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Abstract

The foremost aim of this thermodynamic study was to evaluate the pharmacokinetics

(PK) and pharmacodynamics (PD) profiles of linagliptin (LG), rabeprazole sodium (RS),

and their 1:1 formed complex by interacting with bovine serum albumin (BSA) at

physiological pH 7.4. The molecular interactions of these ligands with the desired

biomolecule were substantiated by the spectral quelling of fluorescence intensity of

BSA. The fluorescent test and molecular docking revealed that the quenching mech-

anism was a spontaneous and exothermic static process, and the protein gained its

secondary structure due to the interactions. The spectroscopic method was exercised

to determine the thermodynamic factors that supported the interactions mediated by

van der Waals forces and hydrogen bonds. The activation energy of the formed com-

plex was higher than its precursor drugs while interacting with BSA, and the energy

transformation profiles were studied by UV-fluorescence overlaid curves according

to Förster resonance energy transfer (FRET) theory. The double log plot verified that

these ligands bound with protein at a 1:1 ratio, which was confirmed by the approx-

imately estimated values of the binding parameters. The drastically lower value of

the binding constant of the formed complex suggested the lower half-life as well as

its triggered elimination rate from the cardiovascular system, which may be an initial

indicator of the reduced hypoglycemic property of linagliptin. Moreover, the UV–vis

and synchronous fluorescence spectroscopic methods affirmed the conformational

changes of the BSA due to drug-protein complexation and polarity alterations in the

microenvironment of disparate chromophores of the biomolecule.
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1 INTRODUCTION

In living organisms, protein plays a vital role by participating in var-

ious biological processes. Serum albumins (SAs), which account for

50%–65% of the total protein, are the highest soluble and affluent
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protein present in the circulatory system, involved in the binding, and

act as carriers of ligands or responsible for the movement of vari-

ous drugs and biomolecules.1,2 Since most of the administered medi-

cations reversibly interact with serum proteins, they are transported

in the systemic circulation primarily as protein complexes. In this

manner, drug–protein interaction also has immense biological impor-

tance and has been found to play a critical role in pharmacology.3 The

bound drug works as a depot while the free drug contributes to the

desired pharmacological activity. The drug stability and toxicity in the

chemotherapeutic process can also be significantly affected by this

drug–protein interaction. Therefore, the drug–SA interaction model-

ing study is imperative to describe the direct association between the

structure and activity of the drug.4,5

Moreover, many mandatory thermodynamic data or others, struc-

tural characteristics, or basic highlights of small molecules can be

established from the investigation of interactions between drug parti-

cles and protein. Hence insight into these interactions of a new ligand

with protein is a significant step for the drug development process.6

As an in vitro model, bovine serum albumin (BSA) is widely used for

studying drug–protein interaction since its molecular composition is

almost 76% similar to that of human SA.7 Besides, the drug–protein

interaction causes the interference of the binding of other drugs due

to conformational changes or overlap of the binding sites. Thus, this

particular study plays a dominant role in construing the potential

drug–drug interactions.4

The conventional fluorescence spectroscopic method is frequently

used to perform the thermodynamic study between the drugs and

proteins. The technique is applied to measure the fluorescence inten-

sity at the maximum emission wavelength of the protein before and

after the addition of ligands. It is commonly utilized to calculate the

reaction mechanisms, binding parameters, and distances between

energy donor and acceptor molecules, other detailed information

with the thermodynamic factors.8,9 Due to the high sensitivity, this

fluorescence spectroscopy is also a beneficial tool to extrapolate the

drug–drug interaction, primarily considering the predicted half-life of

the formed complex and the precursor molecules.4,9

Linagliptin (LG) is a potent dipeptidyl peptidase-4 inhibitor that

works against diabetic mellitus (type II) by enhanced insulin produc-

tion. It features a nonlinear pharmacokinetics (PK), concentration-

dependent protein binding, limited renal clearance, and no mandatory

dosage adjustment criteria that revealed a particular type of PK/PD

model.10

Rabeprazole sodium (RS), a well-known drug as a proton pump

inhibitor (PPI), blocks the secretion of gastric acid from parietal cells

through the inhibition of H+/K+-ATPase system.11 It is a prodrug, acti-

vated in the acidic pH, prescribed to treat a common disease peptic

ulcer and gastro-oesophageal reflux disorder. About 90% of the drug

is excreted in the urine, basically as thioether carboxylic acid, as well

as its metabolites of glucuronide and mercapturic acid.12 As LG pre-

scribed diabetic patients may take RS, the thermodynamic study of the

developed complex between the two drugs is essential to interpret the

plausible drug–drug interaction.13

This current research’s primary purpose was to analyze the bind-

ings of both drugs and their 1:1 complex (LG-RS) with BSA by molec-

ular docking and fluorescence quenching strategies. By calculating

the Stern–Volmer constants, the binding constants, and the binding

points at three different temperatures at physiological conditions, the

detection and characterization of the binding moods of these two

drugs and LG-RS complex with BSA were investigated. The energy

transfer profile of these ligands with the biomolecule was also estab-

lished by the Förster resonance energy transfer (FRET) theory. Most

importantly, thermodynamic factors such as change of enthalpy (∆H),

entropy (∆S), and free energy (∆G) were calculated to assess the

binding profiles of these ligand–protein complexes. The geometric

coordination of these drugs while binding with protein was studied

to confirm the three-dimensional (3D) interacting profile by utiliz-

ing the molecular docking model. In order to investigate the confor-

mational changes of BSA owing to the interactions, the synchronous

fluorescence and ultraviolet (UV)-vis spectroscopic approaches were

conducted at room temperature through maintaining physiological

conditions.

2 MATERIALS AND METHODS

2.1 Instruments

F-7000 spectrophotometer (Hitachi, Japan) equippedwith 1 cmquartz

cell was utilized for taking the fluorescence spectroscopy of the sam-

ples. Some other analytical tools like a UV–visible spectrophotome-

ter (UV 1800; Shimadzu, Japan), an electric balance (AS 220.R2; Shi-

madzu), a pHmeter (Orion Star A111), a sonicator (UltrasonsMedi. Li),

a thermostaticwater bath (UnitronicOrbital, Spectra, Spain), etc., were

utilized for the analysis.

2.2 Drugs and reagents

From ACI Pharmaceuticals Ltd. (Dhaka, Bangladesh), we accepted LG

(potency: 99.44%) andRS (potency: 96.65%) as gift samples. Potassium

phosphate dibasic (K2HPO4), potassium di-hydrogen orthophosphate

(KH2PO4), phosphoric acid 85%, acetonitrile, methanol, ethanol, etc.,

were of analytical grade and supplied by CARS, University of Dhaka

(Dhaka, Bangladesh). A mother solution of BSA was prepared in phos-

phate buffer at blood pH 7.4.

2.3 Preparation of pH 7.4 buffer solutions

Note that 65 ml of 0.01 M KH2PO4 was added with 235 ml of 0.01 M

K2HPO4 to yield the targeted pH buffer solution. The pH 7.4 was

adjusted by adding two to three drops of concentrated sodium hydrox-

ide. Then the prepared buffer solution was diluted with DM water to

1000ml.13
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2.4 Preparation of 100 ml of 0.1 mM stock
solutions

Note that 47.25mg of LG or 38.24mg of RSwas dissolved inDMwater

to make 0.1 mM mother solution of LG and RS, respectively. The final

volume was adjusted to 100 ml by the same solvent. Then the pre-

pared stock solutions were kept in the sonicator for 10 min to make

proper solutions. The stock solutions were diluted with the freshly

prepared buffer solution to get the desired concentrations during the

experiment.13

2.5 Synthesis and characterizations of the
drug–drug complex

The LG-RS complex was synthesized at a ratio of 1:1 in a water bath at

37±2◦C for24haccording to thedescribedmethodbyHossain et al.13

Then the synthesized complex was characterized by various spectro-

scopic and chromatographic methods.13

2.6 Molecular docking

The widely used software was carried out to establish the best-fitted

model, geometric orientation, molecular rotation, binding affinity,

graphical visualization, and mechanisms of interactions of the drugs

with BSA. The molecular docking was done by utilizing PyRx software

to discover the best-fitted model of the ligands with BSA. The ID

of 3D BSA crystal structure was PDB: 3v03, and that was used for

molecular docking. The designed protein was collected from the

protein data bank (PDB; https://www.rcsb.org/structure/3v03), and

the geometric structures of the ligandswere downloaded from the link

https://pubchem.ncbi.nlm.nih.gov/. The prominent binding sites were

pointed out prior to the docking analysis. Furthermore, the computa-

tional analysis of LG and RS with the protein was examined by using

PyRx, and the analysis of the result was interpreted by running BIOVIA

Discovery Studio 4.5. PyMol was used to remove any unexpected lig-

ands and water molecules from the protein. The energy minimization

through conjugate gradient strategy, a fundamental process to clean

and prepare chemically correct and optimized macromolecule, was

performed to eradicate unwanted residues of the protein by utilizing

Swiss PDB viewer 4.1. Then the cleaned and minimized protein and

SDF form of ligands were imported in PyRx software for docking by

utilizing AutoDock Vina. The energy minimized protein and optimized

drug structures were identified as macromolecule and ligand, respec-

tively, using Vina Wizard. After selecting ligand and macromolecule,

AutoDock Tools (ADT) was run to convert pdb into pdbqt format using

molecular analysis of drug–protein interaction. The computational

docking strategy utilizing the AutoDock Vina protocol anticipated

the potential interactive affinity between the ligand and BSA. The

maximumdocking grid boxwas set as themost probable active binding

sites of the whole biomolecule, where the grid-mapping was fixed as

Vina search space at center X: 64.25, Y: 25.82, Z: 32.74, and dimensions

142.70, 66.12, and 90.28 Å along with X-, Y-, and Z-axis, respectively.

The remaining parameters during the docking analysis were according

to default settings, and the spacing of the grid point was 0.375 Å that

illustrated a simulation environment. After completing docking, the

best docking scores and drug–protein interactions were collected in

an excel sheet. The binding affinity of the drugs to the target molecule,

BSA, was enumerated utilizing binding free energy. A postulation

was fixed as the lower the binding energy values, the higher the

binding affinity of the ligands to the protein. The unit was expressed

as kcal/mole to represent the binding affinity revealed by the negative

docking score. Finally, PyMol 2.3 and BIOVIADiscovery Studio version

4.5 were adopted to visualize and detect the noncovalent interaction

between the drugs and protein.

2.7 Fluorescence quenching

The fluorescence spectra were conducted at three different temper-

atures, 298, 308, and 318 K, maintained by using a circulating water

bath. The aqueous drug concentrations ranged from 1 to 10mM, while

BSA concentrationwas fixed at 0.025% (w/v) BSA solution.Most of the

200–500 nm range of fluorescence emission spectra were reported at

two distinct excitation wavelengths, 280 , and 293 nm.7 In this current

research, the prepared sample was scanned and repeated three times

to record the emission fluorescence spectrum at around 340 nm. The

experimental errorwas less than 1%,which endorsed the reproducibil-

ity of the collected data.

The protein, consisting of tryptophan (Trp), tyrosine (Tyr), and

phenylalanine (Phe), is considered to have intrinsic fluorescence

property. The frequency of its intrinsic fluorescence also varies, either

quenching or de-quenching with the ligands when interacting with

other molecules such as drugs or any kind of ligands.14 When the

residues of the protein interact with any drug or ligand, the intrinsic

fluorescence generally changes with the drug’s variation of concentra-

tions. Consequently, the fluorescence technique is often considered a

useful method to interpret the binding mechanisms of ligands’ inter-

actions with proteins. Quenching of fluorescence intensity reduces

the fluorescence quantum of a fluorophore exhorted by various sorts

of interactions, such as excited state and ground-state molecular

reactions, energy transformation, and collisional quenching.Molecular

interactions of a biomolecule with ligands cause quenching of fluo-

rescence strength of the fluorophore.8 Commonly, the mechanism of

fluorescence quenching can be explained under three classifications: (i)

static quenching, which is occurred due to ground-state complexation

between the quencher and the fluorophore; (ii) dynamic quenching,

which is resulted from the collision between the molecules in the

transition to the excited state; and (iii) combination of the two mech-

anisms, which is caused by both collision and complexation with the

similar quencher.15–17 In general, the dynamic and static quenching

mechanisms can be identified based on the correlation between

the quenching constant and the temperature or the excited state

lifetime.17 In static quenching mechanism, the quenching constant is

reducedwith temperature, whereas the value of quenching constant is

https://www.rcsb.org/structure/3v03
https://pubchem.ncbi.nlm.nih.gov/
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augmented with temperature, which is called dynamic quenching. The

fluorophore and the ligand interact during the exciting lifetime phase

in the energetic quelling process, whereas inert quenching approach

indicates complex formation between the fluorophore andquencher.15

To investigate the interaction property, the fluorescence quenching

data can be established by the Stern–Volmer relationship16:

F0∕F = 1 + kq𝜏0[Q] = 1 + KSV [Q]

where F0 is fluorescence intensity before the quencher is added,

and F is fluorescence intensity after it is reacted. [Q] is associated

with quencher concentrationwith units ofmol/L.Hence, Stern–Volmer

equation can be utilized to find out Ksv values by linear regression of

the plot of F0/F against [Q]. kq is considered as the bimolecular quench-

ing rate constant with units of L mol–1s–1. τ0 is the average lifetime of

the pure SA. The mean fluorescence lifetime value was collected from

the previously published literature, τ0 = 10–8 s.17 By utilizing the aver-

age lifetime, the quenching rate constant is determined by the follow-

ing relationship:

kq =
KSV
𝜏0

Themagnitude of activation energy required for the quenching pro-

cess can be utilized to elucidate the binding mechanism of the ligands

with the protein. In order to determine the apparent activation energy,

the following Arrhenius equation can be used18:

ln kq = − (Ea∕RT) + lnA

Here, kq is known as the quenching rate constant and Ea denotes the

quenching process’s activation energy. R and T are familiar as the gas

constant and absolute temperature, respectively, where A is known as

the preexponential factor.

2.8 Thermodynamic parameters

The thermodynamic process is considered responsible for complex for-

mation. The temperature-dependent thermodynamic parameters are

engaged to further investigate the acting forces of ligandsor drugswith

protein.19 The binding forces acting upon ligand–protein complexation

may be classified as hydrophobic forces, electrostatic interactions, Van

derWaals interactions, and hydrogen bonds.16 To determine the inter-

action forces between the drug and BSA, the thermodynamic param-

eters, which are considered the prerequisites for determining binding

nature, can be calculated from the following van ’t Hoff equation20:

lnKa = −(ΔH∕RT) + (ΔS∕R)

where Ka is the constant at the corresponding temperature equiv-

alent to the Stern–Volmer quenching constants (Ksv). Both enthalpy

change (∆H) and entropy change (∆S) were computed from the slope

and intercept value found from the curve of ln Ksv against 1/T. The fol-

lowing relationship can be used to calculate the appropriate change of

free energy (∆G) during the thermodynamic quenching process:

ΔG = ΔH − TΔS

The negative sign of ∆G can demonstrate the spontaneous inter-

action process. When both enthalpy change and entropy change are

positive, that is, ∆H > 0, ∆S > 0, hydrophobic interaction occurs,

when both of them are negative, that is, ∆H < 0, ∆S < 0, van der

Waals forces and hydrogen bonds are creditworthy for the processes,

when enthalpy change is negative, and entropy change is positive, that

is, ∆H < 0, ∆S > 0, only electrostatic forces are influencing for the

interactions.16

2.9 Binding parameters

The affinity of a ligand to a receptor is one of the imperative indi-

cators for assessing the ligand’s pharmacological activity, which is

dependent upon the binding parameters of the ligand upon interac-

tion with the biomolecule. In the ligands’ adhering process to a set

of active binding sites of protein, the binding constants and the num-

ber of binding sites play a significant role. Generally, the higher the

value of the binding constant dictates the drug’s higher affinity to the

protein. According to the postulation, the fluorescence of BSA was

quenched by these molecules (LG, RS, and their 1:1 formed complex)

in the manner of a dynamic process that can be thought the formation

of a nonfluorescent complexation. In this regard, the binding parame-

ters canbeobtainedbyutilizing the following formuladescribedbyKou

et al.20:

log {(F0 − F) ∕F} = logKb + n log
{
[D]0 − n[P]0 (F0 − F) ∕F

}

where Kb and n describe the constant of binding to a site and the

number of binding per molecule, respectively. [D]0 and [P]0 are the

total concentration of drug (ligand) and protein, respectively. Both

of the parameters (Kb and n) can be computed from the intercept

and slope values of the regression line found from log(F0–F)/F ver-

sus log{[D]0 – n [P]0(F0 – F)/F} plot. It is important to state that the

change of binding affinity was enumerated by applying the following

relationship21,22:

%Change of binding affinity =
logKb2 ∼ logKb1

logKb1
× 100%

Here, Kb1 and Kb2 indicate the binding constants of the pure drug

and drug–drug complex, respectively.

2.10 Energy transfer and binding distance

The transformation of energy occurs when the distance between pro-

tein and ligand remains below 8 nm.22 According to FRET theory, it will

be possible when the emission spectrum of protein overlaps enough to
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the acceptor’s absorption spectrum. The distance between protein and

ligand can be estimated by utilizing the following equations23,24:

E = 1 −
F
F0

=
R6
0

R6
0
+ r6

where E is the efficiency of energy transfer, r is the distance between

protein and ligand, R0 represents the critical distance when it is found

at 50% transfer efficiency and can be determined by the following

equation25:

R6
0
= 8.8 × 10−25k2n−4𝜑J

Here, k2 is known as the orientation factor, and it is supposed to

be 2/3 for this experiment as a random factor. φ and n are supposed to
be the quantumyield of the amino acid residue of the protein sequence

and themedium’s refractive index. J is expressed as the integral overlap

area between the emission of donor and absorption of acceptor spec-

tral curves, whichmight be calculated by the following formula26:

J =

∞

∫
0
F(𝜆) ∈ (𝜆)𝜆4d𝜆

∞

∫
0
F(𝜆)d𝜆

where ϵ(λ) and F(λ) are known as the molar absorption coefficient

of the acceptor and fluorescence intensity of BSA of the donor on the

wavelength λ, respectively.

2.11 Conformational changes of BSA

Although the binding of the ligands with the BSA was affirmed by the

molecular docking and change of intrinsic fluorescence intensity or

quenching approaches, it is still a question about whether the inter-

actions affected the molecular structure and microenvironment of the

biomolecule. Therefore, theUV–vis absorptions and synchronous fluo-

rescence spectroscopic analyses were further investigated for the pro-

tein’s conformational changes.14

UV–vis spectra measurements: The UV–vis spectra of the pure BSA

and LG were recorded by utilizing UV-1800 Spectrophotometer (Shi-

madzu) equipped with a 10 mm quartz cell. The wavelength range was

220–400 nm, and the sample medium was simulated with the physio-

logical condition at pH 7.4.

Synchronous fluorescence spectroscopy: The synchronous fluores-

cence spectra were collected from an F-7000 spectrophotometer

(Hitachi) equipped with a 10 mm quartz cell at physiological pH 7.4.

The BSA solution concentrationwas steady at 10 μM, where the ligand

concentrations varied from5 to 100 μM. The difference between emis-

sion and excitationwavelengths (Δλ= λem – λex) was set fixed at 60 and
15 nm during the scanning process to observe the spectral property of

Trp and Tyr, respectively.17 The temperature was controlled at 300 K

for both amino acid residues characterization by synchronous fluores-

cence spectroscopy.

2.12 Data analysis and software

PyRx, PyMol 2.3, Swiss PDB viewer 4.1, and Discovery Studio 4.5 were

utilized for molecular docking of the ligand-biomolecule interactions.

Microsoft Excel (MS Excel, 2010) was used for data processing and

analysis.

3 RESULTS AND DISCUSSIONS

3.1 Molecular docking

The fluorescence spectroscopic andmolecular docking approaches are

widely used to establish useful thermodynamic data and the ligand-

protein interactive mechanisms. Trp fluorescence examines the multi-

functional binding characteristics of BSA with any ligand or drug while

interactive molecular configurations can be designed by the molecu-

lar modeling study. Trp has two interacting residues in BSA: Trp-134

in domain I and Trp-212 in domain II.27 The energy minimization of

the SA protein was done by utilizing PyMol and Swiss PDB viewer 4.1.

The docking between the drugs and the protein was run by AutoDock

Vina in PyRx software. The combined file obtained from PyMol was

analyzed for both 2D and 3D structures by using Discovery Studio 4.5.

The screening strategy and scoring functionwere applied to get the top

docking score during the computational modeling study. The highest

negative docking scores for the LG-BSA complex and RS-BSA complex

were –9.5 and –7.9 kcal/mol, respectively, tabulated in Table 1, which

revealed the highest binding affinity of the ligands toward the pro-

tein. Thebest-fitteddockingmodel and thegeometric orientationof LG

and RS with BSA are shown in Figures 1 and 2, respectively. The simu-

lated docking designs illustrated the preferred binding site and more

favorable hydrophobic pockets of BSA during complexation. The ligand

was surrounded and bonded with many amino acid residues through

mainly hydrophobic interactions. A clear view from Figure 1b and c

was sketched from LG-BSA interaction that the ligand was surrounded

in chain B by Arg 458 (4.43, 4.53, and 3.87A◦), Ala 193 (4.45, 5.29,

and 4.74A◦), Leu 189 (4.23 and 5.34A◦), Asp 108 (3.53A◦), Pro 110

(4.81A◦), and Ile 455 (5.22A◦) through various interactions like elec-

trostatic and hydrophobic interactions. The 3D structures of LG were

interacted with the protein in Figure 1d–f and showed the aromatic

(edge vs. face), hydrogen bond (donor vs. acceptor), and hydrophobic

(positive vs. negative) side pockets of the target molecules. Similarly,

the dockingmodels of RSwith BSAwere delineated in Figure 2a–fwith

3D, 2D, aromatic, hydrogen bond, and hydrophobic interactions, where

the drug was surrounded by Val 215 and 481, Leu 326 and 346, Lys

211,Ala 212,Arg208, andGlu353via hydrogenbondandhydrophobic

interactions (Table 1).

3.2 Fluorescence quenching mechanism

Some amino acids (Trp, Tyr, Phe) located in the peptide chain play the

major contributions to the fluorescence of the protein.14 Trp residue
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TABLE 1 Noncovalent interactions of linagliptin (LG) and rabeprazole sodium (RS) with bovine serum albumin (PDB ID: 3v03)

Drug

Code Structure (3D)

Binding

affinity

(kcal/mol)

Hydrogen bond

(AA. . .Ligand)

Hydrophobic interaction

(AA. . .Ligand)

Electrostatic

interaction

(AA. . .Ligand)

LG –9.5 ASP108 (3.53)

Carbon-hydrogen bond

ARG458 (4.53)

Pi-Cation

PRO110 (4.81) Alkyl ARG458 (3.87)

Pi-Cation
LEU189 (4.23) Alkyl

LEU189 (5.34) Alkyl

ILE455 (5.22) Pi-Alkyl

ALA193 (4.45) Alkyl

ALA193 (5.29) Pi-Alkyl

ALA193 (4.74) Pi-Alkyl

ARG458 (4.43) Pi-Alkyl

RS –7.9 GLU353 (2.26)

C-O. . .H-N

ARG (2.24)

O-H. . .O= S

VAL215 (5.13) Pi-Alkyl

VAL481 (4.82) Alkyl

LYS211 (4.46) Amide

Pi-Stacked

ALA212 (3.72) Pi-sigma

ALA212 (3.80) Pi-sigma

ALA212 (3.63) Alkyl

LEU326 (5.48) Pi-Alkyl

LEU346 (4.14) Alkyl

Abbreviations: AA, amino acid; ALA, alanine; ARG, arginine; ASP, asparate; GLU, glutamate; LEU, leucine; LG, linagliptin; Lys, Lysine; PRO, proline; RS, rabepra-

zole sodium; VAL, valine.

displays the principal role at the maximum excitation (λex = 285 nm)

and emission wavelengths (λem = 350 nm). Tyr also plays 1% of the rel-

ative intensity of Trp at the 275 nm excitation and 303 nm emission

wavelengths, while Phe contributes the lowest fluorescence intensity

of the protein.28 Trp residue showed themaximum contribution due to

itsmaximumexcitation, andemissionwavelengths are analogous to the

excitation and emission wavelengths (λex = 285 nm, and λem = 355 nm,

respectively) of BSA.28

In order to ascertain the participation of both Trp and Tyr residues

during the interactions of serum protein with these ligands, we

conducted fluorescence spectroscopic analyses at the excitationwave-

lengths at 280 and 293 nm to sort out different quenching patterns.

The quenching of BSA fluorescence intensity at bothwavelengths indi-

cated that theTyr residue alongwithTrp residue contributed toquench

the fluorescence intensity of the protein, which was endorsed by the

distinct quenching characteristics of the biomolecule due to the inter-

actions of two different amino acid residues (Figure 3). The transfer

of fluorophores from high to low polarity environments usually causes

spectral shifts (10–20nm) in the spectrumof excitation and emission of

the drugs as the intrinsic fluorescence emissions are environmentally

sensitive.29,30 It was obvious that the fluorescence of BSA protein was

quenched after adding the ligands with the protein solutions, which

was the outcome of a static ligand–protein complex formation. BSA

fluorescence quenching spectra with different concentrations of LG,

RS, and their 1:1 complex were measured under physiological condi-

tions. A wide band centered at around 340 nmwas found by observing

the spectral curves, as shown in Figure 3. It was clearly viewed that the

presence of individual drug alone or complex of drugs leads to a regular

quenching in fluorescence intensitywith an insignificant hypsochromic

shift by 344 nm→ 341 nm for the LG-BSA system (Figure 3a), 339 nm

→ 335 nm for RS-BSA system (Figure 3d), and 336 nm→ 333 nm for

(LG-RS)-BSA (Figure 3g) system in the maximum emission wavelength.

The Stern-Volmer plots for quenching BSA fluorescence by LG, RS,

and their 1:1 complex at different temperatures were shown in the

inset of Figure 3a–i. The corresponding Stern–Volmer quenching

constants (Ksv) and quenching rate constants (kq) are listed in Table 2.

The findings prognosticated that these drugs or their complex were

likely to quench BSA fluorescence as a static quenching mechanism

because Ksv values shortened with rising temperatures. Moreover,

the enumerated kq values were less than the maximum quenching

constant for a diffusion-controlled quenching process (2 × 1010 L/mol

s), which endorsed the interpreted static quenching mechanism.

The present interpretation is likely to the reports of the previous

studies.23,27

3.3 Analysis of thermodynamic parameters

The primary aim of the thermodynamic research was to establish the

interaction mechanism of the ligand with the protein and identify the

force responsible for the interaction. The thermodynamic factors are

the crucial tools to elucidate the bindingmood of the drug-biomolecule

interaction. The thermodynamic parameters clearly endorse the forces

liable for the interaction of the ligand with the protein. The van ’t Hoff
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F IGURE 1 Molecular dockingmodel of bovine serum albumin with (a) linagliptin which showed the best fitted geometric orientation of the
ligandwith protein. (b and c) 3D and 2D dockingmodels of linagliptin with BSA, respectively. (d–f) The aromatic, hydrogen bond, and hydrophobic
interactions across multiple side pockets of the protein, respectively. The various types of bonding were shown during interactions with their bond
lengths. The SDF 3D conformer of the drug and PDB format of BSA (PDB: 3v03) were downloaded from PubChem and protein data bank,
respectively. The ligandwas dockedwith the protein by utilizing a set of extensive software like PyRx, PyMol 2.3, and Discovery Studio 4.5 to study
the best-fittedmolecular orientation of LGwith BSA. AutoDock Tools (ADT) and Swiss PDB viewer 4.1 were used to convert pdb into pdbqt format
and tominimize the energy

plot was constructed from ln kq versus 1/T, which is displayed in Fig-

ure 4a. From the slope and intercept of the regression line, the thermo-

dynamic parameters were calculated at three different temperatures,

298, 308, and 318 K. Finally, all the estimated thermodynamic factors

(∆H,∆S, and∆G) are enlisted in the Table 3.

From the Arrhenius plot (Figure 4b), the activation energy of the

quenching mechanism was calculated from the slope of the straight

line, and the values of the different systems are presented in Table 3.

It was noticed that the activation energy of their 1:1 complexwith BSA

was less than the activation energy values of their individual interac-

tions. The different activation energy of the formed complex indicated

the distinct binding affinity to the protein.

The interaction process was spontaneous, which was confirmed by

the negative sign of∆G (Table 3). The positive∆H and∆S values alluded

that the bindings of LG, RS, and their 1:1 formed complex with BSA

weremainly van derWaals forces driven, where hydrogen bond played

a major role in the reaction.26 Such bindings were exothermic reac-

tions due to the negative change in enthalpy associated with the tem-

perature increase in Ksv values.14 From the thermodynamic viewpoint,

all the calculated parameters showed one thing obviously that these

pure drugs or their formed complex bound with the protein strongly

and showed quenching property regularly with increasing concentra-

tions of the ligands. In physiological or slightly basic pH, the nonpolar

alkyl group and the tertiary ammonium group (-NH) of the indole ring
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F IGURE 2 Molecular dockingmodel of bovine serum albumin with (a) rabeprazole, which showed the best fitted geometric orientation of the
ligandwith protein. (b and c) 3D and 2D dockingmodels of rabeprazole with BSA, respectively. (d–f) The aromatic, hydrogen bond, and
hydrophobic interactions across multiple side pockets of the protein, respectively. The various types of bonding were shown during interactions
with their bond lengths

of the Trp residue interacted with the ligands via der Waals forces, or

hydrogen bonding, which endorsed the findings from the docking anal-

ysis. However, the strong binding effectswith the highest affinity of the

drugs or their complex with the Trp residue mainly caused the fluores-

cence quenching of BSA.28

3.4 Analysis of binding parameters

The pharmacological activity of a therapeutic target has an out-

right correlation with its binding characteristics to the target macro-

molecule. The ligand-protein interaction acts as a simulated model to

delineate the overall cascade of the chemotherapeutic process. The

binding energy or strength represented by the binding constant (Kb)

is a prerequisite parameter to interpret the bioavailability in the cir-

culatory system and the time required to reach the target sites of the

drug.14 A plot of log(F0 – F)/F versus log{[D]0 - n[P]0(F0 – F)/F} (Fig-

ure 5) was constructed, and the binding constants (Kb) and the number

of binding sites (n) were calculated from its slope and intercept value

for each system, and these binding parameters are listed in Table 4. The

tabular values signified an increase in the binding constant with the

increase in temperature (except the BSA-RS system), but the n values

were found close to one and remained almost constant. These results

indicated the interacting mole ratio of these systems, and it was con-

firmed 1:1 from n values. From this result, it can be concluded that one

mole of drug interacted with eachmole of protein.
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F IGURE 3 Fluorescence emission spectra of bovine serum albumin in the presence of various concentrations of linagliptin (a-c), rabeprazole
sodium (d-f), and their 1:1 complex (g-i) (T= 298, 308, and 318 K, respectively, for each ligand, at 280 nm excitation wavelength). (j–l) The
fluorescence emission spectra of bovine serum albumin in the presence of various concentrations of linagliptin (j), rabeprazole sodium (k), and their
1:1 complex (l) at 293 nm excitation wavelength at room temperature. The curves 1–11 indicate the concentrations of 0, 1, 2, 3, 4, 5, 6, 7, 8, 9, and
10mM, respectively. The concentration of bovine serum albumin was fixed at 0.025% for each fluorescence scanning. The plots contain
fluorescence intensity in the Y-axis, and wavelength (nm) in the X-axis. The fluorescence intensity of themacromolecule was quenching during the
rising concentrations of the ligands in a regular trend. The emission spectra were scanned in the range of 200–500 nm at 280 and 293 nm
excitation wavelengths. The interactionmedia wasmaintained at physiological pH 7.4 by phosphate buffer. The inset a–i bears BSA quenching



489 Analytical Science Advances
Full Article
doi.org/10.1002/ansa.202000153

TABLE 2 Stern–Volmer quenching constants of the linagliptin-bovine serum albumin, rabeprazole sodium-bovine serum albumin, and 1:1
drug-drug complex-bovine serum albumin systems at three different temperatures (pH 7.4)

System T (K) 1/T (K–1) Ksv (L/mol)

kq (×1010

L⋅mole–1⋅s–1) r2

LG-BSA 298 0.0033 57.8 0.578 0.9967

308 0.0032 44.5 0.445 0.9967

318 0.0031 30.8 0.308 0.9964

RS-BSA 298 0.0033 37.8 0.378 0.9853

308 0.0032 36.2 0.362 0.9977

318 0.0031 25.2 0.252 0.9949

(LG-RS)-BSA 298 0.0033 16.2 0.162 0.9989

308 0.0032 9.62 0.096 0.9962

318 0.0031 6.32 0.063 0.9995

Abbreviations: BSA, bovine serum albumin; LG, linagliptin; RS, rabeprazole sodium.

Note: The Stern–Volmer quenching constants (Ksv) and quenching rate constants (kq) were calculated by applying the Stern–Volmer equation. The value of

Ksv was found from the slope obtained from the linear regression line of F0/F versus quencher concentrations, and kq was estimated from the ratio of Stern–

Volmer quenching constants and average lifetime of macromolecule (Ksv/τ0).

3.5 Effect of drug–drug complexation on protein
binding

The appearance of one ligand during the binding process of another

ligand with protein has a significant effect on the binding mode and

affinity of the drug to the protein. The presence of one drug or ion

may alter the binding strength or affinity of the other drug with the

macromolecule.21,22 The binding affinity and binding mode of the lig-

and are highly temperature dependent. The effects of drug–drug com-

plexation on binding constant and binding affinity were also observed

from Table 4.

The binding affinity of RS decreased theoretically by 379, 71.60,

and 99.75% at 298, 308, and 318 K temperatures, respectively, due to

complexation with LG. On the other hand, the binding affinity of LG

decreased significantly by 313, 70.60, and 99.90% at the three afore-

mentioned temperatures, respectively, due to the interaction with RS.

Stern–Volmer plots with increased concentrations of linagliptin (a-c), rabeprazole sodium (d-f), and their 1:1 formed complex (g-i) at 298, 308, and
318 K temperatures. The curves were plotted by inputting data of F0/F in the Y-axis and the quencher concentrations (1–10mM) in the X-axis.
From the slope value of the regression line, the Stern–Volmer constant was computed. The quenching rate constant (kq) was extrapolated from Ksv
divided by the average lifetime of the protein (LG, linagliptin; RS, rabeprazole sodium)

F IGURE 4 Arrhenius plot (a) and van ’t Hoff plot (b) for the interaction of bovine serum albumin with linagliptin, rabeprazole sodium, and their
1:1 complex at pH 7.4. According to the Arrhenius equation, the activation energy, Ea was computed by using the slope of (a) [Ea= (–RT)× slope]
plotted by imputing ln kq in the Y-axis and 1/T in the X-axis. The slope of (b) was utilized to calculate the difference of enthalpy from the van ’t Hoff
equation [∆H= (–RT)× slope], and the intercept value was utilized tomeasure the entropy change [∆S= R× intercept] (LG,= linagliptin;
RS, rabeprazole sodium)
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TABLE 3 Thermodynamic parameters of linagliptin-bovine serum albumin, rabeprazole sodium-bovine serum albumin, and 1:1 drug–drug
complex-bovine serum albumin systems at three different temperatures (pH 7.4)

System T (K) 1/T (K–1) r2 Ea (kJ/mol) ∆H (kJ/mol) ∆S (J/mol/K) ∆G (kJ/mol)

LG-BSA 298 0.0033 –26.15 –26.15 –52.44 –10.52

308 0.0032 0.9906 –26.15 –26.15 –52.44 –9.99

318 0.0031 –26.15 –26.15 –52.44 –9.47

RS-BSA 298 0.0033 –16.84 –16.84 –24.96 –9.40

308 0.0032 0.8290 –16.84 –16.84 –24.96 –9.15

318 0.0031 –16.84 –16.84 –24.96 –8.90

(LG+RS)-BSA 298 0.0033 –39.28 –39.28 –106.06 –7.67

308 0.0032 0.9961 –39.28 –39.28 –106.06 –6.61

318 0.0031 –39.28 –39.28 –106.06 –5.55

Abbreviations: BSA, bovine serum albumin; LG, linagliptin; RS, rabeprazole sodium.

Note: The listed thermodynamic factors like change of enthalpy (∆H) and entropy (∆S) were unique in all three temperatures. Both parameters (∆H and

∆S) were calculated from the slope and intercept obtained from the linear regression line (ln Ka vs. 1/T) plotted by utilizing the van ’t Hoff equation. The

temperature-dependent parameter, free energy change (∆G), was interpolated by utilizing the obtained thermodynamic parameters (∆H and ∆S) at three
different temperatures. The value of ∆G for all the systems was varied due to temperature variation. According to the Arrhenius equation, the activation

energy (Ea) was calculated from plotted the regression line (ln kq vs. 1/T). The activation energywas constant despite the temperature rising. The observed Ea
value of the drug–drug complex was found higher than themother compounds.

F IGURE 5 Double-log plots for binding constant and binding points for (a) linagliptin-bovine serum albumin, (b) rabeprazole sodium-bovine
serum albumin, and (c) linagliptin-rabeprazole sodium-bovine serum albumin systems at 298, 308, and 318 K temperatures. Log (F0 – F)/F and
log{[D]0 – n [P]0(F0 – F)/F} were expressed in the Y- and X-axes, respectively. From the slope value, the number of the binding sites (n) and the
antilogarithm values of intercept indicated the binding constant of the ligand

In addition, it was also investigated that the binding constants of both

ligands at the three temperatures decreased drastically. This might be

occurred due to the structural modification of the ligands while inter-

acting between themselves or the significant conformational changes

of the macromolecule during the binding process. The lower bind-

ing constant of the formed complex indicated the lower protein bind-

ing capacity. It can trigger its higher elimination rate, which can be

considered as an indicator of a shorter half-life or lower bioavailabil-

ity than the parent compound LG. The lower protein binding affinity

of the formed complex may construe lower potency and significantly

lower the hypoglycemic effect of LG. This hypothetical interpretation

of the fluorescence spectroscopic study was validated through in vivo

research conducted by Hossain et al.13

3.6 Energy transfer profile

FRET mechanism demonstrates how the energy transmits from donor

to acceptor. The overlaid emission curves of BSA with the absorption

spectra of LG, RS, and their formed complexwere displayed in Figure 6.

The curve overlaid by the absorption spectrum and fluorescence

spectrum dictated the proof of a higher probability of energy trans-

formation between the biomolecule and the ligands. In this study, the

theoretical values k2 = 2/3, n= 1.34, andФ= 0.15were collected from

previously published concepts,23,30 and the calculated areas from the

curves of Figure 6 are listed in Table 5. The calculated average dis-

tances of these ligands from protein were observed below 7 nm, which

indicated that the energy transfer occurred with a high possibility
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F IGURE 6 Overlap spectra of bovine serum albuminwith (a) linagliptin, (b) rabeprazole sodium, and (c) their 1:1 formed complex. The enclosed
area was formed between (A) bovine serum albumin fluorescence and (B) UV absorption spectra. The primary and secondary Y-axes were
expressed as fluorescence intensity and UV absorbance, respectively, while the X-axis was denoted by the wavelength (nm). The energy
transformation from the donor to the ligand can be confirmed by the sufficient overlap between the two curves. The curves of the fluorescence
spectrum of the bovine serum albumin and absorption spectrum of the ligand overlaid that indicated the higher possibility of the existence of
energy transfer between donor and acceptor molecules

TABLE 4 Binding constant and number of binding sites of
linagliptin-bovine serum albumin, rabeprazole sodium-bovine serum
albumin, and 1:1 drug–drug complex-bovine serum albumin systems at
different temperatures

System pH T (K) r2 Kb (L/mol) logKb n

LG-BSA 7.4 298 0.9237 2.65 0.424 ˜1.0

308 0.9210 2.05 0.313 ˜1.0

318 0.9109 3.41 0.533 ˜1.0

RS-BSA 7.4 298 0.8709 2.11 0.325 ˜1.0

308 0.9109 2.10 0.324 ˜1.0

318 0.8924 1.58 0.201 ˜1.0

(LG-RS)-BSA 7.4 298 0.890 0.12 –0.905 ˜1.0

308 0.915 1.23 0.092 ˜1.0

318 0.901 1.00 0.0005 ˜1.0

Abbreviations: BSA, bovine serum albumin; LG, linagliptin; RS, rabeprazole

sodium

Note: The binding parameters (Kb = binding constant and n = number of

binding sites) were obtained from the linear relationship between log{(F0 –
F)/F} and log{[D]0 – n[P]0(F0 – F)/F} for all systems at three different temper-

atures at pH7.4. The binding constants (Kb) for the drug–drug complexwith

BSAwere found smaller than the parent compounds. The number of binding

sites (n) was almost steady and approximately one.

fromBSA to drugmolecules or their formed complex.8 As temperature

variation has not outright correlation on the nonradioactive energy

transformation,9 this study established the energy transfer profile

at one temperature (298 K). Moreover, it is vital to note here that

the calculated distance between the protein and ligand (r) was larger

than the value of critical distance (R0) located at 50% energy transfer

efficiency, which indicated the fluorescence quenching mechanism of

the biomoleculewas an obvious static processmediated by these three

TABLE 5 Parameters related to energy transfer of bovine serum
albumin with linagliptin, rabeprazole sodium, and their 1:1 complex at
room temperature

Ligand E (%) J (×10–18 cm3 Lmol–1) R0 (nm) r (nm)

LG 14.53 4.737 0.71 0.95

RS 27.46 3.981 0.69 0.81

LG-RS 27.81 4.99 0.72 0.84

Abbreviations: BSA, bovine serum albumin; E, efficiency of energy transfer;

LG, linagliptin; RS, rabeprazole sodium.

Note: r represents the distance between protein and ligand, and R0 repre-
sents the critical distance found at 50% transfer efficiency. According to the

Förster theory, the distance between ligand and protein was tabulated pre-

cisely. For all the systems, the observed values of distance were<8 nm.

ligands.23 This interpretation is consistent and further supporting

proof of the findings of this current study.

3.7 Analysis of conformational changes of BSA

Analysis of UV–vis spectra: UV–vis absorption spectroscopy, a very

useful and simple strategy, can be easily applicable to study the

complex formation of a protein with a small molecule and inves-

tigate the anatomical modifications of the complex structure.14,15

The characteristics UV absorption peak of BSA often changes due

to the interactions of ligand, and this property is utilized to analyze

the structural conformation of the protein. In this experiment, the UV–

vis absorption spectra of the fixed concentrated BSA, in the absence

and presence of LG (concentrations were varied from 5 to 100 μM),

were recorded at physiological pH 7.4 buffer solution, and the spec-

tra were exhibited in Figure 7. The serum protein showed a strong

absorption peak around 279 nm due to the presence of a particular
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F IGURE 7 Effect of linagliptin on UV–vis absorption spectra of
bovine serum albumin. CBSA = 10 μM that was fixed, and curves 1–9
indicated the UV–vis absorption spectra BSA upon addition of
linagliptin (0, 5, 10, 20, 30, 40, 60, 80, 100 μM)

functional group (phenyl group) of some aromatic amino acids (Trp,

Tyr, and Phe) because the peak appeared from the π–π* electronic
transitions. However, with gradual addition upon the ligand, the peak

started to shift at a higher wavelength (red-shift or bathochromic

effect), and the peaks intensified by increasing the concentrations of

the ligand, which probably indicated a complex formation between the

protein and ligand. Moreover, the complexation between the ligand

and protein (LG–BSA) resulted in a shift of 279–293 nm of the band

of the spectra (Figure 7) and indicated such interaction of the ligand

with the serum protein that lead to the loosening and unfolding of the

protein. Consequently, the hydrophobicity of themicroenvironment of

the biomolecule was decreased.15,31 Finally, this result revealed that

the fluorescence quenching of the serum protein was mainly occurred

due to the complex formation of the ligand.

3.7.1 Analysis of synchronous fluorescence spectra

Synchronous fluorescence spectrometry, first introduced by Lloyd,9

has several merits like better selectivity, higher sensitivity, and lesser

interference compared to conventional fluorescence spectroscopy.

Besides, this technique shows spectral simplicity, spectral band-

width reduction, and avoiding different perturbing effects, and can

also be applied for the simultaneous determination of compounds

in a multicomponent mixture. The method is very useful and sim-

ply applicable to investigate the microenvironment of various amino

acid residues by estimating the maximum emission wavelength (λem)
shift.9,15 This approach is used to probe the conformational changes

of BSA because of its several fundamental characteristic information

of polarity alterations in the vicinity of the disparate chromophore

molecules. If the interval between emission and excitation wavelength

(Δλ) is 60 nm, the synchronous fluorescence spectra will character-

ize the Trp residues of the protein. On the other side, if the Δλ is

15 nm, the spectra will provide the characteristic information of Tyr

residues.17

Synchronous fluorescence spectra for BSA in the absence and pres-

ence of LG at various concentrations (5, 10, 20, 30, 40, 60, 80, 100 μM)

were displayed atΔλ=60and15nm inFigure 8. From the synchronous

spectral analysis of Figure 8, it was affirmed that the emission inten-

sity of both residues (Tyr and Trp)was successively decreased upon the

addition of the drug. It was stated that there was a slight blue shift

(278–273 nm) for the Tyr residues (Figure 8a), which indicated the

structural changes of Tyr was occurred by a more hydrophobic envi-

ronment with decreased polarity. In contrast, a notable red-shift of Trp

residues was observed (Figure 8b) in maximum emission wavelength,

which implied a less hydrophobicmicroenvironmentwas available dur-

ing the interaction between the BSA and the drug, and the augmenta-

tion of the stretching extent of the peptide chain.15 In addition, itmight

be concluded that the quenching band of the protein during interac-

tion with the drug was more obvious and regular at Δλ 15 nm than Δλ

F IGURE 8 Synchronous fluorescence spectra of BSA solutions (CBSA = 10 μM, T= 300 K, pH 7.4). Curves 1–9 indicated the spectra where
the concentrations of linagliptin were 0, 5, 10, 20, 30, 40, 60, 80, and 100 μM, respectively. (a)Δλ= 15 nm and (b)Δλ= 60 nm
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60 nm, which demonstrated that the ligand was more adjacent to the

Tyr residues than the Trp residues.

4 CONCLUSIONS

This research provided detailed information on the binding mode and

binding affinity of LG, RS, and their 1:1 formed complex with BSA.

The interaction mechanisms of these ligands with the serum protein

were explored by fluorescence quenching, synchronous fluorescence,

UV–vis spectroscopy, FRET theory, andmolecular docking approaches.

These methods concluded that the bindings of these drugs or their 1:1

complex with BSA were absolutely exothermic static reactions. The

thermodynamic factors indicated the interactions were spontaneous

processes where van der Waals forces and hydrogen bond played a

crucial role in the interactions. The binding parameters indicated one

mole of drug interacted with one mole of BSA where the binding con-

stant revealed the shorter half-life of the drug complex as well as

the primary assumption of decreased hypoglycemic effect of LG due

to complexation with RS. The molecular modifications of the BSA by

these drugs were experimented with, and the geometric orientations

of these ligands in the core part of the protein were also established by

molecular docking. TheUV–vis and synchronous fluorescence spectro-

scopic techniques demonstrated that the conformational changes of

theBSAwereoccurreddue to the ligand–protein complexation and the

polarity variations in the vicinity of the disparate chromophores of the

biomolecule. Numerically, the activation energy of their 1:1 complex

with BSAwas higher than the activation energy values of their individ-

ual interactions, and the FRET theory confirmed that the energy trans-

formationhasoccurred fromTrp residueofBSA to the ligandswithhigh

probability.
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