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H I G H L I G H T S G R A P H I C A L A B S T R A C T

• Molecular interaction of aproclonidi-
ne–bovine serum albumin is first
investigated.

• Protein fluorescence was discovered to
decrease when APR bound to BSA.

• The protein’s microenvironment near
Tyr and Trp residues has been evaluated
due to the binding of APR to BSA.

• Hydrophobic interplays, hydrogen
bonds, and van der Waals forces have a
notable act in the genesis of the
APR–BSA complex.

• The APR binding site that was selected
is located on Site II of BSA.
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A B S T R A C T

Apraclonidine (APR) is a potent and selective α2-adrenergic receptor agonist used in the diagnosis of Horner’s
Syndrome, and the residuals of APR that accumulate in tissues of animals can cause central nervous and car-
diovascular systems influences in humans. Therefore, to understand the influence of APR on human health, we
examined the interaction of APR with the carrier protein in plasma, bovine serum albumin (BSA). The BSA
fluorescence signal was quenched due to the APU–BSA complex formation and a weak binding affinity was
estimated between APR and BSA. The inclusion of fluorescence, UV–vis absorption, molecular docking, and
dynamics simulation techniques employed to broadly investigate the combination of APR with BSA at typical
physiological conditions. The thermodynamic results revealed that enthalpy (ΔH0) and entropy (ΔS0) changes
were computed as +11.14 kJ mol− 1 and +97.56 J mol− 1 K− 1, respectively, which represented the binding is
principally entropy-driven and the hydrophobic forces acting a significant role in the reaction. Analysis of
synchronous and 3-D fluorescence signals revealed microenvironmental variations close to BSA’s Trp and Tyr
residues upon APR addition. Both the competitive site marker as well as molecular docking results detected that
APR exhibited a stronger binding affinity towards Drug Site 2 (DS2) compared to Drug Site 1 (DS1).
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1. Introduction

Apraclonidine hydrochloride (APR) is a clonidine analog that func-
tions as an α2-agonist with an excellent level of selectivity. It is used in
the diagnosis of Horner’s Syndrome, which is characterized by shrinking
of the pupil and drooping of the eyelid in case of paralysis of the muscles
that dilate the pupil. It is widely used in the treatment of glaucoma,
which causes high pressure in the eye. APR functions on the outer layer
and has limited ability to penetrate the blood–brain barrier due to its
composition [14]. The residuals of α-2 adrenergic agonist that aggre-
gated in tissues of animal can cause to central nervous and cardiovas-
cular systems influences in humans, with the inclusion of health
problems such as tachycardia, dizziness, muscle tremors, and palpita-
tions [11,8]. The chemical name for APR is 2-[(4-amino-2,6 dichloro
phenyl)imino] imidazolidine monohydrochloride (as shown in Fig. 1)
with a molecular weight of 281.6 Da.

Previous studies have shown that drug-protein interactions in the
circulation may significantly affect the free concentration, delivery, and
metabolism of several medicines [6]. The binding of the diverse drug
molecules to serum albumins, generally, is a necessary study to identify
the drug’s potential pharmacodynamic and pharmacokinetics profile of
drug molecules [2]. Thus, the research of the interplays between pro-
teins from serum and other chemicals have significant therapeutic
importance. These proteins are categorized in three major groups viz.,
fibrinogen, albumin, and globulin [33]. The preservation of blood pH
and management of blood permeability are crucial roles performed by
albumins. In the bloodstream, serum albumins are the predominant
proteins, and their primary physiological role is to facilitate the trans-
portation of various ligands to their respective organs of focus. Given its
role as a messenger protein, serum albumin has often been utilized as a
paradigm for investigating protein–drug interactions and binding pro-
cesses [31,23,9,30]. The reason why bovine serum albumin (BSA) is one
of the most investigated proteins is primarily owing to its high homology
(about 76 %) and analogous 3D structure to human serum albumin
(HSA) [51,36]. Also, BSA has been investigated widely in affinity and
kinetic drug experiments as a replacement for HSA in consequence of its
simple availability, high stability, and capability to bind diverse ligands
[53]. In this respect, we have selected BSA as model protein for our
research.

Spectral techniques are a vigorous apparatus to explain the binding
of molecules such as drugs with albumin proteins at low concentrations.
One of the straightforward techniques that is generally utilized to survey
protein conformational alterations upon interactions with diverse mol-
ecules is fluorescence spectroscopy due to its perfect selectivity, sensi-
tivity, and theoretical bases. The intrinsic BSA fluorescence is because of
the existence of its aromatic amino acid residuals with the inclusion of
tryptophan (Trp), tyrosine (Tyr), and phenylalanine (Phe) [31,24]. BSA
owns three main ligand-drug binding sites I, II, and III located in sub-
domain IIA, IIIA, and IB, respectively. This protein is composed of two
Trp residues, Trp-212 (in the hydrophobic space) and Trp-134 (existent
on the surface), liable for its intrinsic fluorescence feature [19].

Taking into consideration of significance of APR under investigation
and the importance of drug binding to plasma proteins also owing to

deficiency of literature on the binding mechanism of APR with BSA, we
are interested to survey its interaction with BSA by determining its
binding factors such as mode of binding, binding constants, number of
binding sites, thermodynamic properties, protein’s microenvironmental
changes and binding location. The exploration of APR–BSA interaction
was made utilizing fluorescence, UV–Vis absorption, molecular docking,
and molecular dynamics simulation procedures.

2. Materials and methods

2.1. Reagents and experimental solutions

Analytical grade of BSA (originally protease, fatty acid, and globulin
free), APR, indomethacin (IDM) and, ibuprofen (IBU) were purchased by
Sigma-Aldrich Corporation, USA. The buffer used in all experiments to
simulate extracellular physiological conditions was 60 mM sodium
phosphate with a pH of 7.4 (PBS 7.4). Stock solution of BSA was made in
PBS 7.4 and concentration of BSA was ascertained spectrophotometri-
cally handling the molar extinction coefficient as εm= 43 824 M− 1 cm− 1

at 280 nm. Stock solutions are prepared by dissolving 1 mg/ml of APR in
ultrapure water, dissolving IBU and IDM in ethanol, and then diluting
them in PBS 7.4 to get the necessary concentrations for experimental
procedures.

2.2. UV–vis absorption spectral measurements

With a conventional quartz cuvette with a 1 cm optical path length,
the spectral measurements were performed using a Shimadzu 1601PC
double beam UV–vis absorption spectrophotometer. The absorption
spectra (λ = 280–500 nm) of 3 μM BSA solutions with and without
increasing APR concentrations (ranging from 50–350 μM with intervals
of 50 μM) were collected for the inner filter effect correction in the
fluorescence data. The absorption spectra (λ = 240–320 nm) of 20 μM
BSA with increasing APR concentrations (0–350 μM with 50 μM in-
crements) were also recorded in a separate experiment.

2.3. Fluorescence spectral measurements

The fluorescence spectra of BSA and APR–BSA system were recorded
on an Agilent Cary Eclipse spectrophotometer using 1 cm quartz cuvette,
placed in a Peltier type thermostat cell holder attached with a water bath
cyclical. The 3 μM BSA fluorescence signals (λem = 300–500 nm)
without and with addition of APR (50–350 μM with intervals of 50 μM)
were registered using the λex of 280 nm. Before fluorescence spectrum
scans, the solution mixtures (3 ml) for titration investigations were
singly stayed at various temperatures as 288, 298, and 308 K for a period
of 30 min in order to arrive equilibrium.

Synchronous fluorescence spectra of BSA (3 μM) were recorded with
rising concentrations of APR (between 0 and 350 μМ with intervals of
50 μM), by assaying Δλ = 15 nm and Δλ = 60 nm for Tyr and Trp res-
idues in the wavelength range of 250–350 nm and 240–400 nm,
respectively.

Three-dimensional (3-D) fluorescence spectra were measured to

Fig. 1. The 2-D and 3-D structures of APR.

I. Kucuk et al. Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 326 (2025) 125246 

2 



analyze alterations in the biochemical environment of Trp and Tyr res-
idues, which serve as protein fluorophores. This was done using BSA at a
concentration of 3 μM and a 50:1 APR-BSA combination at a tempera-
ture of 298 K. The excitation wavelength (λex) range was 220–350 nm
with a sampling interval of 5 nm, and the emission wavelength (λem)
range was 220–550 nm.

2.4. Analysis of APR–BSA fluorescence enhancement data

The fluorescence titration data for the APR–BSA interaction were
setted to avoid the inner-filter influences utilizing the following equa-
tion (Eq. (1)):

Fcorr = Fobs10
(Aem+Aex)

2 (1)

where Fcor and Fobs were the corrected fluorescence intensities and
observed fluorescence intensities, respectively; Aem and Aex were the
absorbance value of APR–BSA complex and BSA at the emission and
excitation wavelengths, respectively.

To identify the fluorescence quenching mechanism and binding af-
finity in the APR–BSA binding process, the Stern–Volmer equation and
double logarithmic equations were utilized (Eqs. (2) and (3)), respec-
tively. After the linear regression analysis, the fluorescence quenching
data at diverse temperatures (288 K, 298 K and 308 K) were imple-
mented a statistical analysis.

F0
F

= 1+Ksv[Q] = 1+Kqτ0[Q] (2)

log
[
F − F0
F

]

= nlogKa + nlog[Q] (3)

In these equations, F0 and F represent the fluorescence intensities of
BSA in nonexistence and in existence of quencher, respectively. τ0 is the
mean lifetime of the fluorescent molecule without the quencher and the
fluorescence lifetime of macromolecules like BSA is usually valued 5.6
× 10− 9 s. The term Q is the concentration of quencher (APR). The
Stern–Volmer quenching constant (Ksv), bimolecular quenching rate
constant (kq), number of binding sites (n) and binding constant (Ka)
values were retrieved from these equations [44,45,48,17].

The binding forces comprised in the APR–BSA interaction were
furthermore defined with the assistance of the thermodynamic param-
eters using enthalpy change (ΔH0), entropy change (ΔS0), and free en-
ergy change (ΔG0). These parameters were calculated using the
following equations (Eqs. (4) and (5)) [13].

lnKa = −
ΔH
RT

+
ΔS
R

(4)

ΔG = ΔH − TΔS (5)

2.5. Ligand displacement measurements

The binding location of APR on BSA was determined by the use of
two markers uniquely present at that site: IDM (Site I) and IBU (Site II).
Titrations of 3 μM BSA and 1:1 IDM–BSA/IBU–BSA (previously incu-
bated at 298 K for 30 mins) mixes with adding APR (50–350 μMwith 50
μM intervals) were conducted upon the λex at 280 nm, after subsequent
incubation of these samples at 298 K for 30 min.

2.6. Molecular docking study

The crystal structure of BSA in complex with 3,5-diiodosalicylic acid
(PDB ID: 4JK4) [39] was obtained from the RCSB Protein Data Bank. The
BSA structure was processed using Discovery Studio Visualizer v21.1.0,
which involved removing all ligands and water molecules. Subsequent
modifications included the addition of polar hydrogens and the assign-
ment of Kollman charges to prepare the protein for docking. The

chemical structure of APR was retrieved from PubChem (PubChem CID:
2216). To prepare the ligand for docking, energy minimization was
performed using Chimera version 1.17.3. The molecular docking study
was conducted using DiffDock, an advanced application recently
developed for this purpose. DiffDock employs a generative artificial
intelligence algorithm that predicts the optimal pocket for ligand
docking based on learned calculations from previous steps. This algo-
rithm is notable for its rapid inference capabilities and for providing
confidence estimates with high selective accuracy. After conducting the
molecular docking, DiffDock provided a ranking of potential docking
poses. Discovery Studio Visualizer displayed the two poses that achieved
the highest molecular docking scores, highlighting the optimal in-
teractions between the ligand and the protein target.

2.7. Molecular dynamic simulation study

Molecular dynamics (MD) simulations of the protein–ligand complex
involving APR and BSA’s DS1 and DS2 regions were initiated using input
files prepared with the default settings of the Solution Builder on the
CubeBuilder 1.5.1 server. Topology files for both the protein and the
ligand were generated using the Amber ff99SB force fields [28]. The MD
simulations were conducted using Gromacs version 2023.3 over a period
of 150 ns, capturing a total of 1500 frames. TheMD simulation cubic box
included 0.15 M KCl and utilized the OPC water model, simulating
physiological conditions accurately 10 Å away from protein ligand. The
molecular dynamics employed the MD integration method with a time
step of 0.002 picoseconds. Non-bonded interactions were managed
using a Verlet list for the cutoff scheme, updated every 20 steps. Van der
Waals forces were handled with a cutoff method, and electrostatic in-
teractions were processed using the Particle Mesh Ewald (PME) method.
The system’s temperature was maintained at 310 K using the Nose-
Hoover thermostat, and pressure was controlled at 1.0 bar using the
Parrinello-Rahman barostat, ensuring consistent thermodynamic con-
ditions. To specifically analyze the stability of APR with BSA’s DS1 and
DS2 regions, the simulations focused on monitoring interactions and
binding efficiencies between the ligand and these protein domains. Root
mean square deviation (RMSD) and root mean square fluctuation
(RMSF) analyses were performed to assess the overall stability and
flexibility of the complex. Principal component analysis (PCA) was
employed to understand the dominant motion patterns, and hydrogen
bond analysis provided insights into the critical interactions within the
complex. Dynamic visualization of the interactions between APR and
BSA’s domains was achieved through molecular dynamics animation
videos created using PyMOL v2.4.

3. Results and discussion

3.1. Analysis of APR binding to BSA

3.1.1. BSA fluorescence quenching upon APR binding
Spectral techniques are a vigorous apparatus to explain the binding

of molecules such as drugs with albumin proteins at low concentrations.
These binding affinities of proteins can be identified by fluorescence
quenching technique. Such a reducing in the fluorescence efficiency in
the existence of a quencher is named fluorescence quenching. Fluores-
cence technique is utilized to observe molecular interactions, due to its
high reproducibility, sensitivity, and relatively effortlessness of operate
[50]. Fluorescence spectroscopy is employed to research molecule-
protein binding mechanisms to acquire knowledge on the number of
binding sites, binding constant, and thermodynamic variables [12]. The
inimitable capability of proteins to demonstrate intrinsic fluorescence
has ensured a pathway to comprehension of the alterations in its envi-
ronment upon quencher interplay [41]. The intrinsic fluorescence of
BSA is principally by virtue of Trp residues, because Phe has a very low
quantum efficiency and the fluorescence of Tyr is nearly completely
quenched if it is ionized or near a carboxyl or amino group, or a
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resonance energy transference can be formed from Trp or Tyr residues
[15,27]. When BSA is stimulated by convenient wavelengths of elec-
tromagnetic light, all of its fluorophores (Phe, Trp, Tyr) can radiate
fluorescence. When a 280-nm stimulation wavelength is utilized, the
fluorescence of albumin stems from both Tyr and Trp residuals, however
a 293-nm wavelength only excites Trp residual [26,43].

The alteration in the fluorescence spectra of BSA with consecutive
additions of APR using the λex of 280 nm at 298 K were shown in Fig. 2.
It is monitored that BSA has a powerful fluorescence emission signal at
347 nm after being excited. When the concentration of APR was
increased, the intensity of the strong emission band of BSA fluorescence
at 347 nm decreased significantly. It can be understood that the fluo-
rescence intensity of BSA was effectually quenched when the concen-
trations of APR raises, pointing out an interaction between APR and
BSA.

3.1.2. Quenching mechanism analysis
The occurred quenching may be the ensues of molecular interactions

such as collisions, energy transfer reaction, rearrangements, and for-
mation of complex in ground state or excited state (Jalan and Moyon,
2024). However, the mechanism of fluorescence quenching is generally
classified as static quenching (ground-state complex generation) and
dynamic quenching (molecular collision), which can be diversified by

temperature dependency. In the static quenching process, ascending
temperature decreases the stability of quencher-fluorophore complex,
ensuing in a lower quenching constant. But, in dynamic quenching, the
quenching constant will increase with increasing temperature because
of the greater collision and diffusion of the fluorophore and quencher
[29,32,45].

To identify the fluorescence quenching mechanism in the APR–BSA
binding process, the Stern–Volmer graphs (Fig. 3) were prepared by
analyzing the fluorescence quenching data of APR–BSA system obtained
at 288, 298 and 308 K using Eq. (2). For the APR–BSA system, the
relation between F0/F and APR concentrations had a better linear. The
experimental results brought to light that the values of Ksv increased
from 1.12 × 105 to 1.57 × 105 L⋅mol− 1⋅s− 1 while the temperature was
steadily raised. According to the Ksv values in Table 1, it can be said that
the probable mechanism of fluorescence quenching of BSA in the exis-
tence of APR is a dynamic quenching process related to Ksv value
increment with increasing the temperature from 288 to 308 K.

In dynamic quenching process, high temperature values cause more
quick dissemination steady and make progress electron transfer, and for
this reason, Ksv inclines to increment [49,5]. Also, the Kq values also
increased when the temperature rising and these values at 288–308 K
were faraway in excess of the maximum dynamic Kq of 2.0 × 1010

L⋅mol− 1⋅s− 1. It is disclosed that APR quenches the fluorescence of BSA in
the form of a static quenching. So, it can be brought to a result that APR
quenched fluorescence intensity of BSA via hybrid quenching mecha-
nism [21,40].

3.1.3. Absorption spectral analysis
UV–Vis spectroscopy is a valuable method for confirming the

quenching process and evaluating the creation of ligand–protein com-
plexes. The protein’s absorption spectrum perturbations are often
caused by static processes. However, the absorption spectra of the pro-
tein remains unchanged due to dynamic quenching, which only affects
the excited state of the fluorophore. It was seen that the BSA absorption
spectra displayed hyperchromaticity at about 280 nm upon increasing

Fig. 2. Fluorescence emission spectra of APR–BSA system obtained in the
nonexistence and presence of APR. [BSA] = 3 µM and [APR] = (a) 50 µM (b)
100 µM (c) 150 µM (d) 200 µM (e) 250 µM (f) 300 µM (g) 350 µM.

Fig. 3. (A) At three different temperatures, the fluorescence signals at 347 nm of BSA decrease as the concentrations of APR rise, and (B) at the specific temperature,
the interaction between APR and BSA is shown by linear Stern-Volmer plots.

Table 1
APR-BSA interaction and thermodynamic parameters at different temperatures.

T
(K)

Ksv
(M− 1)

kq
(M− 1

s− 1)

Ka
(M− 1)

n ΔS (J
mol− 1

K− 1)

ΔH (kJ
mol− 1)

ΔG (kJ
mol− 1)

288 1.12
× 105

2.00 ×

1013
1.18
× 103

0.88 +97.56 +11.14 − 16.94

298 1.34
× 105

2.40 ×

1013
1.42
× 103

1.26 − 17.98

308 1.57
× 105

2.80 ×

1013
1.59
× 103

0.87 − 18.88
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concentrations of APR [34,10]. It can be concluded with confidence that
the quenching of APR to BSA is a static process, resulting in the for-
mation of ground state APR–BSA complex (Fig. 5). The findings
mentioned above align with the results obtained from our fluorescence
spectroscopic analysis.

3.1.4. Binding constants and binding points
If small molecules such as APR interact one by one with a set of

equivalent sites on macromolecules such as BSA, the probable binding
constant (Ka) and number of binding site (n) of APR–BSA can be
investigated by the intercept and slop of the double logarithmic plots at
different temperatures using Eq. (3) [5].

A plot between log[(F0 − F)/F] versus log[Q] (Fig. 6) was employed
to calculate the n and Ka values using the data obtained from Fig. 5, are
included in Table 1. Over the investigated temperature range, the
number of binding sites (n) was unity, recommending that only one kind
of binding site was existent on BSA that could bind to APR. Ka defines the
extent of distribution of drug in human plasma, and a higher Ka value
displays a powerful binding interaction between the ligand and protein.
In this study, the values of Ka for APR–BSA interaction were calculated
as be in the scale of 1.18–1.59 × 103 M− 1 indicates that a weak binding
affinity between APR and BSA. The Ka values displayed a rise in binding
strength with increasing temperatures in interplay of APR and BSA
implied the loss of strength in the complex formation at higher tem-
perature [49]; (Moghaddam et al., 2014); [48,25]; (Jattinagoudar et al.,
2017).

3.1.5. Thermodynamics parameters and nature of the binding forces
Diversified non-covalent interactions behave as driving forces in

protein-drug interactions. These forces are hydrophobic forces, van der
Waals interactions, electrostatic interactions, and hydrogen bond for-
mation. The forces behaving between a protein and drug molecule can
be defined with the assist of thermodynamic properties such as enthalpy
change (ΔH◦), free energy change (ΔG◦), and entropy change (ΔS◦)
[1,46,33]. When the reports in the literature about ligand–protein in-
teractions are examined, magnitude and sign of the various

Fig. 4. BSA fluorescence emission spectra in the existence of various APR concentrations in three different temperatures. (A) T = 288 K, (B) T = 298 K and (C) T =

308 K. [BSA] = 3.0 µM, [APR] = 0–350 µM (spectra a-g). pH = 7.4 PBS. λex = 280 nm.

Fig. 5. Ultraviolet–visible absorption spectra of BSA without and with
increasing concentrations of APR. Experimental conditions: [BSA] = 20 µM; (a)
50 µM (b) 100 µM (c) 150 µM (d) 200 µM (e) 250 µM (f) 300 µM (g) 350 µM.

Fig. 6. (A) Double logarithmic and (B) Van’t Hoff plots for the APR–BSA interaction at three temperatures 288, 298, and 308 K, as acquired from the data given
in Fig. 4.
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thermodynamic properties relating to the varied kinds of ligand–protein
interactions demonstrates that van der Waals forces and hydrogen
bonding result in negative ΔS0 and ΔH0 values. A hydrophobic inter-
action is coherent with positive ΔS0 and ΔH0 of a system, whereas,
negative ΔH and positive ΔS correspond to electrostatic interactions
[2,37,38]. Therefore, the ΔS, ΔH and ΔG values for APR–BSA interac-
tion were obtained from the van’t Hoff plot (insert of Fig. 4) and Eq. (5)
to confirm the association of intermolecular forces in the binding pro-
cess. All these values are summarized in Table 1. The values of ΔG, ΔS,
and ΔH for APR–BSA interaction were acquired from the van’t Hoff plot
(Fig. 6B) and Eqs. (4) and (5), and are given in Table 1. For APR–BSA
system, the ΔH and the ΔS values are positive, and the ΔG value is
negative at all three temperatures. The negative value of ΔG means that
APR binding to BSA is spontaneous. Additionally, according to the
precepts summarized by Ross and Subramanyam, for drug molecule-
–protein interaction, the calculated positive ΔH and ΔS values of the
interaction between APR and BSA indicated that the binding is princi-
pally entropy-driven, and the enthalpy is endothermic nature for the
system, the hydrophobic forces acting a significant role in the reaction
[16,37].

3.2. Conformational studies

3.2.1. Synchronous fluorescence results of APR-BSA interaction
The synchronous fluorescence spectrophotometric studies were

enforced to acquire knowledge concerning the microenvironmental
changes surrounding protein fluorophores brought on by binding of

drug molecules [49]. Synchronous fluorescence method supplies
knowledge on the molecular environment in the vicinity of the fluo-
rophores of serum albumins. Also, knowledge of changes in the fluo-
rescing aromatic residues can be obtained from the synchronous
fluorescence spectra. This fluorescence method has some superiorities
including spectral facilitation, band width reduction and for this reason
a reducing of the results that interfere in the steady-state method
[42,52,30]. Synchronous fluorescence method comprises the synchro-
nous scanning of excitation and the fluorescence monochromators of a
fluorometer, while keeping a stationary wavelength difference between
them [18]. In this study, synchronous fluorescence spectroscopy was
utilized to ascertain if the alterations that take place in the microenvi-
ronment of Trp or Tyr residuals because of their interaction with APR
are identical or distinct. The fluorescence that occurs simultaneously in
the Tyr and Trp residues offers separate knowledge on the alterations in
polarity that occur surrounding themwhen theΔλ was selected at 15 nm
and 60 nm, respectively. At minor values of Δλ, the synchronous fluo-
rescence of a Tyr/Trp mixture is peculiar of Tyr (15 nm), however at
large Δλ value the spectra is alike to that of Trp (60 nm) [20]. Fig. 7A
and B demonstrates the synchronous spectra of BSA before and after
binding with APR at Δλ = 15 and 60 nm with varying concentrations of
APR (0–350 μM).

It is obvious from Fig. 7 that the fluorescence intensities of both Tyr
and Trp were reduced with increasing concentrations of APR. When Δλ
was 15 nm, the emission maximum of Tyr residues does not represent
considerable shift, which pointed out that interaction of APR with BSA
does not assume the conformation of the Tyr microenvironment [7]. It is

Fig. 7. The synchronous fluorescence signals of 3 μM BSA show a decrease in fluorescence intensities as the concentrations of APR increase. The spectra ’1–8′
demonstrate this trend, with APR concentrations ranging from 0 to 350 μM in 50 μM intervals. The recordings were made using Δλ = 15 nm and 60 nm. Experimental
conditions: the buffer used was PBS with a pH of 7.4, and the temperature was maintained at 298 K.

Fig. 8. 3D fluorescence spectra of (A) 3 μM BSA and (B) 50:1 APR-BSA mixture at 298 K and pH 7.4.
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obvious from Fig. 7B that the emission maxima of Trp residue had blue
shift which states the alteration in conformation of BSA; the polarity
around the Trp residue declines and hydrophobicity rises (Yu et al.,
2011, [3]. The above results hinted that microenvironmental changes
near the Trp residue in BSA were conveyed by the binding ARP to BSA.

3.2.2. Three-dimensional fluorescence results of APR–BSA interaction
Because of the simultaneous monitoring of excitation and emission

wavelength also fluorescence intensity, 3-D fluorescence spectra are
getting attention [4]. So, 3D fluorescence spectroscopy technique is an
important strong technique for investigating conformational alterations
of proteins. The impacts of drug molecules on secondary structure of
BSA and microenvironment of amino acid can be defined by comparing
the relation signals for BSA fluorescence intensity with λex and λem
wavelength before and after drug binding. The results of 3D fluorescence
spectral of BSA and APR–BSA mixture are given in Fig. 8.

The 3D fluorescence spectra of APR and APR–BSA were dissimilar,

which remarked that there were significant interactions between APR
and BSA. The results displayed that there were four emission bands
(marked as Peaks ‘a’, ‘b’, ‘1’ and ‘2’) for BSA solution. Peaks ‘a’ and ‘b’
were the first order (because of λex= λem) and the second order (because
of 2λex = λem) Rayleigh scattering peaks, respectively. Two other strong
peaks, ‘1’ and ‘2’ commonly reflected the fluorescence spectral behav-
iors of the protein’s Trp and Tyr residues [40]. As shown in Fig. 8, the
fluorescence intensity of Peak ‘1′ apparently reduced after the addition
of APR. However, the fluorescence intensity of Peak ‘2’ improved when
APR was added to BSA solution, representing the diameter of macro-
molecule rised [35,47]. These results verified that the existence of APR
transformed the microenvironment around fluorophores of BSA,
consequently promoting the APR–BSA complexation. The findings were
coherent with that obtained from synchronous fluorescence spectra
data.

3.2.2.1. Competitive drug displacement result. There are primary binding

Fig. 9. Competitive displacement of site-specific marker ligands bound to BSA in the presence of increasing APR concentrations as studied by fluorescence intensity
measurements. Plots showing the decrease in the relative FI347 nm of BSA (3 μM) and its complexes (1:1) with (A) IDM and (B) IBU with increasing concentrations of
APR (50–350 μM). Experimental conditions; buffer = PBS 7.4; T = 298 K.

Fig. 10. 2D and 3D interactions of the APR in DS1-2 of BSA (A and B) 3D and 2D interaction demonstration of APR in DS1 (C and D) 3D and 2D interaction
demonstration of APR in DS2.
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sites, known as sites I and II, located in subdomains IIA and IIIA,
respectively, within the hydrophobic cavity of BSA. Site-specific
markers like IDM (for site I) and IBU (for site II) are commonly used
to detect the binding sites of molecules on BSA [23,22]. To determine
the desired APR binding site in BSA, we conducted titrations of the 1:1
IDM–BSA and IBU–BSA complexes with progressively higher levels of
APR. Fig. 9A and B show the titration results of BSA and IDM–BSA /
IBU–BSA complexes as the APR concentrations rise. Investigations of the
variations in fluorescence intensity values between unbound BSA and
BSA bound to the marker suggest a possible competition between two
substances. Our results showed a regular decrease in the fluorescence
signals with rising APR concentrations for BSA and IDM-BSA/IBU-BSA
mixtures. Although, the reduce was considerably higher for IDM–BSA
mixture than pure BSA and IBU–BSA complex, indicated that site II was
detected as the preferably chosen APR binding site on BSA. The mo-
lecular docking analysis provided strong support for our competitive
displacement results, as we will discuss later.

3.2.3. Molecular docking results
In order to approve the experimental knowledge, molecular

modeling studies were performed. Molecular docking is a beneficial
simulation that evaluates the estimation of optimum binding modes and
the showing of possible interactions between target proteins and po-
tential medicinal molecules [12].

In this study, molecular docking was utilized to predict how a ligand

and a protein-bound based on their three-dimensional structures. This
computational technique assigned scores to each interaction, ranking
the ligands according to their docking affinity. For this study, the top-
scoring interactions were analyzed to elucidate the binding mecha-
nisms between APR and the BSA protein. Detailed visual representa-
tions, including 2D and 3D binding patterns, were generated to depict
the bonds and distances involved in these interactions.

In this study, molecular docking was performed on the complexes
formed by BSA and APR. Fig. 10 illustrates the 2D and 3D interactions of
the APR molecule at drug binding site 1 (DS1) and binding site 2 (DS2)
of BSA. According to the molecular docking analysis, APR exhibited a
stronger binding affinity towards DS2 compared to DS1. The APR-BSA
complex at DS1 demonstrated interactions such as van der Waals, con-
ventional hydrogen bonds, alkyl, π-alkyl, and amide-π stacked bonds. In
contrast, DS2 predominantly featured alkyl, π-alkyl, and van der Waals
interactions, as detailed in Table 2. Notably, the chlorine atoms of APR
and the amino acid residues Arg217 (3.23 Å), Lys221 (3.20 Å), and
Tyr149 (2.74 Å) engaged in conventional hydrogen bonding, under-
scoring critical points of interaction that may influence the binding
stability and specificity.

3.2.4. Molecular dynamics simulation results
Molecular dynamics simulations were utilized to analyze the

behavior of proteins and ligands at the atomic level. These simulations,
offering precise temporal resolution, predicted the behavior of each
atom within a protein and its associated ligand over time, based on
established physics models. This approach enabled observations of
whether the interactions between the ligand and protein were stable
within the active pocket. In this study, the dynamics of APR with DS1
and DS2 were monitored over a period of 150 ns, observing the mole-
cule’s stability within these regions. Molecular dynamics simulations
allow for the interpretation of various parameters, such as RMSD, RMSF,
hydrogen bond counts, and PCA data. Molecular dynamics simulation
trajectory analysis is given in Fig. 11. The RMSD analysis indicated that
the complexes in both DS1 and DS2 stabilized at around 0.5 nm, sug-
gesting a robust interaction within the active sites (Fig. 11A). RMSF
analysis revealed that APR’s mobility was lower in DS1 compared to
DS2, indicating greater stability at DS1 (Fig. 11D). This is particularly

Table 2
Interacting bonds and their lengths between BSA (DS1-DS2) and APR.

Binding
sites

Protein-ligan interaction types

H-bond Hydrophobic interactions Van der Waals

DS1 Arg217 (3.23 Å),
Lys221 (3.20 Å),
Tyr149 (2.74 Å),
Ser286 (3.31 Å)

Leu218 (5.08 Å), Ala290
(4.39 Å), Ile289 (4.84 Å),
Leu237 (5.19–4.84–4.63 Å),
His241 (4.43 Å)

Ala260, Leu259,
Arg194-198–256

DS2 – Leu429 (3.61 Å), Leu406
(4.14 Å), Val432(4.75 Å),
Leu452 (5.21–5.11–4.80 Å),
Leu386 (4.17 Å)

Lys413, Ser488,
Tyr410, Arg484,
Phe402, Asn390,
Ile387, Arg409

Fig. 11. The graphical data was obtained from molecular dynamics simulation. (A) RMSD indicated the stability of the ligand in the protein, (B) the similarity of the
2D projections on the eigenvectors indicated the similarity of the motions, (C) the number of H-bonds was an important parameter for the interaction and stability of
the molecule and protein, and (D) RMSF showed how flexible each atom.
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significant as it suggests that despite DS1′s higher dispersion as shown in
PCA data, its interaction with the ligand remains more stable. Hydrogen
bond analysis showed that the number of hydrogen bonds typically
ranged between three to four for DS1 and two to three for DS2, indi-
cating strong interactions within the active sites (Fig. 11C). PCA was
employed to analyze large-scale motions within the protein structure. By
calculating eigenvectors from the covariance matrix of the simulation
and analyzing trajectories along these vectors, dominant motions during
the simulation were identified. Despite DS1′s greater molecular mobility
and flexibility, the lower RMSF values for APR in DS1 indicate a higher
level of stability compared to DS2 (Fig. 11B). Finally, Supporting In-
formation Videos S1 and S2, resulting from the MD simulations, showed
that APR remained stable in both binding sites.

4. Conclusion

In this study, the binding mode, binding sites, binding constants,
significant forces, and structural alterations of BSA in the process of
binding with APR were examined by spectroscopic techniques and
computational investigations. The values of Ka (1.18–1.59 × 103 M− 1)
proposed a weak binding strength between APR and BSA. The acquired
results indicated that the mechanism of fluorescence quenching of BSA
by APR is a combination of both dynamic and static quenching process.
The thermodynamic results revealed that, positive ΔH0 and positive ΔS0

represented that the binding is principally entropy-driven, and the
enthalpy is endothermic nature for the system, the hydrophobic forces
acting a significant role in the reaction. Also, the negative value of ΔG0

means that APR binding to BSA is spontaneous. Changes in the micro-
environment near Tyr and Trp residues of the protein was monitored as a
result of APR binding to BSA. According to the drug displacement and
molecular docking analysis, APR exhibited a stronger binding affinity
towards DS2 compared to DS1.
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