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ABSTRACT ARTICLE HISTORY
Coumarin and their derivatives, such as biscoumarins, which are Received 26 December 2023
found as active ingredients in a variety of drugs, possess a wide Accepted 13 April 2024
range of biological activities. In this paper, the inhibitory effects of
biscoumarin derivatives B1 and B2 on monoamine oxidase (MAO)
enzyme activity were studied. Their binding mechanism to bovine
serum hemoglobin (BHb) and bovine serum albumin (BSA) was
investigated using molecular docking and multi-spectroscopic meth-
ods such as absorption, fluorescence, and synchronized fluorescence
spectroscopy. The fluorescence quenching processes were analyzed
using the Stern-Volmer, Lineweaver-Burk, and Hill methods. In this
regard, Stern-Volmer quenching constants (K,), Lineweaver-Burk
constants (Kig), and binding constants (K,) were calculated at three
temperatures (298, 310 and 322K). The fluorescence studies showed
that the binding of biscoumarins to BHb or BSA was a driven by
static quenching. The K, values of B2 to BHb and BSA (2179.11 and
18453.98 x 10° M) was larger than B1 at corresponding tempera-
ture (62.75 and 599.90 x10° M for BHb and BSA, respectively),
which indicates that the affinity of B2 toward the proteins were
higher than that of B1. Moreover, thermodynamic parameters
explained that hydrogen bonds were the main binding force stabiliz-
ing the protein-ligand complexes. Additionally, molecular docking
studies have revealed binding energies, ligand efficiency values, and
interactions with amino acid residues of proteins. The results of
these investigations may be helpful in analyzing drug-protein bind-
ing of biscoumarins for potential future applications.
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Introduction

Compared to inorganic and/or synthetic molecules, natural products from herbal sour-
ces with high biocompatibility and low toxicity are important in the discovery of novel
drug molecules (Osbourn and Lanzottia 2009). The laboratory derivatization of natural
products can potentially enhance their pharmacological activities and contribute to the
development of new therapeutic agents. Secondary metabolites of plants and their
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derivatives are important and rich sources for the discovery of new drug candidates (Li
and Vederas 2009). In the last 30years, half of new chemical formations are drugs
derived from natural products, particularly secondary metabolites, which make up more
than a quarter of the currently available drugs (Yeshi et al. 2022; Crane and Gademann
2016).

Coumarins are secondary plant metabolites, and they have been found to be present
in natural structures such as fungi, bacteria and stems, fruits, and flowers of vascular
plants (Lyndem et al. 2023). Coumarins are divided into four main classes: simple cou-
marins, furanocoumarins, pyranocoumarins, and coumarins with substitutions in the
pyrone ring (Murray, Mendez, and Brown 1982). Biscoumarins, which belong to the lat-
ter class, are chemical structures formed as a result of the dimerization of 4-hydroxy-
coumarin through a bridge. Coumarins have been discovered to have various
pharmacological properties such as anti-coagulant, anti-neurodegenerative, anti-bacter-
ial, anti-oxidant, anti-diabetic, anti-depression and anti-cancer (Hudacova” et al. 2021).
They carry out some of these pharmacological effects as enzyme inhibitors. Their inhibi-
tory activities on enzymes such as glutathione-S-transferase, acetylcholinesterase, car-
bonic anhydrase, lipoxygenase, cyclooxygenase 2, alkaline phosphatase, monoamine
oxidase, DNA polymerase f-lyase, a-glucosidase have been reported in the literature
(Muratovic et al. 2013; Orhan 2018). It is also known that biscoumarins have anticoagu-
lant, antiviral, antiHIV, anti-pyretic, antimicrobial, anticancer, antithrombotic, antioxi-
dant activities and possess inhibitory effects on K-562 proliferation, urease, and
glucosidase enzymatic activity (Faisal et al. 2017).

Coumarin derivatives are important sources for the discovery of new, selective, and
reversible monoamine oxidase (MAQO) inhibitors. MAOs are flavoenzymes containing
flavin-adenine-dinucleotide as a prosthetic group in the outer membrane of the mito-
chondria and catalyze the oxidation of neurotransmitters, which contain the amine
functional group (Edmondson and Binda 2018; Ramsay and Albreht 2018). Depending
on their substrate selectivity and inhibitor differences MAOs are classified into two iso-
enzymes, MAO-A and MAO-B. The substrates of MAO-A are serotonin and norepin-
ephrine, while 2-phenylethylamine and dopamine are the substrates of MAO-B.
Selective MAO-A inhibitors are used in the treatment of depression due to their sup-
pressing action on the metabolism of serotonin and norepinephrine, while selective
MAO-B inhibitors are used in Parkinson’s (PD) and Alzheimer’s (AD) diseases because
they act by preventing the oxidation of dopamine in the central nervous system
(Bekircan et al. 2022). Current treatment protocols for Parkinson’s disease include the
use of MAO inhibitors, such as selegiline, rasagiline, and safinamide (Tan, Jenner, and
Chen 2022; Ozdemir et al. 2021).

Many therapeutic drugs do not achieve the desired effectiveness due to limitations in
stability, half-life, and solubility. It is recommended to use drug carrier systems to pro-
tect substances from degradation, ensure efficacy, and avoid immune system rejection
(Ozdemir and Ozalp 1995). As drugs are absorbed into the body and transported to tar-
get tissues via blood, interaction with blood proteins such as hemoglobin and albumin
is inevitable. Hemoglobin (Hb) has a critical role in the transport of oxygen and carbon
dioxide throughout the body, as well as pH regulation, hydrogen peroxide dispersion
and carrying electrons throughout the body (Quds et al. 2022; Gaurav et al. 2021).
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Hb participates in transporting various exogenous and endogenous molecules, including
drugs and natural products with biological activity (Shanmugaraj, Anandakumar, and
llanchelian 2014; Peng et al. 2014; Basu and Suresh Kumar 2015). This interaction
potentially causes conformational changes and altered function of hemoglobin.
Hemoglobin is a tetrameric protein consisting of two o- (141 amino acid residues) and
two f- (146 amino acid residues) polypeptide chains and four porphyrin rings (heme
group) (Seal et al. 2018). Each o -  dimer contains 3 tryptophan (Trp) («-14, f-15 and
f-37) and 6 tyrosine (Tyr) amino acid residues that give Hb its intrinsic fluorescence
(Ma et al. 2012). Serum albumin (SA), one of the most common proteins in the blood,
has a primary function in the transport of endogenous and exogenous substances (fatty
acids, drugs, metabolites, etc.), in addition to its different physiological functions such
as adjusting osmotic pressure, determining blood pH, and reducing free radicals (Novo
and Al-Soufi 2007; Farrugia 2010). SA is a globular single chain protein consisting of
582 amino acid residues and structurally three homologous domains as IB, IIA and IIIA
(Mishra and Heath 2021). It has been shown that substances - especially drugs — are
located mostly in subdomains ITA and IIIA of the primary binding sites of SA
(Ghuman et al. 2005; Taheri et al. 2022). The intrinsic fluorescence emission of SA is
caused by the presence of tyrosine (Tyr) and tryptophan (Trp) residues. While tyrosine
residues are dispersed across the entire polypeptide chain, Trp213 and Trpl34 are on
the surface of subdomain IB and in the hydrophobic cavity of subdomain IIA, respect-
ively (Hsieh et al. 2016).

Under normal conditions, a significant amount of hemoglobin is encapsulated within
erythrocytes; on the other hand, a small fraction exists freely in plasma. However, in
abnormal circumstances such as anemia, malaria, and thalassemia, the concentration of
cell-free Hb in plasma rises. This cell-free Hb is particularly prone to interacting with
various compounds in the blood plasma (Seal et al. 2017). Additionally, the abnormal
accumulation of hemoglobin in neurons could potentially lead to the development of
neurodegenerative disorders, such as PD and AD (Chowdhury et al. 2020). This accu-
mulation may trigger oxidative stress and contribute to the degeneration of dopamin-
ergic neurons, a characteristic of PD. The exact mechanisms underlying this association
are still under investigation, but the presence of Hb within neurons suggests a potential
role in the pathogenesis of PD (Freed and Chakrabarti 2016). Some diseases (such as
liver and kidney illnesses) cause to reduce binding of drugs to SA due to changing of
albumin concentrations and conformation (Yamasaki et al.2013). Understanding how a
drug behaves in the body and its effects on disease conditions by determining its phar-
macokinetic and pharmacological activity is crucial to providing effective treatment for
patients. For these reasons, investigation of the binding properties of small molecules to
optimal biomacromolecules is necessary, and it has an important field in biochemistry
(Kaffash et al. 2024).

Previously, our group has reported the inhibitory effect of two novel biscoumarin
derivatives on human glutathione S-transferase (Ozalp et al. 2023). In this study, inhibi-
tory activity of biscoumarin derivatives on the monoamine oxidase enzyme was
examined in vitro. Understanding the interaction between biscoumarin compounds and
the carrier proteins albumin and hemoglobin is pivotal for comprehending their bio-
physical activity, as it has been established that they are pharmaceutically active
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substances because of their ability to inhibit MAO and GST-transferase enzymes. In this
context, the interaction mechanism of bovine serum albumin (BSA) and bovine hemo-
globin (BHb) with biscoumarin derivatives were determined by multi-spectroscopic ana-
lysis and molecular docking, with a focus on binding constants, binding forces, binding
sites, binding energies, and interaction type.

Experimental
Materials

Human MAO-A (hMAO-A), human MAO-B (hMAO-B), bovine hemoglobin (BHb),
bovine serum albumin (BSA) and dimethyl sulfoxide (DMSO) were purchased from
Sigma-Aldrich (St. Louis, MO, USA), and the Amplex Red MAO Assay Kit was pur-
chased from Invitrogen (Waltham, MA, USA). All chemicals were of analytical grade.
Ultrapure water was used in the preparation of all aqueous solutions. Synthesis route
and spectral characterization of the biscoumarin derivatives were previously published
(Ozalp et al. 2023). Absorbance and fluorescence spectrum of biscoumarins were given
in Figures S1 and S2. BSA and BHb stock solutions were prepared in 20 mM phosphate
buffer (pH 7.4). The stock solutions of biscoumarin derivatives were dissolved in
DMSO.

Inhibition of in vitro hMAO-a and hMAO-B

Determination of the inhibitory activity of the biscoumarins on hIMAO-A and #MAO-B
isoenzymes was carried out using the Amplex Red Monoamine Oxidase Assay Kit by an
in vitro continuous fluorometric method according to the manufacturer’s instructions.
The Amplex Red reagent (10-acetyl-3,7-dihydroxyphenoxazine) has great sensitivity and
stability for H,0,, which is a product of p-tyramine, the common substrate for both
MAO isoenzymes.

Biscoumarin derivatives were dissolved in DMSO to prepare a 10 mM stock solution,
and their working concentrations were prepared from the stock. According to the Test
Kit manual, 2 uL of inhibitor compounds dissolved in DMSO, 4.5 uL of hMAO-A or
4.5 uL. of hMAO-B, and 93.5uL 0.25M pH 7.4 sodium phosphate buffer were added
into the each well of the black flat-bottomed spectrofluorometric 96-well plates and
incubated by stirring at 37°C for 15min in the dark fluorimeter chamber. After the
incubation, 100 uL of substrate solution (200 uL 20 mM Amplex Red, 100 uL 200 U/ml
horseradish peroxidase, 200 uL 100 mM p-tyramine in 9.5mL 0.25M pH 7.4 sodium
phosphate buffer) was added, and the reaction was started. The progress of the enzym-
atic reaction was followed by taking measurements every 30s for 15min in a multi-
measurement microplate fluorescence reader at 37°C. Reactions carried out with
hMAO-A and hMAO-B isoenzymes were allowed to run in parallel at the same time,
and fluorescence intensities were determined subtracting the baseline fluorescence inten-
sity from the observed fluorescence intensity at the end of 30 min. Assays were carried
out the FLX800TM Fluorescence Reader (Bio-Tek Instruments., Winooski, VT, USA).
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UV-Vis absorption spectroscopy

The absorption spectra of BHb and BSA in the absence and presence of biscoumarins
were carried out in the range of 200-600 nm at 298 K. The concentration of BHb and
BSA remained constant at 1.5 x 10° M against different concentrations of biscoumarins,
which ranged from 5.00 x 10° to 50.00 x 10° M. The Thermo Scientific Helios Zeta
Double Beam spectrophotometer (Thermo Fischer Waltham, MA, USA) was used to
measure the absorption spectrum.

Fluorescence spectroscopy

Equipped with 1.0cm quartz cells, the Varian Carry Eclips fluorescence spectrometer
(Agilent, Santa Clara, CA, USA) was used for both fluorescence and synchronous fluor-
escence spectroscopy. The emission spectra were collected in the range of 290-600 nm
with 280nm excitation wavelength at three temperatures (298, 310 and 322K) using
5.0nm slit widths. The concentration of BHb and BSA remained constant and the same
as in absorption studies against increasing concentrations of biscoumarins.

Synchronous fluorescence spectra were carried out through simultaneous scanning
with a wavelength difference (A1=/lem — Aex) Oof 15nm (Al5) and 60nm (A60) to
determine changes in the tyrosine and tryptophan microenvironments of BHb and BSA,
respectively.

Fluorescence data was analyzed to determine changes in the hemoglobin and albumin
structures and environments, along with quenching types, binding constants, and inter-
action details between the ligands and proteins. In the light of these information, the
skeleton, secondary structure, and thermodynamic parameters such as enthalpy (AH°),
entropy (AS), and Gibbs free energy (AG®) were defined.

Molecular docking

Molecular docking calculations were carried out using AutoDock 4.2 (The Scripps
Research Institute Molecular Graphics Laboratory, La Jolla, CA, USA). The crystal struc-
ture of BHb and BSA was downloaded from the Protein Data Bank server (https://www.
rcsb.org) PDB ID: 1G09 (resolution 2.04 A) and PDB ID: 4F5S (resolution 2.47 A),
respectively (Zhang et al. 2012, Bawa et al. 2022). In the molecular docking studies, het-
eroatoms were deleted, polar hydrogen atoms were added, and the Kollman model was
applied to the proteins (Seal et al. 2019). Molecular docking results were performed via
the Lamarckian Genetic Algorithm (LGA).

Rotatable bonds were defined by determining the roots of the ligands with the help
of AutoDock Tools (Morris et al. 2009). The Avogadro 1.2.0 (http://avogadro.cc/) was
used in the preparation of ligands (Hanwell et al. 2012). The geometries obtained as a
result of molecular docking were read in the appropriate file format in the Auto
Dock4.2 software. During the docking process, grid was described as 70 x 70 x 70 points
with a grid spacing of as 0.375 A and center of grid was defined with coordinates (x, y,
and z) 1.07, 65.021, and 12.094 for BHb by using Autogrid4 (Lyndem et al. 2023).

The docking studies of BSA were carried out for each binding sites as IB (-4.795,
30.487, 101.007), ITA (10.906, 16.276, 119.720) and IIIA (19.857, 33.531, 97.915) and the
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gridbox size was 60 x 60 x 60 with same grid spacing. The molecular docking parame-
ters were used as the program’s default values: GA population size = 150, maximum
number of energy evaluations = 2500000, GA crossover mode =two points, mutation,
elision, and crossover 0.02, 1.0, and 0.8, respectively (Zhang et al. 2012). The lowest
energy conformations of the compounds resulted from the docking were selected.
Ligand interactions with proteins were examined and determined interaction types with
amino acid residues using Discovery Studio 2021 Client (BIOVIA, 2021).

Results and discussion
MAO inhibition activities of biscoumarins

MAO inhibitory activity of the biscoumarin derivatives were determined from in vitro
experiments. As noted in Table 1, biscoumarins showed MAO inhibitory activity at
concentrations in the micromolar range. Although the only difference between the two
biscoumarin derivatives is the hydroxyl (-OH) and acetoxy (-OAc) substituents on p-
and m-positions at 3-aryl rings (Table 1), their activities were quite different. Hydroxy-
substituted B2 derivative exhibited relatively lower ICs, values than acetoxy-substituted
B1 for both AIMAO-A and hMAO-B isozyme. Furthermore, while B1 was selective to
hMAO-B, B2 was selective to hMAO-A. These shifts in the activity and selectivity of
differently substituted biscoumarin derivatives were compatible with the data that we
reported for the aryl coumarin derivatives in our previous publication (Yuce-Dursun
et al. 2023). In that study, it was observed that -OH groups located at various positions
on the coumarin core and 3-aryl ring increase the inhibitor activity and the selectivity
for MAO-A. On the contrary, the acetoxy substitutions on the coumarin core and
3-aryl ring decrease the activity and shift the selectivity toward MAO-B. These results
were attributed to the presence of the -OH group as a hydrogen bond donor.

Table 1. Structures, 1Cso values and selectivity index (SI) of the biscoumarin derivatives for MAO-A
and MAO-B.

HO

HO

Compound MAO-A (ICso M) MAO-B (IC5p M) *slI (A/B)
B1 24.22+0.309 18.63+0.211 1.30
B2 1.82+0.056 3.75+0.171 0.49

*Each 1Cs, value given as the mean +S.D. of three replicate experiments.
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Figure 1. Absorption spectra of (a) BHb-B1; (b) BHb-B2; (c) BSA-B1; and (D) BSA-B2 complexes.
Conditions: BHb and BSA 1.5 uM, B1 and B2 concentrations 5-50 uM, at T=298K, pH 7.4.

UV-vis spectra of the biscoumarins with BHb and BSA

UV-Vis absorption measurement is a very simple and effective method to explore struc-
tural changes of protein and the protein-ligand complex. Figure 1 shows the absorption
spectra of BHb and BSA with the increased concentrations of biscoumarin derivatives.
While Hb demonstrates two characteristic peaks at 280 and 405nm, representing the
absorption peaks of aromatic amino acid residues (phenylalanine, tyrosine, and trypto-
phan) and the porphyrin ring (Yang et al. 2012), BSA has only one distinctive peak at
280 nm which was mainly caused both by the pi-pi* transitions of aromatic amino acid
residues (Bawa et al. 2022).

The absorption spectra of BHb and BSA at 280 nm increased with the addition of
increasing concentrations of Bl and B2 (BHb-B1/B2 and BSA-B1/B2) (Figure 2). This
result indicated that biochemical interactions occurred between biscoumarin derivatives
and aromatic residues of BHb and BSA. These interactions are probably the outcome of
the BHb’s and BSA’s changing skeleton as well as the exposure of aromatic amino acid
residues in the internal hydrophobic area (Wang et al. 2010; Tun¢, Duman, and
Bozoglan 2013). Eventually, the increases in the absorption peaks attributed to the inter-
action of BHb and BSA with B1 and B2 as an effect of ground state complex formation
(Yu, Cai, et al. 2022).
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Figure 2. Fluorescence spectra of BHb (1.5 uM) with various concentrations of B1 and B2. (a) BHb-B1
at 298, (b) BHb-B1 at 310, (c) BHb-B1 at 322K, and (d) BHb-B2 at 298, (e) BHb-B2 at 310, and
(f) BHb-B2 at 322K.

The characteristic peak of the heme Soret band of BHb at 405nm are shown in
Figure la,b. The Soret band appears due to the pi-pi* electron transition in the heme
group embedded in hydrophobic pockets formed by non-polar amino acids Val, Leu, Phe,
Trp, etc. (Kaur et al. 2023). We have suggested that the increasing of absorbance intensity
was observed because of the release of the heme group from the hydrophobic cavity of
BHb. BHb-B1 and BHb-B2 (BHb-B1/B2) formation may be in the native heme orienta-
tion, inducing the spread of peptide chains in BHb and integrating them into hydrophobic
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pockets (Zolghadri et al. 2010). Compound B2 caused a greater increase in the Soret peak
of BHb compared to B1. Therefore, we indicated that result of difference interaction of the
compounds with amino acid residues such as Val causes further conformational changes
in the hydrophobic pocket where the heme group is embedded. Moreover, we proposed
that both compounds do not directly target or attack the heme molecule based upon the
absence of notable change in the Soret peak (Yang et al. 2012).

Fluorescence spectroscopy

The presence of tryptophan, tyrosine and phenylalanine within the protein’s structure
leads to the generation of intrinsic fluorescence. The tryptophan residues contribute sig-
nificantly to the observed fluorescence of hemoglobin and albumin. The primary source
of hemoglobin’s fluorescence is identified as the f-Trp37 residue located at the oy,
interface rather than the surface-located o-Trpl4 and S-Trpl5 residues (Bhuiya,
Chowdhury, and Das 2019). Conversely, the intrinsic fluorescence of albumin is caused
by the presence of two major tryptophan residues, Trp213 and Trpl34, which are
located in separate binding pockets (Topala et al. 2014).

Free hemoglobin and albumin exhibit a characteristic emission maximum in the
335nm and 340 nm region upon excitation at 280 nm (Chowdhury et al. 2020; Yu, Cai,
et al. 2022). The emission of hemoglobin and albumin complexed with the increasing con-
centration of ligands decreases compared to free proteins. Decreasing of the emission
intensity of hemoglobin and albumin shows that the ligands bind in the region close to
Trp residues, especially the o152 interface of BHb (the central cavity of Hb including
p-Trp37 residue), and subdomain IB or IIA of BSA (Lyndem et al. 2023; Hsich et al.
2016). The conformational changes observed in BHb and BSA upon ligand binding are
highly sensitive to microenvironmental changes of Trp residues and alter the intrinsic
fluorescence of the protein. Studying the emission spectra and alterations in the fluoro-
phores of them enables a grasp of the protein’s dynamics and secondary structure.

The fluorescence spectra of BHb and BSA with the increasing concentrations biscou-
marins B1 and B2 at different temperatures are shown in Figures 2 and 3, respectively.
The fluorescence intensities of the BHb at 335nm and BSA at 339 nm were quenched
gradually in the presence of increasing concentrations of the biscoumarins at 298, 310
and 322 K. The interaction of biscoumarins with BHb and BSA quenched their intrinsic
fluorescence. The quenching was evidence that a biochemical interaction between both
compounds and the Trp residues of the BHb and BSA occurred, and it caused conform-
ational modifications to protein structure.

Moreover, isosbestic points were observed in Figures 2a,b and 3a,b, indicating the
equilibrium of B1 with BHb and BSA and the complex formations in a 1:1 ratio
(Chatterjee and Kumar 2016). In addition to that, complex formation occurred in a
reversible manner, as can be understood from isosbestic points (Taheri et al. 2022).
While no significant shift in the BHb’s fluorescence spectrum was observed for
both compounds, a slight blue shift was seen in the fluorescence spectra of BSA with
B1 and B2. These results show that, with the binding of ligands, tryptophan regions of
BSA became more hydrophobic as a consequence of the changing polarity of the micro-
environment. Synchronized fluorescence studies were performed to better understand
microenvironmental changes in BHb.
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Figure 3. Fluorescence spectra of BSA (1.5 uM) with various concentrations of B1 and B2. (a) BSA-B1
at 298, (b) BSA-B1 at 310, (c) BSA-B1 at 322K, and (d) BSA-B2 at 298, (e) BSA-B2 at 310, and (f) BSA-
B2 at 322K.

Synchronous fluorescence

Synchronized fluorescence spectra shows the conformational changes in the microenvir-
onments of aromatic amino acid residues of proteins that occur with ligand binding.
A15nm difference between the excitation and emission wavelengths indicates the focus
on the protein’s tyrosine region, while A60 nm difference points to the protein’s trypto-
phan region (Quds et al. 2022). The synchronized fluorescence spectroscopy was
recorded by progressively increasing the concentrations of B1 and B2 while maintaining
a constant BHb and BSA concentration in Figures 4 and 5.
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Figure 4. Synchronous fluorescence spectra of (a) BHb-B1, A15nm; (b) BHb-B1, A60nm; (c) BHb-B2,
A15nm; and (d) BHb-B2, A60nm complexes. Conditions: Hb 1.5uM and B1-B2 concentrations
5-40 uM at 298K and pH 7.4.

The fluorescence spectra of BHb-B1 and BHb-B2 were similar and there was a
decrease in the fluorescence intensities with the addition of separate B1 and B2.
There was no significant change of shift in the A60nm spectrum with the addition of
ligands, but there was a slight blue shift in the Al5nm spectrum of the B1 com-
pound. We suggest that the tyrosine sites in BHb were more accessible for B1, and
that interactions with these sites were more likely. The blue shift in the spectrum
showed that the polarity in the microenvironment of the tyrosine region decreased.
When the synchronized fluorescence spectra of BSA-B1 and BSA-B2 were examined,
the decreasing trend of the fluorescence intensities of BSA with the addition of com-
pounds for both spectra were seen. A greater decline occurred in the A60nm spec-
trum of the tryptophan regions of BSA for both compounds. Similar to the
hemoglobin studies, a blue shift was observed at the Al5 and A60nm spectra for
BSA-B1, whereas no change was observed in the spectra of compound B2. This shift
seen for compound Bl was evidence of a change in the microenvironment of the
tyrosine and tryptophan amino acid residues.
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Figure 5. Synchronous fluorescence spectra of (a) BSA-B1, A15nm; (b) BSA-B1, A60nm; (c) BSA-B2,
A15nm; and (d) BSA-B2, A60nm complexes. Conditions: Hb 1.5uM and B1-B2 concentrations
5-40 uM at 298K and pH 7.4.

Quenching mechanism of BHb and BSA by biscoumarins

Fluorescence quenching has been widely studied to obtain information about biochem-
ical systems. Quenching can occur with various reasons, such as excited-state reactions,
molecular rearrangements, energy transfer, ground-state complex formation, and colli-
sional quenching (Lyndem et al. 2023). There are three forms of fluorescence quenching
mechanisms: dynamic (collisional), static (ground-state complex formation), and mixed
(both static and dynamic). For either static or dynamic quenching requires contact
between the fluorophore and quencher (Lavanya et al. 2023).

Fluorescence quenching data were analyzed by the Stern-Volmer equation to deter-
mine the separately quenching parameters of BHb and BSA with B1 and B2:

Fo/F =14+ kqfo[Q] =1+ KSV[Q] (1)

where Fy and F are the fluorescence intensity of BHb with and without the quencher,
respectively; kg is the bimolecular quenching constant; 7, is the lifetime of the biomol-
ecule (107% s), K, is the Stern-Volmer quenching constant, and [Q] is the concentra-
tion of quencher (Seal et al. 2019).

Quenching mechanism can be determined according to the K, values of the protein
with quencher. When the K, value increases with temperature, the quenching type is
determined as dynamic, while in static quenching, the K, value remain constant or
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decrease with increasing temperature. The rationale here lies in the principle that ele-
vated temperatures prompt swifter diffusion, consequently leading to a heightened
occurrence of collisional quenching, where molecular collisions impact the fluorescence
process (Lakowicz 2006).

Figure S3 shows the Stern-Volmer plots for BHb-B1/B2 and BSA-B1/B2 interactions,
respectively. The plots displayed an upward curvature, concave toward the y-axis. The
values of the binding parameters Ky, ky and R were determined by calculating the slope
of the linear curve at 298, 310 and 322 K were listed in Table 2.

Based on the K, values of BHb-B1/B2, static quenching was indicated by the curves
of 298-322K. On the other hand, the curves of 298-310K imply that the quenching
type was dynamic. These findings corroborated one another as the curve is nonlinear.
Therefore, we propose that a mixed quenching mechanism formation occurs for the
BHDb-B1 and B2 complexes. The K, values of BSA-B1 increased consistently with tem-
perature, suggesting dynamic quenching. Similar to BHb studies, the BSA-B2 complex
constants, when analyzed through the relationships 298-310K and 298-322K, demon-
strated dynamic quenching. However, the 310-322K relationship may alternatively be
due to static quenching. Consequently, we assert that the quenching of BSA with Bl
and B2 involved a mixed quenching mechanism.

In addition, the absorption spectra of BHb and BSA with B1 and B2 provide infor-
mation about quenching type. Because dynamic quenching exclusively takes place
within the excited states of the fluorophore, it does not impact the absorption spectrum
of the fluorophore (Lavanya et al. 2023). This suggests that quenching is not only from
dynamic collision but also by the formation of a ground state complex (Wang et al.
2010).

The fluorescence quenching data were analyzed according to the Lineweaver Burk
equation, which is commonly reported to describe quenching mechanisms (Ali et al.
2022):

(Fo—F) ' =F™ ' + Ky 'Fo ' [Q] ™ )

where Ky is the effective quenching constant in the ground state.

The plot of 1/(F, — F) vs. 1/[Q] was applied to BSA-B1/B2 and BHb-B1/B2 com-
plexes as shown in Figure S2. The binding constants (Kip) of B1 and B2 at 298, 310
and 322K are in Table 2. The observation of improved linearity in the comparison

Table 2. Parameters computed from both Stern-Volmer and Lineweaver-Burk relationships for BHb
and BSA with B1/B2 complexes at different temperatures.

Compound T (K Ky X 10° (M7 kg x 10" (M7 s7) R? Kig x 10* (M7 R?
BHb-B1 298 1.09 1.09 0.9705 430 0.9932
310 137 137 0.97521 7.10 0.9557
322 0.77 0.77 0.9835 1.40 0.9924
BHb-B2 298 1.69 1.69 0.9585 2.10 0.9868
310 237 237 0.9240 5.10 0.9969
322 1.22 1.22 0.9737 592 0.9151
BSA-B1 298 261 261 0.9544 8.48 0.9965
310 3.26 3.26 0.9449 14.68 0.9793
322 493 493 0.9539 2.80 0.9671
BSA-B2 298 5.39 5.39 0.9533 11.24 0.9721
310 9.36 9.36 0.9125 24.99 0.9966

322 5.70 5.70 0.9389 1.80 0.9971
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between Stern Volmer curves proposed that the quenching mechanisms of both ligands
are static (Alanazi and Abdelhameed 2016). All of these investigations have shown that
additional data are required in order to identify the predominant type of quenching.

The bimolecular quenching constant (k) is another parameter to estimate the
quenching mechanism. The k, values were calculated for BHb-B1/B2 and BSA-B1/B2
complexes as 10'> M~'s™! using the equation “Ky, = ky7o”. Since the k, values at 298,
310 and 322K were higher than the maximum scatter collision quenching constant of
various quenchers (2 x 10'° L-M™" s7") in an aqueous medium, this indicated that prob-
able quenching mechanism of BHb with biscoumarins occur as static quenching. Based
on these kq values, Lineweaver Burk curves and UV plots of biscoumarin, we deter-
mined that the result of predominant quenching type was static for all protein-ligand
complexes (Ali et al. 2022).

Binding constants and number of binding sites

The double logarithmic Eq. (3) was utilized to compute the binding constants (K,) and
number of binding sites (n) of the biscoumarins with BHb and BSA in order to assess
the efficiency of their interactions and quenching (Yang et al. 2012).

log[(Fo — F)/F] =log K, + nlog[Q] (3)

The values of K, and # for the interaction between BHb/BSA and biscoumarins were
calculated from a plot of log[(Fy-F)/F] versus log[Q] as shown in Figure S3. The sum-
mary of the results is provided in Table 3. These results show that within the studied
temperature range, the value n of the BHb-B1 and BSA-B1 complex were close to 1,
indicating that B1 has a single high affinity binding site for BHb and BSA. The isosbes-
tic points observed in the fluorescence spectrum were explained by this investigation.
However, the n values of the BHb-B2 and BSA-B2 complexes were close to 2, indicat-
ing that proteins may have two affinity binding sites for B2. The n values of B1 and B2
decreased with temperature due to a reduction in the stability of the protein-ligand
complexes.

In the literature, n is also known as the Hill coefficient (ny). The Hill coefficient is
used to explain cooperativity in biochemistry. If the ny value is greater than 1, it indi-
cates positive cooperation between the protein and the ligand. On the contrary, the

Table 3. Binding constants (K,) and number of binding sites (n) for BHb and BSA with B1/B2 com-
plexes at different temperatures.

Compounds Temperature (K) K, x 10° (M™") n R?
BHb-B1 298 62.75 1.40 0.9686
310 75.27 1.39 0.9564
322 55.94 1.41 0.9949
BHb-B2 298 2179.11 1,69 0.9855
310 1784.88 1.65 0.9716
322 39.26 1.34 0.9492
BSA-B1 298 599.90 1.53 0.9756
310 290.33 1.44 0.9585
322 72.52 1.27 0.9433
BSA-B2 298 18453.98 1.79 0.9713
310 10678.25 1.69 0.9629

322 4978.06 1.66 0.9645
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opposite case shows negative cooperation (Liu et al. 2012). For both biscoumarins, n
values greater than 1 obtained indicate that the interactions have positive cooperativity.

K, values of B1 and B2 were calculated to be approximately 10°, indicating strong
binding between the biscoumarins and BHb and BSA. Thus, we predict that biscoumar-
ins are able to demonstrate in vivo binding to both BHb and BSA (Abdollahpour et al.
2016). As the temperature increases, K, values decrease (except BHb-B1 at 310 K), sug-
gesting that the stability of complexes decreases with the temperature. This phenom-
enon confirmed that the quenching mechanisms of BHb and BSA by the biscoumarins
are static quenching (Buddanavar and Nandibewoor 2017).

Furthermore, when the K, constants were compared, the K, value of compound B2
was much higher than compound B1, showing that it bonded to the proteins with high
affinity. Moreover, both biscoumarins bonded to albumin with higher binding constants
instead of hemoglobin. Since the acceptable constants of drug-protein complexes in vivo
are in the range of 10* and 10° M, these proteins are more appropriate to use as a Bl
carrier, especially hemoglobin, which would be a better transporter (Anjomshoa et al.
2015).

Thermodynamic parameters and the nature of binding forces

Molecular interactions involved in the binding of biomolecules with small molecules
include hydrogen bonding, electrostatic, van der Waals interactions, and hydrophobic
forces. Molecular interaction between the biscoumarins and BHb can be predicted based
on magnitudes of the thermodynamic parameters, such as free energy changes (AG),
enthalpy changes (AH’), and entropy changes (AS°). Thermodynamic parameters were
calculated using the following equations to determine the interaction forces in the com-
plexes (Liu et al. 2018).

AG’ = —RT In K (4)
AG°® = AH’-TAS° (5)
In(K,/K;) = (1/T; — 1/T,)x(AH’/R) (6)

where R is the gas constant.

The interaction forces between protein and ligands are electrostatic interactions if the
values of AH and AS° are negative and positive, respectively (Dohare et al. 2020). In
another case, hydrogen bonding and van der Waals forces predominate in complexes if
both AH® and AS° are negative (Alanazi and Abdelhameed 2016). The presence of
hydrogen bonds between the ligands and proteins may contribute to the negative AH
value of the system (Lehrer 1971). Furthermore, a positive value of AS° serves as evi-
dence that increased randomness with binding results from hydrophobic interactions
(Shahabadi et al. 2011).

The thermodynamic parameters for the binding interaction of biscoumarins with
BHb and BSA are shown in Table 4. The negative values of AG® indicate that the inter-
action of biscoumarins with BHb and BSA was spontaneous. The BSA-B2 complex,
characterized by the smallest AG® value, exhibited greater stability compared to all com-
plexes. Since all AH® values were negative, the binding processes were exothermic and
driven by hydrogen bonds for all protein-ligand complexes. The positive and negative
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Table 4. Thermodynamic parameters of BHb and BSA with B1/B2 complexes at three temperatures.

Compound T (K AHC (kj mol™) AS° (j mol™ KT AG® (kj mol™)
298 -3.822 117.305 —38.779
BHb-B1 310 - - —40.186
322 - - —41.594
298 —519,336 —1592.824 —44.674
BHb-B2 310 - - -35.117
322 - - —25.560
298 -69.913 -84.718 —44.667
BSA-B1 310 - - —43.651
322 - - —42.634
BSA-B2 298 —43.439 -31.973 —52.967
310 - - —53.351
322 - - —53.735

differences in AS° explain whether the other important dominant forces in binding
were van der Waals or hydrophobic interactions. Accordingly, the binding of BHb-B1
and BSA-B2 complexes were in the direction of entropy and driven by hydrophobic
interactions, while for BHb-B2 and BSA-BI, the reactions were enthalpy-driven and
dominated by van der Waals interactions.

Molecular docking

Molecular docking was used to simulate the interactions and binding modes of BHb
and BSA with the biscoumarins. The simulated result of 10 conformations with different
binding energies and ligand efficiency values were determined for each compound. By
selecting the lowest energy conformations of the compounds, their interactions with
amino acid residues of hemoglobin and albumin were examined, and the types of these
interactions are provided in Figures 6 and 7. The docking studies of BHb show that the
biscoumarin structures formed hydrogen bonds and non-covalent interactions with
amino acid residues in the o; (A), f; (C), and S, (D) chains of hemoglobin. Both com-
pounds were determined to localize in the central hydrophobic cavity of the BHb, and
most of the amino acids residues that interact with the biscoumarins were the same,
which include, «;-Lys99, o;-Lys127, ,-Alal23, ,-Pro36, a;-Argl4l, and f,-Trp37. The
interaction type of the f,-Trp37 residue is pi-pi T-shaped, which occurs between the
benzene rings that contained in the biscoumarin structure and amino acid residue.

The quenching observed in fluorescence studies for both compounds was character-
ized by molecular docking studies. In both structures, it was shown that the R groups
of the benzene ring form hydrogen bonds with o;-Argl4l, on the side where com-
pounds interact with f,-Trp37. The three-dimensional location of the biscoumarins in
their binding pocket inside hemoglobin is stabilized by the hydrogen bonding, or pi-pi
interactions, which function as an anchor (Zhang et al. 2008). The primary forces
behind the interaction between the biscoumarins and BHb were hydrophobic interac-
tions and hydrogen bonds. In addition to these forces, the wan der Waals interaction of
compound B2 with the «1-Thr134 amino acid residue supported the dominant forces
predicted from thermodynamic parameters in the previous section. Furthermore, dock-
ing results clarified the variations in the absorption and synchronous fluorescence
studies, e.g., spectral shift in the synchronous fluorescence spectrum caused by Bl and
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Figure 6. Dominant conformations of the (a) BHb-B1 and (b) BHb-B2 complexes with the minimum
energy and interaction with amino acid residues obtained from molecular docking.

o1-Tyr140 interaction. Another illustration was the potential role of the B2-f,-Val34
interaction in the increasing of the absorption Soret peak.

The stable biscoumarin conformations with BSA in three subdomains—the ones with
the highest docking score conformation—types of these interactions are shown in
Figure 5. The values of binding energy in the binding pockets of BSA are listed in
Table 5. The most stable conformation of biscoumarins with the BSA was obtained in
the IITA subdomain of protein, where protein-ligand interactions take place inside this
pocket. Similar to BHD interactions, most of the amino acid residues of BSA that take
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Figure 7. Dominant conformations of the (a) BSA-B1 and (b) BSA-B2 complexes with the minimum
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part in the binding process were the same, which include Lys132, Lys136, Glul25,
Glu140, Tyr137, Proll7, Ilel41, Leull5, and Proll7. In both structures, the pi electrons
of the benzene ring formed pi-sigma interactions with same amino acid residue,
Leull5.

Both biscoumarins are located in the close microenvironment of tyrosine residues,
which also contribute to the intrinsic fluorescence of albumin. Therefore, we suggest
that the shift in the fluorescence spectrum for B1/B2 and the synchronized fluorescence
spectrum for B1 could be explained by these docking results. Both compounds formed
hydrogen bonds through the carbonyl and -OH groups in the benzene ring substituted
for the coumarin core, which was evidence that the structure was stabilized in the
hydrophobic cavity of the IIIA subdomain of BSA by hydrogen bonds as well as van
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Table 5. Binding energies of biscoumarin derivatives to BSA in different subdomains.

Binding energy Binding energy Binding energy
Compounds of site IB (kcal/mol) of site IIA (kcal/mol) of site IIIA (kcal/mol)
B1 +14.23 —3.44 —10.64
B2 —5.75 —7.80 —10.55

Table 6. Binding energies of biscoumarin derivatives to hemoglobin and albumin, calculated ligand
efficiency values (LV), and observed interactions with residues.

Amino acid Amino acid
residues that residues that make
Binding energy Binding energy interact with hydrophobic and
Compounds (kcal/mol) (kj/mol) *LV hydrogen bonds other interactions
BHb-B1 -10.81 —45.25 —0.21 o1-Lys99, oy- Br-Ala123, Bs-
Lys127, aq- Pro36, f,-Trp37
Tyr140, o4-
Arg141, -
Lys127
BHb-B2 —-9.47 —39.65 —0.24 oq-Arg141 01-Lys99, o4-
Ala130, oq-
Ser133, o4-
Thr134, f;-
Ala123, fi-
Lys127, -
Val34, ﬁz'
Pro36, f,-Tr37
BSA-B1 —10.64 —44,52 —0.21 Lys114, Lys136, lle141, Leu115,
Pro117 Arg185, Pro117
BSA-B2 —10.55 —44.16 -0.27 Glu125, lle181, Met184, Arg185,
Tyr137 Tyr160, Pro117,
Leul122,

Leu115, Lys136,
Ala128, Lys132,

*LV = Binding energy (kcal/mol)/Number of Heavy Atoms.

der Waals interactions. Unlike BHb, various pi-cation and pi-anion interactions were
observed in both biscoumarins, and this bond type, which was more common in the
BSA-B2 complex, explained the electrostatic interactions obtained from thermodynamic
parameters.

The values of binding energy and ligand efficiency for BHb-B1/B2 and BSA-B1/B2
complexes were also obtained from molecular docking results and summarized in
Table 6. The theoretical AG® values were —39.65, —45.25, —44.52 and —44.16 kJ/mol for
BHb-B1, BHb-B2, BSA-B1 and BSA-B2, respectively. The docking scores were in
agreement with the experimental AG® values obtained from fluorescence spectroscopy
as shown in Table 4. In the light of this information, molecular docking studies strongly
support the experimental results regarding complex formation biscoumarins with BHb
and BSA. Therefore, it provides useful information about binding modes for a better
understanding of protein-ligand interactions.

Conclusions

In this paper, we combined the multiple spectroscopic methods and molecular docking
modeling to systematically investigate the interaction of BHb and BSA with the
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biscoumarin derivatives identified as MAO enzyme inhibitors. Inhibitory activities of
biscoumarins toward MAO-A and MAO-B were determined with ICs, values of
24.22 uM, 18.63 uM for B1 and 1.8 uM, 3.75 uM for B2, respectively. Binding studies of
Bl and B2 with BHb and BSA were carried out using absorption, fluorescence,
synchronized fluorescence, and molecular docking methods. The quenching mechanisms
of B1 and B2 with proteins were static from the absorption spectra, K, and K values.
Synchronous fluorescence revealed that the biscoumarins affected the Trp and Tyr resi-
dues microenvironments. BSA-B2 was more stable toward other protein-ligand com-
plexes according to the binding constants. Result of thermodynamic analysis
demonstrated the binding was spontaneous and hydrogen bonds were dominant in all
protein-ligand systems. All ligands binding with proteins were spontaneous and the
hydrogen bonds were dominant based on thermodynamic analysis. Molecular docking
has shown that both compounds make hydrophobic interactions with the S-Trp37
amino acid residues of BHb and stabilized via these interactions in the subdomain IITA
of BSA.

This study presents a comprehensive analysis elucidating the binding affinity and
mode of interaction exhibited by biscoumarin derivatives with BHb and BSA.
Examining interactions of potential pharmaceutical agents with proteins are important
in providing information about the main forces that affect these interactions and deter-
mining the efficacy of drugs on biomacromolecular systems.
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