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KEYWORDS Abstract Natamycin (NT) is a polyene natural antimycotic, which has an antimicrobial effect
Natamyecin; against yeasts and molds and is used as a preservative in the food industry. In the present study,
Serum albumin; we evaluated NT interaction with bovine serum albumin (BSA) through surface plasmon resonance
Spectroscopic technique; (SPR) and several spectroscopic techniques, which are accompanied by a molecular docking study.
Surface plasmon resonance; According to the results, the intensity of BSA fluorescence decreased by adding different concentra-
Docking simulation tions of NT. The fluorescence quenching results showed that NT reduces the intensity of BSA flu-

orescence by forming a complex with BSA through a hybrid quenching. Binding constant decreases
from 18.73 to 2.13 (10> M™") with increasing temperature, which indicates a decrease in complex
formation owing to the interaction of NT with BSA. Negative values of AH® and AS° confirmed
that van der Waals forces and hydrogen bonds are the basic forces in the interaction of NT with
BSA. Moreover, increasing the equilibrium constants values with increasing temperature indicated
that BSA binding to NT decreased. Finally, BSA interaction occurring with NT through Ser 109,
Asp 111, Lys 114, Leu 115, Glu 424, and Arg 458 have been verified via molecular docking analysis.
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Attained results via SPR and fluorimetry showed that the binding constant between BSA and NT
decreased when the temperature was raised.

© 2023 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Food additives are synthetic or natural substances that are added to
food in small amounts to prolong the shelf life of the product and in-
crease or change its attributes, including its structure, flavor, or ap-
pearance without reducing their nutritional value (Silva and Lidon,
2016). According to the EU rules, preservatives are food additives that
protect food against microorganisms (fungi and/or bacteria) (Shim
et al., 2011; Silva and Lidon, 2016). Moreover, the side effects of food
additives on public health have become an argued subject in recent
years (Javaheri-Ghezeldizaj et al., 2020). Natamycin (NT) (pimafucin,
pimaricin) is a polyene natural antimycotic that is produced in im-
mersed culture by different strains of actinomycetes, like Streptomyces.
Chattanoogans, Streptomyces. gilvosporeus, and Streptomyces. natal-
ensis (Pintado et al., 2010; Elsayed et al., 2013). NT has been used in
the food industry to preserve cheese, sausages (the surface treatment),
yogurt, and in some countries juices, and wine (Dalhoff and Levy,
2015). The acceptable daily intake (ADI) for NT is defined by JECFA
as 0.03 mg/kg BW/day (Martinez et al., 2013). Due to its low toxicity,
NT is classified by the FDA as a safe additive and in the EU as a nat-
ural preservative (da Silva et al., 2012). NT is additionally prescribed
for the topical therapy of fungal infections of the eyes, throat, skin,
and vaginal in humans (Levy, 2007). Since NT is a white to creamy
powder, crystalline, odorless, and colorless, it causes no taste aversion
in the consumer (Brik, 1981; Stark, 1999). This antifungal substance
contains a large 22-carbon lactone ring that is attached to an amino
sugar, a mycosamine moiety, by a glycosidic bond. NT is a polyene
macrolide antibiotic and owing to its four conjugated double bonds
assessed specifically as a tetraene antibiotic. NT has a low aqueous sol-
ubility (20-50 mg/L in water) and it must be used at high concentra-
tions (Zunszain et al., 2008; Additives and Food, 2009). Most of the
food available in the market contains diverse types of preservatives.
These chemicals can cause immediate adverse effects including head-
aches, changes in energy levels, and changes in mental focus, behavior,
or immune response. Or it may cause long-term effects, including an
increased risk of cancer, cardiovascular disease, and other degenerative
conditions. Thus, even very few doses of these additives, when con-
sumed continuously, can lead to an irreversible toxic effect that ulti-
mately leads to cancer and chromosomal and embryonic damage. So
in recent years, researchers have paid much attention to the interaction
between chemicals, especially food additives, and various biological
molecules in the body (Li et al., 2007; Inetianbor et al., 2015).

Serum albumin (SA) is the most plenty biological molecule in the
circulatory system of many living organisms. It is responsible for sev-
eral physiological functions such as the transfer of exogenous and en-
dogenous compounds (greasy acids, drugs, steroids, metal particles,
and metabolites) (Mohammadzadeh-Aghdash et al, 2017;
Szkudlarek et al., 2019). SA can increment the solubility of hydropho-
bic compounds and therefore, has a critical role in the absorption,
metabolism, and distribution of chemicals from cells. The interaction
of these chemicals with SA changes its primary and secondary struc-
ture as well as its physiological functions. So, in recent years, re-
searchers have paid much attention to the interaction between
chemicals, especially food additives, and various biological molecules
in the body. Human serum albumin (HSA) consists of 585 amino acid
residues in the monomer via 17 disulfide bridges that help maintain the
heart-like shape. It is the foremost abundant bearer protein within the
blood plasma. HSA binds to various drugs through several hydropho-
bic binding sites in its structure (Koch-Weser and Sellers, 1976;
Petitpas et al., 2001). Another major soluble protein is bovine serum

albumin (BSA) which has 80% structural similarity to HSA (583
amino acids similar to HSA). The difference is in the number of tryp-
tophans, in that BSA has two tryptophan amino acids, while HSA has
only one tryptophan. Because of its low cost, therapeutic care, accessi-
bility, and binding characteristics, BSA is commonly chosen as a pat-
tern for investigating drug-protein interactions (Xu et al., 2013;
Rajendiran and Thulasidhasan, 2016; Szkudlarek et al., 2019). In
2022, Khaskhashi Moghadam et al. studied the interaction behavior
of cyanidin with the albumin-holo transferrin complex of human
serum with a new perspective, and the results showed a moderate bind-
ing affinity between cyanidin and both proteins throughout binary and
ternary systems (Khashkhashi-Moghadam et al., 2022). (Basu and
Suresh Kumar, 2015) stated that the tartrazine food additive can
change the chemical structure of BSA and disrupt its physiological
functions (Basu and Suresh Kumar, 2015). In 2023, Zaheri et al. inves-
tigated the kinetic and thermodynamic aspects of serum albumin inter-
action with sodium hydrosulfite and found that sodium hydrosulfite,
by forming a complex with BSA, reduces the fluorescence intensity
of BSA and changes the structure of BSA (Zaheri et al., 2023). Sha-
habadi et al. showed that the structure of BSA changes significantly
after interacting with the TBHQ (Shahabadi et al., 2011). In 2017,
Asaran Darban et al. investigated the interaction between two different
angiotensins I converting enzyme inhibitory peptides from gluten
hydrolysate and human serum albumin and concluded that both pep-
tides quench the fluorescence intensity of HSA through a static mech-
anism (Assaran Darban et al., 2017).

Given the high importance of NT consumption in the food indus-
try, investigating its effect on the structure and function of body
macromolecules such as SA can be very valuable in nutrition, food
science, food chemistry, and food safety. Therefore, to understand
the type of structural changes of SA and the mechanisms of SA-NT
complex formation, we decided to investigate the interaction of NT
with BSA using surface plasmon resonance (SPR), fluorescence and
UV-Vis spectroscopies, and molecular docking analysis.

2. Material and methods

2.1. Material

N-ethyl-N-(3-dimethyl aminopropyl) carbodiimide (EDC),
N-hydroxysuccinimide (NHS), phosphate-buffered saline
(PBS) solution, and ethanolamine-HCI was bought from Mer-
ck (Darmstadt, Germany). Acetate buffer, NT, and BSA was
bought from Sigma-Aldrich. Carboxymethyl dextran (CMD)
low-density-modified gold surface chips were bought from
BioNavis Company (Tampere region, Finland). Other materi-
als utilized were of the highest quality.

2.2. Stock preparation

Phosphate buffer was prepared by dissolving a tablet of saline
phosphate buffer in deionized water. The stock solution of
BSA (1.4 x 107 M, according to its molecular weight of
66,000D) was dissolved in a 0.01 M phosphate buffer solution
(pH 7.40). NT stock solution at a concentration of 2 mM was
prepared by dissolving 1.4 mg NT in PBS buffer solution. All
ready solutions were stored in the refrigerator at 4 °C.
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2.3. Fluorescence experiments

Fluorescence spectroscopy evaluations were performed at five
distinct temperatures with a Jasco FP-750 fluorescence spec-
trometer (Jasco International Co, Kyoto, Japan) equipped
with a thermostat. The measurements were done in a 10 mm
quartz cell. To observe the fluorescence of Trp residues, a
wavelength of 290 nm was used for excitation. The slit width
for excitation and emission was 5.0 nm. The scanning speed
of the device was set to 8000 nm/min. 1 mM BSA solution
was titrated with concentrations of 17¢ x 107> and its fluores-
cence spectrum was recorded at a wavelength of 300-450 nm.
All measurements were performed with PBS buffer at 288, 293,
398, 303, and 310 K. To eliminate the inner filter effects of pro-
tein and ligands, absorbance measurements were performed at
the excitation and emission wavelengths of the fluorescence
measurements. The fluorescence intensity was corrected using
Eq. (1):

Fcor - Fobs 10<A1 A2 (1)

where F.,, and Fgs are the fluorescence intensity corrected
and observed, respectively, while A; and A, are the sums of
the absorbance of protein and ligand at excitation and emis-
sion wavelengths, respectively (Marouzi et al., 2017).

2.4. UV=Vis spectrophotometry

To record Absorption spectra of BSA without and with differ-
ent concentrations of NT at a temperature of 25 °C, a UV-Vis
spectrometer model T70 + manufactured by PG Instrument
Company (Leicestershire, UK) was used. Titration of 1 mM
BSA solution with distinct concentrations of NT (0-70 uM)
was performed in a 10 mm quartz cuvette. Finally, the solution
was thoroughly blended and incubated for up to 3 min to let
NT interact with BSA.

2.5. SPR measurements

To investigate the interaction of BSA with NT and calculate
the kinetic parameters, an SPR device (MP-SPR navi210 A,
Bionavis Ltd, Tampere, Finland) with a dual-stream channel
(using Kerchman’s prism configuration) and a continuous
peristaltic pump was used (Sharifi et al., 2017).

2.6. Immobilization of BSA on CMD sensor chip

The CMD sensor chip was settled within the SPR instrument.
Acetate buffer (10 mM) with pH 4.5 was utilized to wash the
entire machine. After 15 min, the sensor diagram reached the
baseline, then NaCl (2 M) and NaOH with concentration
(0.1 M) were used to clear the SPR channels for 3 min at a
speed of 30 pl/min. In the next step to activate the carboxyl
groups on the CMD sensor chip, a stream of solution (NHS
0.05M + EDC 0.2 M) EDC/NHS in equal ratios of 1:1 was
injected into the SPR instrument at a speed of 30 microliters
per min for 7 min. Then, to stabilize BSA on the CMD sensor
chip, a solution of BSA at a concentration of 1 mg/ml was in-
fused into channel 1 for 7 min and acetate buffer was infused
simultaneously into channel 2. Finally, a stream of
Ethanolamine-HCI solution (1 M, pH 8.5) was injected at an

amount of 30 pl/min to inactivate and block the active car-
boxyl groups on the surface of the CMD chip (Sharifi et al.,
2017; Fathi et al., 2019).

2.7. Kinetic parameters analysis of BSA interaction with NT

To calculate the kinetic parameters including association con-
stant (K,), dissociation constant (Kg4), and equilibrium con-
stants (Kp), which are calculated via Kp = k,/k,, different
concentrations of NT were prepared in PBS buffer with pH
7.4 and stream of the prepared solution at a speed of 30 pl/
min for 2 min at 293, 298, 303, and 310 K was injected into
both flow cells. Since BSA was immobilized in only one chan-
nel, both stream cells were utilized for sample injection and the
stream cell without BSA was utilized as a reference. The need
for the regeneration process is eliminated due to the rapid sep-
aration of NT from the BSA level. By measuring the SPR sig-
nal, the amount of binding of NT to BSA was determined.
Drawer ™ for SPR Navi™ was used to determine the kinetic
parameters upon BSA interaction with NT (Maleki et al.,
2020).

2.8. Study of molecular docking

To understand the possible interaction of NT with BSA as a
potential target biomolecule, a molecular docking study was
conducted via the AutoDock 4.2 package, which is validated
by The Scripps Research Institute, La Jolla, CA, USA. The
3D molecular building of NT was achieved from the PubChem
website (PubChem CID:5284447) (https://pubchem.ncbi.nlm.
nih.gov/), and following that, its structure was optimized for
our calculation through Gaussian 03 software (B3LYP
method). Next, the BSA crystal structure (PDB code: 3 V03,
2.7 A) was downloaded from Protein Data Bank Website
(https://www.rcsb.org/). AutoDock Tools-1.5.6 program was
used to apply Kollman/Gasteiger charges to the BSA structure
(subunit A), and also eliminate all water molecules. To find the
binding domain on BSA, a blind docking calculation was per-
formed at a lace box of 126 x 126 x 126 A (spacing parameter
of 0.523 A), and then the lowest binding score was considered
for further analysis. To focus on the binding site, another
docking study was accomplished at a grid box of
70 x 70 x 70 A and a spacing parameter of 0.380 A. The
Lamarckian genetic algorithm was applied in all calculation
runs. The results were displayed and analyzed via UCSF
Chimera software (version 1.14).

3. Results and discussion

3.1. Study of BSA fluorescence quenching

The fluorescence quenching analysis was used for the investi-
gation of NT interaction with BSA. It is a useful procedure
for the study of protein interaction with various molecules
and the evaluation of structural changes induced in the protein
on the molecular level (Wani et al., 2018). Among the different
types of molecular interactions, we can mention excited-state
reactions, molecular rearrangements, energy transfer,
ground-state complex formation, and quenching collisions that
lead to quenching (Lakowicz, 2006). In general, the innate
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fluorescence of BSA is inferred from Trp, Tyr, and Phe. How-
ever, among them, the contribution of tryptophan is a maxi-
mum (Wu et al.,, 2019; Javaheri-Ghezeldizaj et al., 2021).
Innate fluorescence of BSA is regularly utilized as a test to find
the affinity of BSA to various food additives due to the Trp
residues presence on the surface of BSA (Trp 134) and the
interior of the hydrophobic pocket (Trp 213).

The fluorescent spectrum of BSA in the lack and existence
of NT in the PBS buffer (pH = 7.4) is displayed in Fig. |
(Javaheri-Ghezeldizaj et al., 2020). BSA has an intense fluores-
cence emission peak of about 350 nm below the excitation
wavelength of 290 nm, and after adding NT from 0 to
60 uM, a decline in fluorescence spectra was recorded without
any significant change in the emission wavelength. This trend
indicates that the innate fluorescence of BSA is quenching ow-
ing to interaction with NT (Javaheri-Ghezeldizaj et al., 2020).
Quenching mechanisms can be identified by three factors: tem-
perature, viscosity, and excitation state life. In the static
quenching method (by complex formation), increasing the
temperature reduces the stability of the base state complex, fol-
lowed by a reduction of the quenching constant (Kgsy), and
therefore the formation of a ligand—protein complex with
non-fluorescent  properties (independent of  diffusion)
(Tantimongcolwat et al., 2019). In dynamic quenching, on
the other hand, the absorption spectrum is not affected by ex-
tinction because it is effective only in the excitation mode of
the quencher (Taheri et al., 2022). In dynamic quenching, high
temperature causes quicker dissemination steady and progress-
es electron transfer, and therefore, Kgy tends to increase (Wani
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and 60 pM) at 288, 293, 298, 303, and 310 K temperature.

et al., 2018; Banu et al., 2021). The Stern-Volmer steady-state
Eq. (2) was utilized to confirm the nature of the BSA fluores-
cence quenching mechanism due to the formation of the com-
plex with NT (Javaheri-Ghezeldizaj et al., 2020).

F,
70: 1+ K [0] =1+ ko )

According to Eq. (2), Fy and F show the intensity of BSA
fluorescence in the lack and existence of NT (quencher). Kgy
(Stern-Volmer constant), [Q] indicates the initial concentration
of the quencher, k, is the quenching rate of biomolecules of a
protein (BSA) and 1 ( is the lifespan of the exciting mood of the
protein in the lack of any quencher (Maheri et al., 2022). Kgv
values can be attained by the slope of the Fy/F plotting versus
[Q]. The Ksv values are important from the viewpoint of fluo-
rescence quenching. As revealed in Fig. 2A and Table 1, there
is a powerful linear connection between F(/F and [Q] for the
Stern-Volmer diagram. Static and dynamic quenching can re-
sult in a Stern-Volmer linear diagram. The difference is that
in hybrid mechanisms the diagram is nonlinear and this dia-
gram shows an upward curvature. In general, with a raising
temperature, the Kgy values decrease in the static quenching
process but in the dynamic quenching process, temperature ris-
ing leads to a constant increase in diffusion and promotes elec-
tron transmission, so Kgy tends to increase (Shi et al., 2017;
Mahmoudpour et al., 2020; Javaheri-Ghezeldizaj et al.,
2021). Ksy and k, values are shown in Table 1. Considering
the Kgy values increase from 288 to 310 K (5.32 x 10° to
10.0 x 10% indicates that fluorescence quenching is more
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Fig. 2 A) The Stern—Volmer diagrams of the quenching of BSA fluorescence by NT at five different temperatures B) Modified Stern-
Volmer plots for quenching of BSA upon interaction with NT at five different temperatures.

Table 1 Stern-Volmer quenching constants (Ks,), effective quenching constant for the accessible BSA (k,), quenching rate constant
(k,), binding constant (K}) and relative thermodynamic parameters of BSA-NT complex for the interaction between BSA and NT in
the five temperatures.

TK) Ksy(1°M ) K, (102°M'SH) K, (10°m ") K, (1°M ") AH°(kJmol ") AS° (I mol 'K ') AG°(kJ mol ") R?

288 5.32 0.88 21.696 18.73 —18.73 0.97

293 5.48 0.91 9.650 31.49 —17.54 0.98

298 7.47 1.24 47.334 3.77 —87.16 —237.6 —16.35 0.98

303 8.37 1.39 51.995 4.07 —15.16 0.97

310 10.01 1.66 65.760 2.13 —13.50 0.99
compatible with dynamic quenching instead of static quench- F _ 1 % 1 I 1 3)
ing. However, at different temperatures, the k, values are more AF(Fy—F) [, K, [O] fa

than the maximum collision quenching constant (2.0 x 10'°
Lmol 's™!), signifying the occurrence of static quenching.
Therefore, it can be inferred that NT reduced the fluorescence
of BSA via a hybrid quenching mechanism (Sandhya et al.,
2011; Shi et al., 2017; Nan et al., 2019; Javaheri-Ghezeldizaj
et al., 2021).

Fluorescence quenching data were additionally evaluated
by a modified Stern-Volmer Eq. (3) (Ali et al., 2023):

where, f, and K, (M™") denote the fraction of reachable fluo-
rescence and the effective quenching constant for the accessible
BSA, respectively. Fig. 2B and Table 1 show modified
Stern—Volmer plots for five dissimilar temperatures and rele-
vant results, respectively. The decrease in the K, value upon
rising temperature is demonstrative of quenching fluorescence
through the static mechanism while an increasing amount of it
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Fig. 3 A) The van’t Hoff diagrams for the interaction of BSA with NT B) Absorption spectra of BSA (2 mM) before and after the
addition of NT (0, 10, 20, 30, 40, and 50 uM). The red line showed the absorption spectra of NT.

showed the happening of dynamic quenching mechanism.
However, the attained values of K, did not show a regular in-
creasing or decreasing trend upon rising temperature from
288 K to 310 K, which additionally approved the occurrence
of BSA fluorescence quenching via a hybrid mechanism (a
both static and dynamic quenching mechanism) (Shaghaghi
et al., 2022).

3.2. Binding constant and number of binding locations

If small molecules such as NT interact separately with a set of
equivalent sites on biomacromolecules such as BSA, the possi-
ble binding stoichiometry (n) and the binding constant (K) of
NT-BSA can be analyzed by the slop and intercept double log-
arithm regression curve utilizing the following equation
(Bhojwani et al., 2023):

(Fo = F)
F

where Fy, F, and [Q] are the same as the Eq. (2) parameters, K,
is the binding constant for the NT-BSA interaction, and the
number of binding locations per protein molecule is represent-
ed by n. Usually, the affinity of ligand—protein will increase
upon the raising of the K, value. In this study, the fluorescence
data were treated using Eq. (3) by the successive approxima-
tion method and the K, values in various temperatures were
shown in Table 1. The K}, calculated for BSA-NT systems in-

log =log K, + nlog[Q] (4)

ferred reasonable binding affinity compared to other strong
BSA-ligand complexes with binding constants ranging from
103 to 10° M~'. The outcomes displayed that the K, values de-
crease upon rising temperatures, in other words, it can be de-
duced that high temperatures can decrease the stability of this
complex. Similarly, it can be concluded that in low concentra-
tions of NT, binding is comparably stronger and it becomes
closer to the tryptophan residues (Min et al., 2004; Sani
et al., 2018). Considering the relatively high binding constant
value obtained for NT (2.13 x 10> M) at 310 K (body tem-
perature) and the fact that SA is the most abundant biological
molecule in the circulatory system of many living organisms
and is also responsible for several physiological functions such
as transfer of exogenous and endogenous compounds (fatty
acids, drugs, steroids, metal particles, and metabolites), it
can be concluded that NT has capability to interact with serum
albumin in the bloodstream.

3.3. Analysis of thermodynamic parameters

Intramolecular interaction forces consist of electrostatic bond-
ing, hydrogen bonding, van der Waals forces, and hydropho-
bic interactions that play a significant function in protein
binding to various ligands. Enthalpy change (AH®), Gibbs free
energy (AG°®), and entropy change (AS°) are among the ther-
modynamic parameters, which help to identify the type of
forces influencing the interaction between two molecules. Pos-
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itive values of AH® and AS° represent the presence of hy-
drophobic interaction between two molecules and negative val-
ues of AH® and AS° are signs of van der Waals forces or
hydrogen bonds occurring. A value of AG® less than zero indi-
cates that a spontaneous interaction between NT and BSA oc-
curs at the appropriate temperature. Finally, a negative sign
for A ° indicates that the interaction of NT with BSA is
enthalpy-driven. Thermodynamic parameters can be calculat-
ed by the following van’t Hoff and Gibbs free energy Egs.
(5) and (6):

AH° AS°
anb = — RT + R (5)
AG® = AH® — TAS’® (6)

According to Eq. (5), R is the universal gas constant
(8.314 J mol~' K™') and T describes the experiential tempera-
ture. Van’t Hoff diagrams for the interaction of BSA and NT

are demonstrated in Fig. 3A. The values for AH®, AG®, and
AS° at five temperatures are given in Table 1. The results re-
vealed that the values of AS® and AH® are —237.6 J mol™!
K~ 'and —87.16 kJ mol™', respectively. Negative values of
AH®° and AS° confirmed that van der Waals forces, or hydrogen
bonds, are the basic forces in the interaction of NT with BSA
(Ross and Subramanian, 1981; Zhang et al., 2012; Wani
et al., 2017; Wani et al., 2018; Wu et al., 2019; Javaheri-
Ghezeldizaj et al., 2020).

3.4. UV=Vis absorption spectroscopy

UV-Vis spectrum measurement is a procedure for analyzing
structural changes and recognizing the formation of protein
complexes upon interaction with small molecules, which is
used in protein-ligand research. In this study, we evaluated
the interaction of BSA with different amounts of NT using

'—NH;’
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Fig. 4  A) Schematic plot of BSA immobilization by amine coupling. B) SPR sensorgram of BSA immobilization processes on a CMD

chip.
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UV-Vis spectroscopy. Owing to the presence of aromatic
amino acid residues (tryptophan, phenylalanine, and tyrosine
residues) in the BSA structure, an innate absorption peak of
about 210 (sharp peak) and 280 (weak peak) nm can be seen
in Fig. 3B. By adding different amounts of NT (10 to
60 uM) to the BSA solution, the BSA adsorption spectra at
280 nm gradually increased. In general, abnormalities in the al-
bumin absorption spectrum in the formation of the albumin li-
gand complex are evident. Based on this, it can be concluded
that the change in the structure and microenvironment of
BSA was owing to the interaction with NT and the formation
of the BSA-NT complex (Hu et al., 2006; Banu et al., 2021).

3.5. Immobilization of BSA on CMD sensor chip

A schematic illustration of the BSA immobilization on the sur-
face of a gold chip via amide linkage is shown in Fig. 4A (Fathi
et al., 2019). As can be seen in the figure, the carboxylic groups
on the surface of the CMD chip were activated using the EDC/
NHS solution injected into the device. And in the next step, by
injecting BSA into the device, a association was established be-
tween the active carboxyl groups on the surface of the CMD
chip and BSA, and thus BSA was stabilized on the surface
of the chip. In the last step, ethanolamine solution was used
to block unreacted sites (Maleki et al., 2020). The sensorgram
of these steps is shown in Fig. 4B. Measurements showed that
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at pH 7.4 the immobilization level of BSA on the CMD chip
surface was acceptable (Taghipour et al., 2018).

3.6. Kinetic parameters of BSA interaction with Natamycin

The reversible reaction of BSA-NT complex formation and
separation can be shown by a simple Langmuir reaction:

A+ B 4B
Kq

To calculate the kinetic properties, it is necessary to calcu-
late the k,, k,, and Kp for the binding of BSA to NT. The as-
sociation constant is denoted by k,, while the dissociation is
denoted by k.

BSA sensorgrams in the existence and lack of various con-
centrations of NT (0.1-1.2 uM) at four temperatures (298, 303,
308, and 310 K) have been shown in Fig. 5 and its related data
has been demonstrated in Table 2. The k, of the BSA interac-
tion with NT decreased when temperature increased while the
k, of the interaction was constant and therefore the values of
Kp have been increased. The attained results demonstrated
that the values of k, play a major role in the variation of Ky
values. Besides, increasing K values upon raising temperature
indicated that BSA binding to NT decreased, which verified
the attained data from the calculation of binding constants
through a fluorimetry study.
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Fig. 5 The SPR Sensorgram of immobilized BSA interaction with various concentrations of NT as a food additive at four temperatures

(A) 293 °K, (B) 298 °K, (C) 303 °K, and (D) 310 °K.
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Table 2 Association rate (ka), dissociation rate (kd), and
equilibrium constant (KD) values of NT interaction with BSA.

T (K) k (1/M X s) ku(l/s) Kp(M)

293 2.15 x 10* 1.00 x 1073 4.65 % 1078
298 1.04 x 10* 1.00 x 1073 9.87 x 1078
303 1.01 x 10* 1.00 x 1073 9.94 x 1078
310 9.98 x 10° 1.00 x 1073 1.00 x 1077

3.7. Molecular docking results

One of the most widely used methods for studying the interac-
tion of small molecules with biomolecules is the study of
molecular binding. In the present study, the interaction of
the NT and BSA biomolecule was investigated by applying
of Auto Dock 4.2 package. The tertiary structure of BSA is
classified into three binding domains (homologous), which
are nominated as I, II, and III with subdomains A and B.
The major ligand-binding region is located in some hydropho-
bic pockets in subdomain IITA (Szymaszek et al., 2022).

In the present study, the blind docking study displayed that
NT could bind to a pit that is located among IITA (Sudlow I)
and IB domains (Fig. 6A). Sudlow I is an important binding
site on BSA that several big molecules enable to bind there

due to the extended entrance gate. The importance of Sudlow
I lies in its ability to bind a wide range of drugs, which makes it
a useful element for drug delivery and development. Many
drugs, including non-steroidal anti-inflammatory drugs
(NSAIDs), antibiotics, and anti-cancer agents, bind to Sudlow
I with high affinity, leading to their sequestration in the plasma
and reduced toxicity. Moreover, the binding of drugs to the
Sudlow I site in BSA alters the pharmacokinetics and pharma-
codynamics of the drugs. It affects the duration of drug action,
the volume of distribution, the metabolism, and the elimina-
tion of the drug (Solanki et al., 2021).

To provide more details, another docking calculation was
carried out with a particular focus on Site II. This site is known
as an important position for the binding of many heterocyclic
and aromatic compounds. Some studies also reported that Site
II is an essential position for binding some fatty acids onto
serum albumin (Tayeh et al., 2009; Belatik et al., 2012).

As indicated in Fig. 6B, Ser 109, Asp 111, Lys 114, Leu 115,
Glu 424, and Arg 458 have an important role in NT-BSA in-
teraction. The sign and magnitude of AS® and AH®° indicated
that the main significant interaction force for the binding be-
tween NT and BSA was van der Waals forces or hydrogen
bond (Cheng, 2012). The binding was predicted to be —36.52
6 kJ mol™', which confirms the spontaneous binding of this li-
gand onto BSA without any requirement for external energy.
As shown in Table 1, the thermodynamic study found the
binding free energy (AG°C) of the NT-BSA complex to be

Fig. 6 A) Represents the binding site of NT on BSA in a cavity that is located among IIIA and IB. B) The detailed interaction between

NT molecule and BSA on IIA and IB binding domains.
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—16.35kJ mol~! at room temperature, but this varied from the
molecular docking calculation. It is assumed that the theoret-
ical research did not consider interstitial water molecules and
buffer salts in the structure of BSA, which could have con-
tributed to the association between NT and BSA molecules
via the hydrogen bonding network (Diana et al., 1989;
Abou-Zied and Al-Lawatia, 2011).

4. Conclusion

In the current study, the interaction between NT and BSA was ex-
plored using different spectroscopic techniques, SPR techniques, and
molecular docking modeling. The results of fluorimetry measurements
showed that NT reduces the intensity of BSA fluorescence by forming
a complex with BSA through a hybrid quenching mechanism. Negative
values of both AH® and AS° confirm that van der Waals forces or hy-
drogen bonds are the basic forces in the interaction of NT with BSA.
The negative AG® value confirmed the spontaneous binding of this li-
gand onto BSA without any requirement for external energy. The re-
sults of the blind docking at molecular docking study displayed that
NT could bind to a pit that is located among IIIA (Sudlow I) and
IB domains. In addition, Ser 109, Asp 111, Lys 114, Leu 115, Glu
424, and Arg 458 also play important roles in NT-BSA interaction.
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