA-(J) complexes, (B) Average RMSD values for the replicates of BSA-
(C) and BSA-(J) complexes at site III (Avg. of reps. stands for the Average of replicates). 
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The structural stability of the complexes, represented by the purple color in the FEL, 
indicates the lowest energy minimum state, signifying the stability of the protein-ligand 
complex. The FEL for BSA-(C) and BSA-(J)  at site III, illustrated using 2D and 3D color 
maps in Figures 41A and 41B, showed global minimal stability during the intervals of 70-
80 ns and 81-90 ns for BSA-(C) and BSA-(J), respectively. These intervals were used for 
binding free energy calculations using the MM-PBSA methods. 
 

 

Figure 41 Gibbs free energy landscapes and minimal energy structures for BSA 
complexes at site III, BSA-(C) complex (A) and BSA-(J) complex (B), illustrated using 2D 

and 3D color maps during a 100 ns MD simulation. 

 

The binding free energies of compounds (C) and (J) with BSA were calculated using 
the Molecular Mechanics/ Poisson-Boltzmann Surface Area ( MMPBSA)  method.  This 
approach evaluates various energy components, including van der Waals forces, 
electrostatic interactions, solvation energies, and entropy contributions. The binding free 
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energies of compounds ( C)  and ( J)  with BSA were calculated using the Molecular 
Mechanics/ Poisson-Boltzmann Surface Area ( MM-PBSA)  method.  This approach 
evaluates various energy components, including van der Waals forces, electrostatic 
interactions, solvation energies, and entropy contributions.  To analyze the binding 
energies of the BSA-(C)  and BSA-( J)  complexes, 500 frames from the global energy 
minimum state were extracted based on MD trajectories, and the MM-PBSA method was 
utilized for calculation.  This approach is commonly employed to compute binding free 
energy and per-residue free energy decomposition, providing deeper insights into 
molecular interactions and mechanisms.  The individual component free energies for 
both complexes are summarized in Table 9. According to Table 9, compounds (C) and 
(J) bound to BSA exhibited binding energies of -34.89 ± 2.64 kcal/mol and -40.44 ± 3.62 
kcal/mol, respectively. These binding energies indicated that the BSA-(J)  complex was 
more stable than BSA-(C) , consistent with the binding constants ( Kb)  obtained from 
fluorescence studies (Table 1). The van der Waals interaction energies for BSA-(C) and 
BSA-( J)  were -42.87 ± 2.62 kcal/mol and -47.38 ± 2. 89 kcal/mol, respectively.  The 
contributions of the van der Waals energy were a driving force for the binding 
interaction, suggesting strong hydrophobic interactions within the complexes.  The van 
der Waals energy component was predominant for both systems, indicating that van der 
Waals forces were the primary driving force for the interaction between BSA and the 
newly synthesized compounds. As for the electrostatic interaction energies, the BSA-(C) 
and BSA-( J)  complexes exhibited -3.82 ± 0. 95 kcal/mol and -2. 82 ± 1. 66 kcal/mol, 
respectively, highlighting the significant role of electrostatic interactions in their binding 
process. The results revealed strong hydrogen bonds and van der Waals interactions in 
BSA binding with compounds (C) and (J), aligning with the binding mode data from the 
thermodynamic parameter analysis. 
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Table 9 Binding energies and individual component energies from the MMPBSA 
calculation of BSA-(C) and BSA-(J) complexes. 

Energetic terms (kcal/mol) BSA-(C) BSA-(J) 

ΔEvdw -42.87 ± 2.62 -47.38 ± 2.89 

ΔEele -3.82 ± 0.95 -2.82 ± 1.66 

ΔEMM -46.69 ± 2.52 -50.19 ± 3.20 

ΔGpolar/PB 10.76 ± 1.52 9.72 ± 1.70 

ΔGnon-polar/PB -4.20 ± 0.10 -4.58 ± 0.11 

ΔGsolv/PB 6.56 ± 1.48 5.14 ± 1.66 

ΔGIE 5.25 ± 0.21 4.62 ± 1.79 

ΔGbinding -34.89 ± 2.64 -40.44 ± 3.62 

ΔEvdw represents van der Waals energy, ΔEelec represents electrostatic energy, 

ΔGpolar/ PB represents the polar solvation free energy obtained from the Poisson-

Boltzmann method, ΔGnon-polar/PB represents the nonpolar solvation energy obtained from 

the Poisson-Boltzmann method, ΔGIE represents interaction entropy, and ΔGBinding 
represents the binding free energy ( kcal/mol)  obtained from the Poisson-Boltzmann 
method. 
 

Furthermore, the energy decomposition contributions between the new quinoline 
derivatives and BSA are illustrated in Figure 42. Residues exhibiting energies equal to or 
greater than 1.0 kcal/mol were subjected to energy decomposition analysis, highlighting 
their essential role in facilitating the binding of compounds (C) and (J) to site III on BSA. 
The results suggested that the binding ability of these compounds was primarily driven 
by hydrophobic and hydrogen bonding interactions.  The van der Waals energy 
component for both systems was higher than other components, indicating that van der 
Waals forces were the primary driving force for the binding interaction between BSA and 
the newly synthesized compounds.  To gain deeper insights into the interactions of 
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individual residues for both complexes, MD trajectory data were used to extract 
structures.  These findings revealed strong hydrogen bonds and van der Waals 
interactions involved in BSA binding with ( C)  and ( J) , which corresponded with the 
binding mode data obtained from the thermodynamic parameters. 

 

 

Figure 42 The energy decomposition and interactions at site III on the BSA structure, for 
both the BSA-(C) complex (A) and BSA-(J) complex (B), show contributions to binding 
stability. These interactions were extracted from MD simulations at the global minimum 

state. 
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CHAPTER 5 
CONCLUSIONS 

In this study, we employed a combination of spectroscopic techniques and 
computational methods to investigate the binding interactions of newly synthesized 
quinoline derivatives, specifically compounds (C)  and ( J) , with BSA and HSA under 
physiological conditions.  The results indicated that both compounds bind to site III 
( subdomain IB)  of BSA and HSA, quenching the fluorescence intensity of both serum 
albumins through a static quenching mechanism.  The binding interactions exhibited 
binding constants (Kb) of 4.31 x 10-4 L/mol for BSA-(C) and 6.31 x 10-4 L/mol for BSA-(J), 
while for HSA, the binding constants were 3.86 x 10-4 L/mol for HSA-(C) and 6.17 x 10-4 
L/mol for HSA-(J). The main interaction forces in the binding process of compounds (C) 
and ( J)  with both BSA and HSA were van der Waals forces and hydrogen bonding, 
indicating a spontaneous binding process.  Furthermore, molecular docking and 
molecular dynamics simulations confirmed that both compounds bind at site III on the 
structures of BSA and HSA, with the BSA-(J) and HSA-(J) complexes exhibiting greater 
stability compared to the BSA-( C)  and HSA-( C)  complexes.  MMPBSA calculations 
provided detailed insights into the binding free energies and per-residue energy 
contributions, highlighting that van der Waals interactions were the predominant driving 
force.  These computational results were consistent with the experimental binding 
constants and provided a comprehensive understanding of the molecular interactions at 
play.  Overall, this study enhances our understanding of the binding mechanisms of 
drug-ligand interactions with serum albumins and could inform the design and 
development of novel therapeutic agents based on quinoline derivatives in the future. 
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