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Introduction

Abstract

Introduction: Nisin is a bacteriocin
produced by Streptococcus and
Lactococcus  species and  has
antimicrobial activity against other
bacteria. Nisin omits the need to
use chemical preservatives in food
due to its biological preserving
properties.

Methods: In the present in vitro
study, we investigated nisin
interaction with bovine serum albumin (BSA) using fluorescence spectroscopy and surface
plasmon resonance (SPR) analysis to obtain information about the mechanisms of BSA complex
formation with nisin.

Results: The BSA fluorescence intensity values gradually diminished with rising nisin
concentration. The BSA fluorescence quenching analysis indicated that a combined quenching
mechanism plays the main role. Finally, the K, values were reduced with increasing temperature,
which is demonstrative of nisin-BSA complex stability decrease at high temperatures. The negative
values of AH® and AS° showed that hydrogen bonds and van der Waals forces are the foremost
binding force between BSA and nisin. Meanwhile, the negative values of AG® demonstrated the
exothermic and random nature of the reaction process. The results of the SPR verified the gained
results through the fluorescence spectroscopy investigation, which denoted that the BSA affinity to
nisin diminished upon increasing temperature.

Conclusion: Overall, fluorescence spectroscopy and SPR results showed that the BSA interaction
with nisin decreased with rising temperatures.

the food industry.’ Gram-positive Streptococcus and

Bacteriocins are a heterogeneous class of biologically
functional bacterial peptides or proteins constructed
by both gram-negative and gram-positive bacteria.'
Bacteriocins are heat-stable ribosomally manufactured
antimicrobial  peptides (AMPs), which display
antimicrobial action against different bacteria.> For
this reason, the probability of using them as biological
preservatives in food, with the consequent reduction
in the use of chemical preservatives, raised concern in

Lactococcus species produce a bacteriocin termed nisin.*
Nisin is a bacterial peptide categorized as a type A (I)
lantibiotic. Nisin is a long peptide with 34 amphipathic
residues (Fig. 1) carrying a generally positive charge.
Its amino acid sequence encompasses two infrequent
amino acids (dehydrobutyrine, dehydroalanine) and five
thioether rings (one lanthionine and four three-p-methyl
lanthionine). Lanthionine and dehydroamino acids
have been recommended as stabilization mediators for
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Fig. 1. Molecular structure of nisin.

the active compound of lantibiotics against heat, acids,
and proteinases in producing cells.” Nisin has antibiotic
properties against a wide range of gram-negative and
gram-positive pathogens and is therefore introduced
as a preservative in various food products. Studies of
nisin immunomodulatory effect showed the interesting
therapeutic potential of this peptide.’ Currently, other
biological functions have been attributed to AMPs, such
as inhibition of membrane protein synthesis, inhibition of
DNA synthesis, antitumor effects, antiviral properties, etc.®
A membrane-bound cell wall precursor and second, nisin
permeabilizes the target membrane. The antimicrobial
action of nisin is due to the adsorption on the target cell
surface and destabilization of the cytoplasmic membrane
structure. This adsorption occurred through electrostatic
interactions between the positively charged nisin and the
negatively charged membrane phospholipids. Besides,
hydrophilic character of the C-terminal extremity of the
polypeptide play a role in the electrostatic interactions
occurring as well. In addition, the hydrophobicity of the
N-terminal extremity of nisin led in insertion of nisin
into the lipid layer of cell membrane and increasing its
permeabilization.”

The IC,, of nisin against microorganisms has
been estimated as a 4000 pg/mL.® Nisin is nowadays
permitted as a food additive in the European Union
(EU) beneath Annex II to Regulation (EC) 1333/2008
for usage in multiple food stuffs. Nisin has been used in
processed cheese by-products, processed cheeses, diverse
pasteurized dairy products, canned vegetables, hot-cooked
(crumpets), pasteurized liquid eggs, high-moisture flour
products, controls rotten lactic acid bacteria in beer,
alcohol production, and wine as a preservative. Finally, it
is used in foods with low pHs, like salad dressing.” The
acceptable daily intake of nisin is 0.13 mg/kg BW/day.

Serum albumin is the most abundant biological molecule

in blood plasma. Serum albumin levels are considered as
a marker of nutritional status. Albumin is synthesized by
liver cells and excreted into the bloodstream at a rate of
about 10 to 15 g/d. Serum albumin performs as a powerful
modulator of plasma oncotic pressure and transporter of
endogenous and exogenous numerous substances (i.e. fatty
acids, drugs, steroids, metal particles, and metabolites).
Serum albumin has a substantial influence on the
absorption, metabolism, and distribution of chemicals
in cells due to the increasing of hydrophobic substances
solubility. Since the function of proteins depends on their
orientation and spatial configuration, binding to internal
and external chemical compounds in the body causes
varjations in their secondary and tertiary structures.
Finally, the albumin binding to these compounds reduces
their free concentration and limits their biological activity,
distribution, and clearance rate. Thus, it is enormously
significant to pay attention to the interaction of chemicals
with albumin. BSA has been considerably investigated
due to its similarity to human serum albumin (HSA).
Compared to HSA, BSA has one more amino acid
named tryptophan. Therefore, BSA is utilized as an ideal
candidate in the study of drug and protein interactions due
to its therapeutic care, accessibility, cost-effectiveness, and
binding properties.'® Thus, we surveyed the interaction
of nisin with BSA employing fluorescence spectroscopy,
and surface plasmon resonance (SPR) analysis to obtain
information on the mechanisms of the BSA complex
formation with nisin.

Materials and Methods
Reagents and solutions
BSA and phosphate-buffered saline (PBS) (pH 7.4) were
prepared from Merck. The double distilled water was
operated as the solvent in the preparation of the PBS
solution. The stock solution of BSA (2mM) was prepared
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by dissolving the appropriate quantity of protein in
PBS solution. Nisin was bought from Sigma-Aldrich
Company. The experimental stock concentration of nisin
(2 mM) was attained by dissolving proper amount of nisin
powder in 2 mL of PBS solution. Finally, all solutions were
preserved at a low temperature (277 K).

Fluorescence spectroscopy evaluation

Steady-state fluorescence measurement of intrinsic
BSA fluorescence were performed by a Jasco FP-750
spectrofluorometer (Kyoto, Japan) furnished with a 1.0
cm quartz cell, using slit widths with a minimal band-pass
of 5 nm for both emission and excitation (at the excitation
wavelength of 290 nm). In the lack and existence of nisin,
the fluorescence spectra of BSA solutions were recorded
from 300 to 450 nm. To test the nisin effect on the
fluorescence signal of albumin, various concentrations of
nisin (0, 10, 20, 30, 40, 50, 60, and 70 pM) were added to
albumin solution (2 mM) at four temperatures (293, 298,
303 and 310 K).

The measurements of SPR

To explore the interaction of the BSA with nisin and the
measurement of kinetic parameters, the SPR apparatus
with an organized peristaltic pump (MP-SPR Navi 2104,
BioNavis Ltd., Tampere-region, Finland) and also a dual
channel (using Kerchman's prism configuration) was
used."

Immobilization of BSA on the CMD sensor chip surface
After embedding a CMD sensor chip into the SPR
apparatus, acetate buffer (10 mM) with pH 4.5 was applied
to wash the entire apparatus. The sensor diagram after 15
minutes got a steady baseline. NaCl and NaOH solutions (2
M and 0.1 M, respectively) were injected into SPR channels
for 3 minutes to clean the chip surface. In the next phase,
to activate and alter the chip surface, an admixture of EDC
(0.2M) and NHS (0.05M) solution at a flow rate of 30 uL/
min was injected into the SPR apparatus for 7 minutes.
Afterward, BSA solution (1 mg/mL) and acetate buffer
(running buffer) were injected to channel 1 and channel
2, respectively for 10 minutes. Eventually, the residual
active carboxyl groups or unreacted unnecessary sites
on the surface were blocked via injecting ethanolamine
hydrochloride solution (1M & pH 8.5) to both channels of
the SPR apparatus.'?

Analysis of kinetic parameters resulting from the BSA
interaction with nisin

The prepared nisin solution at various concentrations
was injected into both channels of the SPR apparatus for
2 minutes at four temperatures (293, 298, 303, and 310
K). Due to the immobilization of BSA in one channel of
the SPR apparatus, the second channel was employed as
a reference. No regeneration process was required due to
the quick separation of nisin from the chip surface. Finally,

the dissociation constant (k,), association constant (k ),
and equilibrium constants (K,) of the interaction of BSA
with nisin were calculated. Trace Drawer™ for SPR Navi™
software was utilized to compute the binding of BSA-nisin
kinetic and affinity parameters.'> !

Results and Discussion
The quenching of BSA fluorescence by nisin
The fluorescence spectroscopy has long been identified
as an effectual technique for investigating protein
modifications. BSA as a fluorophore agent has been
quenched after interacting with various ligands. Thus,
it provides useful information about binding strength,
binding mechanism, binding modes, as well as the span
between donor and acceptor molecules. In evaluating
the binding of BSA to nisin, the intrinsic fluorescence
intensity of BSA allowed us to investigate binding events
and probable differences in protein composition after
interaction with this food additive. In general, the inherent
fluorescence of serum albumins is due to the presence of
aromatic amino acid residues: phenylalanine, tyrosine, and
tryptophan, but the principal residues that contribute to
protein fluorescence quenching attributed to tryptophan
(Trp 213 for BSA). Different quenching mechanisms can
be differentiated based on their temperature, viscosity
dependence, and lifespan measurements. Generally, the
quenching can transpire by three mechanisms which are
categorized into dynamic (a collisional process between
the fluorophore with the quencher molecule in the excited
state), static (a non-fluorescent ground state complex
formation between quencher and fluorophore), and
hybrid quenching. The quenching mechanisms distinction
is made through the disparity in their dependence on
temperature. The elevation in temperature decreases the
quenching constant in static quenching, while it offers
an inverted consequence in dynamic quenching. The
effect of nisin on the BSA emission is shown in Fig. 2. As
demonstrated in Fig. 2, BSA fluorescence intensity values
gradually decrease upon titration with nisin, denoting
the formation of fluorescent complexes between nisin-
BSA and, or possibly the unfolding of the protein at the
tryptophan residue region. The fluorescence quenching
data were evaluated based on the Stern-Volmer equation
(Fig. 3):"°
514k, [Q)=1+ £ 0,[Q] (Eq. 1)
I N q%0

The steady-state fluorescence intensity of pure protein
solution is illustrated by F, and F stands for quenched
fluorescence intensity of the protein. [Q], K, kq, and T
are the quenching compound molar concentration, Stern-
Volmer quenching constant, the bimolecular quenching
rate constant of BSA, and the average lifespan of the free
BSA macromolecule (of the order of ~6 x 10 seconds),
respectively. The constant's calculated values are listed
in Table 1. The K, values increase for the BSA-nisin
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Fig. 2. Inherent fluorescence spectrum of BSA (2mM) in the lack and presence of various nisin concentrations (0, 10, 20, 30, 40, 50, and 60 uM) at 293, 298,

303, and 310 K temperature.
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Fig. 3. The Stern-Volmer diagrams of the quenching of BSA fluorescence by nisin at four different temperatures.

complex upon rising temperatures, denoting that the chief
quenching mechanism was dynamic quenching. However,
the values of k were higher than the limiting diffusion
rate constant of the biopolymer (2 x 10 LM™'s™!), which
denotes the happening of static quenching. Therefore, it
can be inferred that nisin quenched the BSA fluorescence
intensity via a hybrid quenching mechanism.”” We also
evaluated the BSA fluorescence quenching data by nisin
by the modified Stern-Volmer equation (Equation 2):
F 1 1 1
AF(F-F) K, 101 7, (Be-2)
where, fa and K, represent the accessible BSA
fluorescence fraction and the effective quenching
constant for accessible BSA, respectively. In the process of

increasing temperature, the decrease of fa and K, values
indicates that BSA fluorescence is quenched through a
static mechanism. The increase in f, and K values during
temperature increases indicates that BSA fluorescence is
quenched by a dynamic mechanism. The values of f, and
K for four temperatures of 293, 298, 303, and 310 K are
presented in Table 1 and the modified Stern-Volmer plots
is shown in Fig. 4. According to Table 1, the trend of f,
and K values neither increased nor decreased regularly.
Therefore, the modified Stern-Volmer confirms the result
of the Stern-Volmer equation.

Analysis of the binding equilibrium
To acquire some quantitative information about the
binding constant as well as the binding site number for the
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Table 1. Stern-Volmer quenching constants (K, ), quenching rate constant (k ), fraction of accessible BSA fluorescence (f,), and effective quenching
constant (K,) for the accessible BSA for the interaction between BSA and nisin in the four temperatures

T (K) f, K (10°M7) K, (10°M?) k_ (10 Ms?) R?

293 10.40 9.61 2.54 4.24 0.9274
298 20.94 2.38 2.74 4.57 0.9220
303 30.26 1.10 3.80 6.34 0.9803
310 32.19 0.77 4.44 7.40 0.9965

Table 2. Binding constant (Kb) and relative thermodynamic parameters of BSA-Nisin complex at four diverse temperatures.

T (K) K, (M%) InK, (M?) AH2 (10°kJ mol?) AS2 (102 mol*K?) AG? (10°kJ mol?)
293 42.2 3.74 -13.26853
298 24.7 3.21 -13.49496
303 19.5 2.97 -10.232 -3.8771 -13.72139
310 17.1 2.84 -14.03838

BSA-nisin system, we have utilized the logarithmic form
of the Stern-Volmer equation.”>"’
log(FOF;F) =logK, +nlog[Q] (Eq.3)
Where, K, is the binding constant and # is the number of
binding sites per albumin molecule, respectively, and F,E
and [Q] have identical definitions asin Eq. 1. The K| values
with the correlation coefficients (R)) are shown in Table
2. As is clear in Table 2, the values of binding constants
were acquired (42.2, 24.7, 19.5, and 17.1) at temperatures
293, 298, 303, and 310 K, respectively. According to the
outcomes displayed in Table 2, binding constant values
were sensitive toward temperature rising because of the
BSA-nisin complex stability decline. Finally, the K, values
were diminished with rising temperatures denoting the
system's instability at higher temperatures.'®

Thermodynamic analysis
The non-covalent examples of various small molecules'

interactions with biological macromolecules include van
der Waals forces (AH® < 0 and AS° < 0), hydrogen bonds
(AH® < 0 and AS° < 0), hydrophobic forces (AH® > 0 and
AS° > 0), and electrostatic attraction (AH® < 0 and AS° >
0). To characterize the majorly involved interaction forces
of the nisin-BSA complex, the relative thermodynamic
values including entropy (AS°), enthalpy (AH®), and free
energy (AG®) were acquired at various temperatures using
the following van't Hoff equation and Gibbs equation,
respectively.”?

InK, =- AH + AS (Eq.4)
RT R
AG® = AH°- TAS® (Eq. 5)

In (Eq.4), K, R, and T represent the binding constant, gas
constant (8.314 ] mol™ K'), and experiential temperature
(293, 298, 303, and 310 K), respectively. The van't Hoff
plot for the nisin-BSA complex is shown in Fig. 5. The
values of AGe, AHe, ASe, and Ink, were tabulated in

25
20 m293 298 A303 +310
[ ]
L 15
u'_o
~
LI_O
10
5
0
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Fig. 4. Modified Stern-Volmer plots for quenching of BSA fluorescence upon interaction with nisin at four different temperatures.
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Table 3. Association rate (k,), dissociation rate (kd), and equilibrium
constant (K;) values of Nisin interaction with BSA

T(K) k (1/Mixs) k (1/s) K (M)

293 1.79x10* 1.00x103 5.66x108
298 1.44x10* 1.00x10°3 6.70x10%
303 1.23x104 1.00x10°3 8.11x10%
310 9.98x10° 1.00x103 9.99x107

Table 2. From the acquired thermodynamic parameters
for binding (Table 2), the negative values for AH® and
AS° (AH® < 0 and AS° < 0) denote that hydrogen bonds
and van der Waals forces have the primary binding force
between BSA and nisin. Meanwhile, the negative values of
AG® demonstrate the exothermic and random nature of
the reaction process.'

Immobilization of BSA on CMD sensor chip surface
SPR apparatus can be used to detect the interaction

4.5

1.5
0.0032 0.00325 0.0033 0.00335 0.0034

1T

0.00345

Fig. 5. The van't Hoff diagrams for the interaction of BSA with nisin.

between two diverse molecules, where one of the biological
macromolecules (such as BSA, DNA, or antibody) must
be fixed on a gold chip through diverse binding methods,
and the other molecule must be mobile. Fig. 6 shows a
schematic image of BSA immobilization by amine pairs
on the surface of a gold chip. By adding NHS/EDC
solution, carboxylic groups (-COOH) were activated on
the CMD chip surface, and BSA was immobilized on the
chip surface via the formation of covalent amide bonds.?

Kinetic parameters of BSA interaction with nisin

The graphs of the BSA sensorgram at four temperatures
(298, 303, 308, and 310 K) in the lack and existence of
diverse concentrations of nisin (0.2-1.1 pM) are shown
in Fig. 7. The k, k,, and K parameters were computed
for BSA interaction with nisin and their related values can
be seen in Table 3. As the temperature raised from 298 to
310, the k, values of BSA complex formation with nisin
decreased, while the k, values of the interaction remained
constant and the K values increased. The results denote
that k_ values play a significant role in varying K values.
Although the low values of K are the exponent of nisin's
high affinity to BSA and the increment of K values with
rising temperature displayed that the binding of BSA to
nisin decreased, which confirmed the results of the binding
constants assessment gained through the fluorimetry.**

Conclusion

Herein, we examined nisin interaction with BSA
employing fluorescence spectroscopy and SPR analysis.
The outcomes of fluorescence spectroscopy measurements
showed that nisin quenched the fluorescence intensity of
BSA via a hybrid quenching mechanism. The negative
values of AH® and AS° indicated that hydrogen bonds
and van der Waals forces have the primary binding force

COOH

COOH
o EDC/NHS
'COOH

BSA

Fig. 6. Schematic plot of BSA immobilization by amine coupling.
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Fig. 7. The SPR Sensorgram of immobilized BSA interaction with various concentrations of nisin as a food additive at four diverse temperatures (A) 293 °K,

(B) 298 °K, (C) 303 °K, and (D) 310 °K.

between BSA and nisin. The results of the SPR showed
the k values of BSA complex formation with nisin
decreased, while the k, values of the interaction remained
constant. The gained results demonstrated that k_ values
play a significant role in varying K values. In addition,
the increment of K values displayed that the binding of
BSA to nisin decreased, which confirmed the results of the
fluorescence spectrometry study.
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