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RESUMO

LELIS, Carini Aparecida, D.Sc., Universidade Federal de Vigosa, fevereiro de 2019.
Interagcdes intermoleculares entre proteinas do leite e moléculas de interesse na
area de alimentos. Orientadora: Ana Clarissa dos Santos Pires. Coorientadores: Luis
Henrique Mendes da Silva e Nélio José de Andrade.

As proteinas do leite tém sido alvo de estudos como estruturas para veiculagéo de
pequenas moléculas como, drogas licitas, compostos bioativos, corantes, etc. Estas
proteinas apresentam em sua estrutura sitios capazes de interagir com compostos
hidrofébicos e assim veicula-los. A ENRO é um antibiético utilizado no tratamento de
vacas com mastite e, quando boas praticas agropecuarias nido sao realizadas,
residuos de antibidticos sdo encontrados no leite. A CUR é um corante natural,
utilizado na industria de alimentos, que apresenta propriedades bioativas. Varias
moléculas, inclusive proteinas, tem sido estudado para interagir com a CUR e assim
transporta-la. No entanto, ndo ha estudos na literatura propondo a bLF como molécula
de transporte para a CUR. O presente trabalho teve como objetivo estudar a nivel
molecular os mecanismos envolvidos na interagdo entre: curcumina (CUR) e
lactoferrina (bLF) e, enrofloxacina (ENRO) e albumina do soro bovino (BSA), em
diferentes condi¢cdes de temperatura e em pH fisiolégico. Para o estudo de interacéo
entre bLF e CUR foram utilizadas técnicas sensiveis e eficazes como fluorescéncia e a
ressonancia plasmoénica de superficie (SPR). No estudo de interagao entre BSA e
ENRO foi utilizado a espectroscopia de fluorescéncia. Resultados de fluorescéncia
mostraram que a intensidade de fluorescéncia da bLF diminuiu @ medida que as
concentragdes de CUR aumentaram. O mecanismo de extingdo da fluorescéncia foi
classificado como estatico, havendo portanto, a formagdo de complexos entre bLF e
CUR nas condigbes termodinamicas estudadas. Além disso, a variagdo de energia
livre de Gibbs de formagao de complexo foi negativa, sendo regida pela entropia. A
analise de SPR também demonstrou a ocorréncia de formagdo de complexos entre
bLF e CUR. No entanto, em baixas temperaturas (285.15 K a 293.15 K) o processo foi
regido pela entropia, ja em temperaturas maiores (297.15 K a 301.15 K) foi regido pela
entalpia. Adicionalmente, verificou-se que as novas interagcdes formadas com a
formacgado do complexo apresentaram menor capacidade de transferéncia de energia

nas formas potencial do que quando as moléculas estavam livres. O estudo cinético de



formacado de complexo entre bLF e CUR mostrou que a energia de ativagdo para a
associacado e dissociacdo do complexo (bLF-CUR) aumentou com o aumento da
temperatura. Em baixas temperaturas, CUR demonstrou interagir preferencialmente na
superficie da bLF, ja em temperaturas mais elevadas a CUR se insere no interior da
proteina. Também foi verificado a ocorréncia do fenbmeno de compensacao entalpia-
entropia, estando relacionado principalmente a dessolvatacdo e a mudangas
conformacionais no local de interacdo. Para o estudo de interacédo entre BSA e ENRO,
foi utilizado a espectroscopia de fluorescéncia, baseando-se na capacidade da ENRO
em emitir fluorescéncia. No estudo verificou-se que ENRO se ligar preferencialmente
no subdominio IIA (sitio 1) da BSA, sendo o processo de interagdo exotérmico. O
complexo formado demonstrou ser mais estavel em baixas temperaturas. Também foi
verificado que no processo de formagdo do complexo BSA-ENRO houve a
compensacao entalpico-entropico e, as novas interagdes formadas com a formacéao do
complexo (BSA-ENRO) apresentaram maior capacidade de transferéncia de energia
para as formas potenciais que as interagdes que ocorrem quando as moléculas estao
livres, ao contrario do que foi observado para bLF e CUR. Este estudo contribui para o
conhecimento em nivel molecular da interacdo entre proteinas do leite e moléculas de
interesse na area de alimentos, em diferentes condicbes de temperatura e pH
fisiolégico, sendo um guia util para a otimizagdo da utilizagédo de proteinas do soro

como carreadoras.



ABSTRACT

LELIS, Carini Aparecida, D.Sc., Universidade Federal de Vigosa, February, 2019.
Intermolecular interactions between milk proteins and molecules of interest in
the food area. Adviser: Ana Clarissa dos Santos Pires. Co-advisers: Luis Henrique
Mendes da Silva and Nélio José de Andrade.

Milk proteins have been studied for the transport of small molecules, such as
pharmaceuticals, bioactive compounds, dyes, etc. These proteins have in their
structure sites capable of interacting with hydrophobic compounds and thus carry them.
The objective of this study was to study the molecular mechanisms involved in the
interaction between curcumin (CUR) (bioactive compound) and lactoferrin (bLF) and
enrofloxacin (ENRO) and bovine serum albumin (antibiotic used in the treatment of
cows with mastitis) under different temperature conditions and at physiological pH. For
the interaction study between bLF and CUR, sensitive and efficient techniques were
used, such as fluorescence and surface plasmon resonance (SPR). Fluorescence
results showed that the fluorescence intensity of bLF decreased with increasing
concentrations of CUR. The fluorescence quenching mechanism was classified as
static, showing the occurrence of complex formation between bLF and CUR under the
thermodynamic conditions studied. In addition, the Gibbs free energy variation of the
complexation was negative, being governed by entropy. SPR analysis also
demonstrated the occurrence of complex formation between bLF and CUR. However,
at low temperatures (285.15 K to 293.15 K) the process was governed by entropy, and
at higher temperatures (297.15 K at 301.15 K) was governed by enthalpy. In addition, it
was found that the complex formed had lower energy transfer capacity in the potential
forms than the free molecules. The kinetic study of complex formation between bLF
and CUR showed that the activation energy for association and dissociation of the
complex (bLF-CUR) increased with increasing temperature. At low temperatures, the
CUR showed to interact preferentially on the surface of the bLF, already at higher
temperatures, the CUR penetrates inside the protein. It was also verified the
occurrence of the enthalpy-entropy compensation phenomenon, namely related to the
desolvation and to the conformational changes in the interaction site. for the interaction
study between BSA and ENRO, fluorescence spectroscopy was used, based on

ENRO's ability to emit fluorescence. In the study verified that the mechanism of

Xi



extinction of the fluorescence was static, occurring the formation of BSA-ENRO
complex. ENRO demonstrated to bind preferentially to the subdomain IlA (site I) of the
BSA, the interaction process being exothermic. the complex has been shown to be
more stable at low temperatures. It was also verified that in the process of formation of
the BSA-ENRO complex there was the enthalpy-entropic compensation and the formed
complex (BSA-ENRO) presented greater capacity of transference of energy to the
potential forms than the free molecules, unlike which was observed for bLF and CUR.
This study contributes to the knowledge, at the molecular level, of the interaction
between milk proteins and molecules of interest in the food area under different
temperature conditions and physiological pH, being a useful guide for the optimization

of the use of whey proteins as carriers.
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INTRODUGAO GERAL

O leite bovino contém cerca de 3,5% (m/m) de proteinas que, além de fornecerem
aminoacidos, sdo veiculos naturais de micronutrientes essenciais, assim como
componentes do sistema imune. As proteinas encontradas no leite sdo moléculas de
custo relativamente baixo, alta disponibilidade, sdo reconhecidas como seguras,
apresentam alto valor nutricional e sdo capazes de interagir com pequenas moléculas,
principalmente moléculas hidrofébicas, e assim veicula-las. Essas caracteristicas tem
despertado o interesse da industria de alimentos e farmacéutica para a utilizagao
dessas proteinas no transporte de diversas moléculas.

As proteinas do leite sdo divididas em duas fragdes principais, as caseinas e as
proteinas do soro. As proteinas do soro constituem um grupo bastante diversificados
de proteinas com caracteristicas estruturais e funcionais bem diferentes. Entre as
proteinas do soro pode-se destacar a albumina do soro bovino (BSA) e a lactoferrina.
A BSA é o principal transportador das mais variadas moléculas no organismo, seja
moléculas de carater hidrofébico ou hidrofilico. A lactoferrina € uma proteina que
apresenta em sua estrutura ions de ferro ligados, e apresentam varias fungdes
fisiologicas importantes. Essas proteinas apresentam varios sitios de ligacdo com
diferentes afinidades, podendo atuar no transporte de diferentes moléculas.

Ao interagir com pequenas moléculas, chamadas de ligantes, as proteinas do soro
podem aumentar a solubilidade dos ligantes hidrofébicos em meios aquosos,
aumentar a biodisponibilidade, modular a entrega de drogas e compostos bioativos no
organismo, além de proteger essas moléculas frente a condigbes do meio como,
temperatura, luz, oxigénio, etc.

A CUR é um composto bioativo em que sua utilizagcdo em alimentos € limitada,
uma vez que este bioativo € soluvel em dleo, apresenta pouca estabilidade contra o
calor, luz e oxigénio, bem como baixa solubilidade. Dessa forma, sua aplicagdo em
solu¢des aquosas possui baixa viabilidade técnica. A ENRO, um antibiético utilizado
no tratamento de animais com mastite, também €& uma molécula com baixa
solubilidade e molhabilidade em agua, o que leva a dificuldades no desenvolvimento
de formulagdes farmacéuticas.

A determinacdo dos paradmetros termodindmicos e cinéticos de interagdo entre
proteinas do soro e compostos de interesse (tipos de interagdes, estequiometria de
formacgao do complexo, constante de interacdo, sitios de interagdo, constante cinética
de associacdo e dissociagdo, energia de ativagdo do complexo ativado, capacidade

calorifica, etc) é essencial para o melhor entendimento dos mecanismos de interacao,
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que sao uteis para que as industrias possam melhorar o desenvolvimento de sistemas
de entrega.

Diante disso, a realizacdo de pesquisas que visam entender as interacdes entre
as proteinas do soro e moléculas de interesse pode contribuir para otimizar o
transporte das mesmas. O transporte de drogas no sangue, assim como sua liberagao,
é de extrema importancia do ponto de vista da farmacocinética. Ja nos alimentos, o
transporte de moléculas como os compostos bioativos pode melhorar as
caracteristicas sensoriais dos alimentos, manter propriedades funcionais e otimizar a
utilizacdo destes compostos. Com isso, o objetivo do nosso trabalho foi estudar a
interacdo entre proteinas do soro de leite (bLLF e BSA) e compostos de interesse na
area de alimentos (CUR e ENRO), fornecendo informacdes uteis para a otimizacio da

utilizacdo dessa proteinas no transporte de moléculas como CUR e ENRO.
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Capitulo 1: Lactoferrin-curcumin binding: a thermodynamic, and kinetic study of
an important biofunctional complex

Abstract

An understanding of the thermodynamics and kinetics of the interaction between
bovine lactoferrin (bLF) and curcumin (CUR) is needed for the application of this
system to food and pharmaceutical formulations. We used fluorescence spectroscopy
(FS) and surface plasmon resonance (SPR) to study the formation of the bLF-CUR
complex. The fluorescence spectroscopy results showed positive values of standard
enthalpy and entropy changes (AH° = 66.5 kJ:mol™ and TAS® = 90.7 to 94.7 kJ:-mol™),
indicating that hydrophobic interactions are the main forces contributing to bLF-CUR
binding. The AH® values obtained by SPR were lower (AH® = 42.83 to -35.86 kJ-mol™),
suggesting that the interactions that occur far from the Trp residues release more
energy. ACp° value was negative, indicating that the bLF-CUR complex has less ability
to transfer heat energy to the potential form than the free bLF and CUR molecules.
Through the energy parameters it was possible to propose that at low temperature
CUR interacted at bLF interface, however with the increase in the temperature the
bioactive molecule penetrates into the inner of the protein. In both studies of
thermodynamic and kinetics parameters obtained by SPR, the occurrence of the
enthalpy-entropy compensation (EEC) phenomenon was verified. Thus, this work show
a complete thermodynamic and kinetic characterization of the formation of the bLF-
CUR complex, providing important information for technological applications of this

important biofunctional complex.

Keywords: lactoferrin; curcumin; fluorescence; surface plasmon resonance
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1. Introduction

Bovine lactoferrin (bLF) is @ member of the transferrin family and is composed of
692 amino acids folded into two homologous globular lobes connected by turn helix
and each lobe is formed by two domains connected by Fe>* ions. bLF is found in cow
milk, mucosal secretions, tears, saliva, blood (Croguennec, Li, Phelebon, Garnier-
Lambrouin, & Gésan-Guiziou, 2012; Farnaud & Evans, 2003) and exhibits many
important biological functions as an antioxidant, anticancer agent, and carrier of iron
and different bioactive compounds "®°. Because of these properties, bLF has been
increasingly used in different food products (Bokkhim et al., 2015), such as fortified
yoghurts, infant formulae, and dietary supplements (Wakabayashi et al., 2006; Tomita
et al., 2009). It has been intensively studied, and these studies have shown that bLF
has potential to carry different bioactive compounds in food, as for exemple: (-)-
epigallocatechin-3-gallate (EGCG) (Yang et al., 2014) and rosmarinic acid (Ferraro et
al., 2015).

As example of bioactive compounds is curcumin (CUR), also known as

15

diferuloylmethane ™, <sup>15</sup>is a hydrophobic polyphenol extracted from

5,16
t >

turmeric. Studies have shown that CUR has potential as an antioxidan , anti-

inflammatory and antitumor *'"'®

, as well as being a regulator of many biological
processes '°. However, CUR is almost insoluble in water (solubility = 0.6 pg/mL)% at
acidic and neutral pH, which limits its bioavailability (Maiti et al., 2007; Wang et al.,
2008). Moreover, CUR is sensitive to oxygen, light, and high temperatures %.

Aiming to overcome these limitations, researchers have investigated different
carriers for CUR. For example, Mangolim et al. (2014) showed important evidence of
CUR-B-cyclodextrin (B-CD) inclusion complex formation. The occurrence of the
interaction between CUR and B-CD intensified the color of the vanilla ice cream and
produced a great sensory acceptance. Camel (-casein micelles demonstrated interact
with CUR mainly via hydrophobic interactions, with a binding constant of 1.8 x 10* M,

at 298 K #. The complex formed between CUR and bovine serum albumin (BSA)

analyzed by isothermal titration microcalorimetry, showed a binding constant of the
4
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order of 10°M™, and the formation of the complex was entropically driven ?°. Thus, due
to the presence of hydrophobic regions in their structure 2%, the bLF may be a
promising nanovehicle for CUR (Bollimpelli et al., 2016). However, there are no studies
concerning the kinetics and thermodynamics of the interaction between bLF and CUR.
Understanding the kinetics and thermodynamics of bLF-CUR binding is strategic
because it can provide relevant information about the energetic e molecular dynamics
of interaction between these molecules, enabling optimize their use in food products.

Fluorescence spectroscopy (FS) is one of the most used techniques to investigate
the thermodynamic of protein—ligand binding because it is sensitivite, selective and
rapid (Atrahimovich, et al. 2012). In addition, bLF presents in its structure 13 residues
of tryptophan, which makes FS analysis strategic for the interaction study (Steijns and
van Hooijdonk, 2000). However, for a more complete understanding of the dynamic
processes of interaction between bLF and CUR, beyond to the thermodynamic
parameters, a kinetic study of the interaction is required. Surface plasmon resonance
(SPR) is a strategic technique able to analyze interaction between protein and analytes
in a fast, sensitive and label-free way, detecting, at real-time, the binding events (Atale,
Dyawanapelly, Jagtap, Jain, & Dandekar, 2019; Gombau et al., 2019; Schasfoort &
Tudos, 2013). With the SPR, it is possible to determine thermodynamic and kinetic
binding parameters in a single set of experiments.

Based on the potential of CUR and bLF as biofunctional compounds for food
applications, this will be the first study to provide us with data on the thermodynamics
and kinetics of interaction between bLF and CUR, thus helping to optimize the use of

bLF as a carrier of CUR.
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2. Material and Methods

21. Materials

Lactoferrin (>97% wt.), CUR (80% wt.), dibasic sodium phosphate (NaHPO,),
monohydrated sodium phosphate (NaH,PO,H,0), of analytical grade, were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Dimethyl sulfoxide (DMSO, C,HsOS), of
analytical grade, was purchased from Neon Commercial Ltda (S&o Paulo, SP, Brazil).
3-(N,N-dimethylamino)propyl-N-ethylcarbodiimide  (EDC) (> 99%  wt), N-
hydroxysuccinimide (NHS) (> 99% wt), sodium acetato (> 99% wt) and
ethanolaminehydrochloride were purchased from General Electric Healthcare

Company, (Sweden).

2.2, Fluorescence Experiments

Fluorescence spectra were obtained with an LS-55 spectrofluorimeter (Perkin-
Elmer, USA) equipped with quartz cells (1.0 cm) and a thermostatic bath. Initially a
solution of CUR 5 x 10® mol-L™ in DMSO was prepared. From this solution was
prepared the stock solution of CUR 1 x 10™* mol-L”, in solution of bLF 3 x 10 mol-L™.
For fluorescence measurements, 10 titrations of 50 pL of a stock solution of CUR (2.5
to 25 pM) in 2.0 mL of bLF solution (3.0 x 10® mol-L™) in a quartz cell and at pH 7.4
were used **. To minimize the effect of 10 titrations of CUR containing DMSO on the
intrinsic protein fluorescence, we added 2% DMSO to the bLF solution in a quartz 3.0 x
10°® mol-L™'cell. bLF was excited at 295 nm and fluorescence emission spectra were
then measured in the wavelength range of 296 to 450 nm, at five different temperatures

(293.15, 296.15, 299.15, 303.15 e 306.15 K)

2.3. SPR experiments
The kinetics and thermodynamics of interaction between bLF and CUR were
explored by SPR (Biocore X100 — GE Healthcare, Pittsburgh, PA, USA). Before

analysis, bLF was immobilized on the CM5 sensor chip using a Biocore amine coupling
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kit, according to the manufacturer's instructions. The carboxylic groups, formed when
the sensor chip is docked in the instrument, was activated for 7 min with a 1:1 mixture
of 0.1 mol.L™ 3-(N,N-dimethylamino)propyl-N-ethylcarbodiimide (EDC) and 0.1 mol.L"
N-hydroxysuccinimide (NHS) at a flow rate of 20 uL.min"and at 298 K. Then, a
solution at 3.0 x 10° mol-L™ of bLF in 10 mmol-L™" of sodium acetate at pH 7.0 was
injected for 7 min, resulting in a lower density bLF immobilization. A 7 min pulse of
1 mol L™" ethanolaminehydrochloride, pH 8.5, was then injected to deactivate the
excess hydroxysuccinimidyl groups on the surface that did not reacted with the protein.
The bLF-CUR binding experiments were carried out at pH 7.4 and temperatures
that ranged from 285.15 to 301.15 K. The concentrations of the CUR solutions (30—
100 uM) were prepared in flowing buffer sodium phosphate. In each binding
experiment, the CUR solution at the required concentration was injected in order to
increase colorant concentration over both sample (with immobilized bLF) and reference
(without bLF) surfaces. The two-channel injection (sample and reference) was
performed to correct for systematic noise and instrument drift. Between each bLF-CUR
binding cycle, buffer was injected to determine the baseline.
The bLF image used to make a hypothetical description of the interaction sites
of CUR for bLF were extracted from the Protein Data Bank (PDB ID: 1blf) (2.8
angstroms resolution) (http://www.pdb.org/pdb/home/home.do).
All experiments were carried out in triplicate and the relative errors were between 1

and 3 %. The results were expressed as mean + standard deviation.

3. Results and Discussion

3.1. Fluorescence Measurements

Many proteins exhibits fluorescence mainly due to the Trp and Tyr residues *°. The
bLF has 13 Trp residues (Trp-8, Trp-16, Trp-22, Trp-24, Trp-125, Trp-138, Trp-268,
Trp-347, Trp-361, Trp-448, Trp-467, Trp-549, and Trp-560) (Steijns and van Hooijdonk,

2000), which are accountable for the intrinsic fluorescence emission of the protein. The

7
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binding between bLF and small molecules, such as CUR can quench bLF
fluorescence. When it was excited at 295 nm, the resultant fluorescence maximum
emission peak was about 335 nm (Figure 1). The addition of increasing CUR
concentrations reduced the protein fluorescence intensity by 54%, indicating change
around the region of tryptophan residues, which may be due to complex formation

between bLF and CUR.

600

[CUR]
1

500 -
0 mol.L”
400

6

25 x 1078 mol.L”?

300

200

Fluorescence Intensity (a.u.)

T T T T T T T
300 320 340 360 380 400 420 440
Wavelength (nm)

Figure 1. Fluorescence emission spectra of 3.0 yM bLF in the presence of 0, 2.5, 5.0,
7.5,10.0, 12.5, 15.0, 17.5, 20.0, 22.5, 25.0 yM CURC at pH 7.4.

The fluorescence quenching data were studied using the Stern—Volmer equation

(Eq. 1).

%: 1+ Kgp [Q] = 1+ K,70[0Q] (1)

Here, F, and F are the fluorescence intensities of fluorophore before and after the
addition of the quencher (CUR), respectively, [Q] is the quencher concentration (mol-L
1), K, is the Stern-Volmer quenching constant, 1, is the average protein fluorescence
lifetime in the absence of the quencher, and K, is the biomolecular quenching constant.
From the fluorescence intensities, it was possible to determine the values of K, by
linear regression (Fo/F vs. [Q]).

The K, values were found to be at least 50 times higher than the K, values for

biomolecules, i.e., 1.00 x 10" L'mol™'s™ *. This magnitude of K, indicates that the
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main fluorescence quenching mechanism is static, arising from complex formation
between bLF and CUR (Silva et al., 2017; Lelis et al., 2017; Nunes et al., 2017).

After the confirmation that the fluorescence quenching mechanism is
predominantly static and assuming that the binding sites of the protein (bLF) for CUR
are independent and with similar binding constants, the equilibrium between the free
and bound CUR molecules at the bLF sites is given by the Stern—Volmer equation (Eq.

2).

log (7) = log K, + nlog[Q,] (2)

Here, F, and F are the fluorescence intensities of bLF in the absence and the presence
of CUR respectively, n is the number of binding sites, K, is the binding constant, and
[Q{ is the total CUR concentration.

The stoichiometry (n) and the binding constant (K,) for complex formation were
calculated applying the Eq. 2 to double logarithmic plot between log [(F- F)/F] vs. log
[Q] at five temperatures (Figure 2, Table 1). The n and K, values were extracted from

intercept and slope of this curve, respectively.

0.0
-0.2—-
-0.4—-
-0.6—-

-0.8

log ((FO-F)/F)

-1.0

-1.2 4

-1.4 T T T T T T
-5.6 -5.4 -5.2 -5.0 -4.8 -4.6

log [Q]

Figure 2. The plot of log[(Fo-F)/F] as a function of log [Q], being binding constant (K,)
the intercept and stoichiometry (n) the slope at pH 7.4.
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The K values ranged from 2.07 a 6.68 x 10* L'mol™, increasing about 3.3 times
with increasing temperature, which indicates that the bLF-CUR complex is more stable
at higher temperatures. The n values were close to 1 at all temperatures, suggesting
that each avaible Trp site in bLF can interact with one CUR molecule. Other studies
have found similar stoichiometries for CUR binding with different serum proteins, such
as BSA %, human serum albumin (HSA) (Ge et al., 2014), a-lactoalbumin (a-la)
(Mohammadi and Moeeni, 2015), and B-lactoglobulin (B-lg) (Mohammadi et al., 2009).
However, BSA, HSA, a-la, and B-Ig contain 2, 1, 4 and 2 Trp residues, respectively,
whereas bLF has 13 Trp residues, indicating that this protein can bind up to 13 CUR
molecules, if all of Trp sites are available for interaction. This result provides important
insights about the potential of bLF as a carrier for hydrophobic bioactive molecules.

The protein—ligand binding may consist of different interactions such as hydrogen
bonds, electrostatic, hydrophobic, and van der Waals. To further elucidate the
interactions between bLF and CUR, the thermodynamic parameters of complex
formation (AG°, AH°, and TAS"), were calculated following the approach: The standard
Gibbs free energy change (AG°) values were directly calculated from the K, values at
each temperature (Eq. 3); the standard enthalpy change (AH°) value was determined
by following the van’t Hoff approach (Eq. 4) by the plotting of InK,, versus 1/T, and the
standard entropy change (TAS°) was obtained using the fundamental Gibbs equation

(Eq. 5), listed in Table 1.

AG® = —RTInkK, (3)
InKps _ _ AH (1 1

K py R (TZ Tl) (4)
TAS® = AH° — AG® (5)

10
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Here, R is the universal gas constant (8.3145 J-mol™-K™"), T is the temperature (K),

and K is the binding constant (L-mol™).

Table 1. Binding constants (K,), the number of binding sites (n) and thermodynamic

parameters of interaction between bLF and CUR at pH 7.4 at different temperatures.

T(K) Kb @ n AG® P AH°® TAS®®
293.15 2.07+0.18  0.94+0.18 -24.2 90.7
296.15 2.60+0.19  0.96+0.19 -25.0 915
299.15 3.0120.16  1.03+0.16 -25.6 66.5 92.1
303.15 4.72+¢0.32  1.01+0.32 -27.1 93.6
306.15 6.68+0.35  1.050.35 -28.2 94.7

The superscript letters representes the units:  (10* L'mol™) °(kJ-mol™"); R? = 0.99

The AG° values were found to be negative, indicating that the chemical equilibrium
favored the formation of the bLF-CUR complex. The positive AH° and TAS® values
indicate that the complex formation process was endothermic, being driven by the
entropy increase, probably because of the hydrophobic interactions between bLF and
CUR “*2. CUR has in its chemical structure hydrophobic groups such as benzene rings,
which may interact with the hydrophobic side chains of the protein. Further, the release
of water molecules from the solvation layer of both interacting molecules (bLF and
CUR) resulted in an increase in the system entropy.

The enthalpic contribution (AH°) to bLF-CUR binding could be rationalized as a
result of three molecular processes, i.e., desolvation of the bLF and CUR surfaces
(AHg4¢5), conformational change of the bLF interaction site (AHyq.c0onf), @nd the
formation of the bLF-CUR interactions (AH,;r_curc) (EQ. 6). The positive values of AH°
show that the contribution of the endotermic processes, desolvation and denaturation,
is higher than the process of the formation of the bLF-CUR interaction. Thus, the

energy absorption process for the conformational change of the interaction site and the

11
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release of water molecules from the solvating layer of bLF and CUR contributed more
during the formation of the bLF-CUR complex.

AH® = AHges + AHmud.conf + AHp1r—cur (6)

3.2. SPRresults
While fluorescence spectroscopy is limited to analyze interactions, which occur
close to the Trp residues on bLF, the SPR may be used as broader technique to
explore bLF-CUR interaction. In addition, SPR allow us to obtain kinetic parameters
associated to the formation of the bLF-CUR complex. These kinetic parameters are
important because they can complement the thermodynamic data, providing
information about the rate of complex association and dissociation *.
In the sensogram obtained with the SPR (Figure 3) there are two main distinct
regions in the sensorgram: region A where occurs simultaneously the complex
association, and dissociation, prevailing the association process and region D, where

the process of dissociation prevails.

280

2404

200+

160

1204

RU

80

404

-20 0 20 40 60 80
time (s)

Figure 3. Sensograms (RU vs. time) for bovine lactoferrin -curcumin binding at 298 K
and pH 7.4. The arrows indicates increasing CUR concentration (30-100 pM).
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When the CUR solution flowed over the chip surface with immobilized-bLF, the
resonance signal (resonance units - RU) along the time changed. From this it is
possible to determine the kinetic rate constant of dissociation (k(d )), adjusting the data
of the sensor to Eq. 7.

RU(t) = RU(t,,) e ka(t=tm) (7)

where t,, is the time when dissociation process started and RU(t,,) is resonance in t,.

The kinetic rate constant of association (k, ) was determined fitting the sensorgram

data to Eq. 8 and then using Eq. 9. The k, is the slope of the k,;,; vs. [CUR] plot.

RU(Y) = RUpax(te)[1 — e_kObS(t)] (8)
kops = ka[CUR] + kg 9)

where [RU(t)] is the SPR signal obtained in the sensorgram at time t, k,,s is the

observed constant, and [RU.x(t )] is the SPR response at bLF saturation by CUR.

The k, and k, values are shown in Table 2.

Table 2. Kinetic rate constants for the association (k, ) and dissociation (k;) of bovine

lactoferrin-curcumin complex at pH 7.4.

T (K) kg (10° M's™) kq (s™)
285.15 1.23+0.06 0.31+0.01
289.15 1.23+0.05 0.26+0.01
293.15 1.27+0.07 0.24+0.01
297.15 1.37+0.09 0.25+0.01
298.15 1.46%0.10 0.27+0.01
301.15 1.70+0.12 0.37+0.01

The k,and k, values were of the order of 10° M's™ and 10" s™, respectively,
and they showed a second order polynomial dependence on temperature (Figure S1).

Initially the values of k, decreased and from 289 K increased. The same was observed

13



27

29

270

271

272

273

274

275

27
277
27
279
20

21

for k4, with a minimum point at 292.5 K. This non-linear behavior indicates that both
association of bLF and CUR to form bLF-CUR complex as well as its dissociation
occurred in a multi-step process, involving conformational change of the protein.
Moreover, the different behavior of k, and k; with temperature shows that the
dissociation process is not reversible to the association, that is, changes occurring
during the association to form the complex, are not completely undone by the

dissociation of the complex and/or new changes during dissociation may occur.

' -0.38
-0.36
-0.34
-0.32

!

-0.307

s)

L 0.28
L 0.26

-0.24

0.22

285 288 201 204 297 300
T (K)

Figure S1 — Plots of k, (m) and k; (o) versus T for bLF-CUR interaction at pH 7.4.
Polynomial equation for association process:
k, = 0.003 (T)? — 1.89 (T) + 274.40; R? = 0.96 and for dissociation process: k; =
0.001 (T)? — 0.98 (T) + 143.72; R? = 0.86.

Hudson et al. (2018) found k, and k, values 10- and 2-fold higher, respectively,
than those found by us for CUR interacting with BSA at pH 7.4 and 298.15 K (1.49 x
10* M's™ and 6.77 x 10" s") than those found for bLF-CUR. This difference can be
related to the protein structure, size, and conformational changes induced by the
interaction with CUR (Guo, Lu, Wang, & Brodelius, 2017).

The relationship between the kinetic rate constants yields the thermodynamic

binding constant (K, = k,/k;). Therefore, using the SPR kinetic experiment, the

14
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thermodynamic parameters were also obtained (Egs. 3-5), and they are presented in

Table 3.

Table 3 Binding constants (K,) and thermodynamic parameters (AG°, AH°, and TAS®)
of interaction and standard heat capacity change (ACp°) between bLF and CUR at pH

7.4 and different temperatures.

T (K) ky° AG®” AH°® TAS°®  ACp°°
08515 3971016 -19-66t0.79 42.83£1.71 62.48£2.50
08915 4711003 -20-33t1.02 22.34£1.12 42.68:2.13
00315 5301015 -20-90£0.63 2.42:0.07  23.31:0.70
00715 5481008 -2127£1.06 -16.98:0.04 4.29:021  -4.92
00815 3391000 -21:30£1.28 -21.75:1.31 -0.45:0.03
30115 4.59+0.1g -21-110.84 -35.861.43 -14.75:0.59

The superscript letters represents the units:  (10° L-mol™), ® (KJ:-mol™) and ¢ (KJ-K"
"mol™"); R =0.99

The Ky values of bLF-CUR binding obtained by SPR (K,.spr) were of the order
of 10° M, showing to be 10 times lower than the K, values found by fluorescence (K.
rs). The K, value is the product of the binding constants of each binding site for CUR in
the protein (K, = Kp1 ' Kj, " ... * Kpy); thus, the SPR analysis detected all the available
sites for in bLF interaction with CUR, including those not counted by FS, and these
sites show lower K, values, thus contributing to the reduce Ky_.spr values.

Both techniques showed that when CUR interacts with bLF the AG® values
were similar, -24.2 kJ.mol™" and -20.90 kJ.mol™ for FS and SPR, respectively, at 293.15
K. However, the values of AH° and TAS® did not show exactly the same behavior in
both techniques. For SPR, van 'Hoff approach showed a second order polynomial
dependence of AH® in relation to the inverse of the temperature. The AH°spr values
show that the process of interaction between bLF and CUR at low temperatures was
endothermic, becoming exothermic with the increase in the temperature. The Eq. 6 can

also be applied to evaluate the AHspr values. At lower temperature, the AHspr values

15
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is positive because |AHges + AHcs| > |AHp rcur|- The CUR when interacting with the bLF
can cause conformational changes in the protein, contributing to the positive values of
AH°. In addition, when compared to higher temperatures, at lower temperature the
water molecules are more structured around the hydrophobic regions the bLF e CUR,
which demands more energy for desolvation. On the other hand, with the increase of
the temperature, the water molecules are more unstructured, being |AHp r.cur| > [AHges
+ AHc| and therefore, the AH® values are negative.

By FS the behavior of van't Hoff approach was linear, thus obtaining only a
value for AH ° in the studied temperature rang. In addition, it was verified that the AH ks
was higher than the AH°spr. The AH°spr values are the sum of the energies absorbed
and released at each interaction site. Thus, the values obtained by SPR suggest that
the interactions that occur far from the Trp residues release more energy, contributing
to lower values of AH°spr when compared to the AH®ks value.

The same behavior was observed for TAS®. At low temperatures, the TAS®
values were higher when compared to the higher temperatures. The TAS® values are
contributions of the configurational entropy change (AS.s) due to the reduction of the
degrees of freedom of the complex formed from the free molecules and the desolvation
entropy change (ASges), resulting from the release of water molecules from the layer of
solvation of both molecules (bLF and CUR). Hence, AS° = AS4es + AS.os. The highest
TAS® values show that at low temperature, |ASges| > |AScond, providing a greater
release of water molecules from the solvation shell of bLF and CUR when the complex
is formed. At higher temperatures |AScn| > |ASges| then water molecules are less
structured, and consequently the reduction of the degrees of freedom of the complex
formed from the free molecules has a greater contribution than the release of the water
molecules from the solvation layer.

The TAS® values found by SPR (42.68 kJ mol”, 293.15 K) were lower than
those found by fluorescence (91.50 kJ mol™, 293.15 K). Probably processes such as
conformational changes and desolvation of the interaction sites identified by SPR are

different from the processes that occur in the interaction sites identified by the FS.
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However, despite the remarkable variation of AH° and TAS® as function of the
temperature, the AG° values showed a weak variation. This type of behavior suggest
the occurrence of the well known enthalpy—entropy compensation (EEC) **. To confirm
the occurrence of this phenomenon in our studies we plotted a plot of AH® vs TAS®

(Figure 4).
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Figure 4: Enthalpy—entropy compensation plot of bLF-CUR binding.

The EEC phenomenon found in Figure 4 can be described by a increase in
enthalpy offset by a increase in entropy. A linear relationship was obtained with slope
and intercept (a and ) equal to 0.97 and 20.73, respectively. The slope near of unity
suggests that AH° are often compensated by TAS®*®, that is, AH° and TAS® increase in
the same proportion. The increment of entropy may be attributed the release of water
from solvation layer of interacting molecules. However, this increase of entropy is
compensated by the energy absorption for the break of H,O-H,O interaction.

Through the dependence of AH° with the temperature, it was possible to

determine the standard heat capacity change, ACp®, using the relation: ACy = (‘?;;)
P

(Figure 5) (Table 3).
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Figure 5: Plot of variation of the standard molar enthalpy change (AH®) versus
temperature for the bLF-CUR binding.

The heat capacity change values provide information about energy and
structural modifications from the interaction. Considering that ACY = Cp_p;r_cyrc —
(Co—pir + Cp_curc), @ negative ACy indicates that the bLF-CUR complex has less
ability to transfer heat energy from the surroundings to the molecular potential energy
component than the free bLF and CUR molecules. During complex formation (bLF-
CUR) some intramolecular interaction of free molecules are broken while some new
intermolecular interactions are formed. Furthermore, it is known that the desolvation of
water molecules from the surface of the protein and CUR results in negative values of
ACp° *®*" | This can be confirmed by the analysis of Tds values, which shows a
contribution of the increase in the degree of freedom of the system due to the release

of water molecules from the solvation layer.

3.2.1. Energetic parameters of formation of bLF-CUR activated complex
The dependence of k,and k; on the temperature change yields the
determination of the kinetic energetic parameters related to the formation of an

activated bLF-CUR complex, formed from the association of free bLF and CUR
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molecules or from the dissociation of the thermodynamic stable bLF-CUR complex *®°.

These kinetic parameters are important because they provide information on potential
energy and molecular dynamics changes associated with the activated complex
formation.

Applying the Arrhenius approach of k, and k; on temperature (Figure S2), the

activation energy for association of free bLF and CUR molecules (Eq.¢(q)) and for
dissociation of bLF-CUR thermodynamic stable complex (E4.(q)) to activated complex

formation were obtained.

dink
Eqct() = ~R—1* (10)
T

In this equation, E, ) is the activation energy for association or dissociation, R

is the universal gas constant (8.3145 J-mol™-K™), k, is the kinetic rate constant of

association (M's™) or dissociation (s™') and T is the temperature (K).

75

(a)

7.4 4

7.34

Ink

7.2+ 414

7.1

T T T T
0.0033 0.0034 0.0035
1T

Figure S2 - In k, (m) and In ky (©) versus the inverse of temperatures associated with
the interaction between bovine lactoferrin and curcumin at a pH of 7.4. Polynomial

equation for association process: Ink, = 1.62 x 107 (1/T)2 —1.12 x10° (/) +

2
201.58; R? = 0.97, and for dissociation process: Ink,; = 4.06 x 107 (1/T) —2.78 X
10 (1/;) +437.17; R? = 0.89.
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The kinetic enthalpy change (AHZ), the Gibbs free energy change (AG) and the

entropic terms (TAS}) of association and dissociation phases to activated complex

formation were calculated using the equations 11 to 13.

AHY = Eqet) = RT (11)
AGH(T) = —RTIn(k.h/Kg (12)
TASE = AHF — AGH (13)

Here, R is the universal gas constant (8.3145 J-mol™-K™"), T is the temperature (K), h is
the Planck constant (6.626 x 10** J.s) and Kg is the Boltzmann’s constant (1.38 x 10"
2 JKM.

The values of the kinetic parameters for the association and the dissociation

phases are shown in Figure 6 (a) and (b), respectively.
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Figure 6 — Plot of kinetic activation energetic parameters versus temperature: (A) E, ¢,

(o) AG*, (m) AH*, and (A ) TAS* for (a) association and (b) dissociation phases.
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The Eict(a), AHi, and TASi values showed an increasing second-order

polynomial behavior as a function of temperature (Fig. 6), revealing that above 290 K
these energetic parameters increased.

The formation of bLF-CUR activated complex is dependent on the following
processes: i) bLF and CUR desolvation, ii) change in the bLF binding site
conformation, and iii) bLF-CUR interaction, being only the last resulting in energy
releasing. Therefore, it is reasonable to propose that at low temperatures CUR
interacted at bLF interface; while small degree of desolvation and conformational site
change however, with the increase in the temperature, the bioactive molecule
penetrates into the inner of the protein, and thus there is desolvation of CUR and bLF-
binding site and also change this binding site conformation, resulting in the increasing

of Eqct(ays AHi, and TASﬁ values, s shown in the hypothetical figure below (Figure 7).

conformational
change in the
interactionsite

CUR
o~

Figure 7 - The formation of bLF-CUR activated complex dependent on the temperature.

Interestingly, the coefficients of polynomial fitting for AH*, and TAS* vs. T were
very similar between themselves, for association (Eqgs. 14 and 15) and dissociation
phase (Egs. 16 and 17). In addition, the AG} and AG} values maintained almost

constant in this temperature range (Egs. 18 and 19), indicating the occurrence "iso-

kinetic comprensation” discussed above.
AHY = 0.24 T2 — 14257 T + 20446.23 ,R% = 0.99 (14)

TAS;; =0.25T% — 14591 T + 20903.74,R* = 0.99 (15)
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AH; =0.67 T? —390.53 T + 56085.93 ,R? = 0.99 (16)

TASY = 0.69 T2 — 398.88 T + 57270.41, R? = 0.99 (17)
AGE=0.14T +11.08,R? = 0.96 (18)
AGY =0.24T +2.19,R? = 0.92 (19)

To confirm the occurrence "iso-kinetic comprensation phenomena in the
association and dissociation phases to bLF-CUR activated complex formation, the

TAS* vs. AH* data were plotted (Figure 8).

20 4

2204
-40 4

-60 4

TAS* (kJ mol™)

-804

-100

40 20 0 20 40 60 80 100

AH* (kJ mol™)
Figure 8 — TAS* vs. AH* plot for formation of bLF-CUR activated complex from: (m)
association of free bLF and CUR (R? = 0.99), and (o) dissociation of thermodynamically

stable bLF-CUR complex (R? = 0.99).

The slopes of each fitting were 0.9603 (R*= 0.9993) and 0.9749 (R*= 0.9995),
for association and dissociation phases, respectively. In the context of formation of
activated bLF-CUR complex, the EEC is mainly related to the desolvation phenomenon
and to the change of conformation of the bLF-binding site, which cause an increase in

the system enthalpy and in the entropy of the system.
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4. Conclusions

The experimental results of this study provided thermodynamic and kinetic
information on the interactions between bLF and CUR. Fluorescence data showed that
fluorescence quenching of bLF was due to the formation of complexes with CUR, with
one molecule of CUR bound to each bLF site. The thermodynamic parameters
revealed that hydrophobic interactions were predominant in the bLF-CUR complex
formation.

By SPR, we confirm the occurrence of interaction between CUR and bLF, and
verify that the process of association of bLF and CUR molecules and dissociation of
bLF-CUR complexes involves conformational changes in the protein. In addition, we
have verified that the process of formation of the bLF-CUR complex is governed by a
process known as enthalpy-entropy compensation. The kinetic study of the formation of
bLF-CUR complex, suggests that at low temperatures the CUR interacts at the bLF
interface, and with increasing temperature the CUR penetrates inside the protein.

The thermodynamic and kinetic parameters determined in this study are
meaningful for a better understanding of the bLF-CUR binding process, further helpful

in using this biofunctional complex in food formulations.
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Capitulo 2: Interactions of enrofloxacin with bovine serum albumin: A detailed
thermodynamic study by fluorescence spectroscopy

Abstract

A more comprehensive study of the thermodynamic parameters of BSA-ENRO
complex formation is described in this paper, using fluorescence spectroscopy. Our
study suggested that ENRO binds to subdomain IIA (site 1) of BSA, interacting with the
hydrophobic side chains and positively charged regions. The fluorescence
spectroscopy results showed negative values of standard enthalpy and entropy
changes (AH° = -74.07 to -36.54 kJ-mol™ and TAS® = -45.88 to -11.12 kJ:-mol-1-K"),
indicating that the process of forming the BSA-ENRO complex is exothermic. The
Gibbs free energy change standard values were negative (AG° = -28.19 to -25.42
kJ-moI'1), however, it showed a small variation as a function of temperature. This
behavior may be due to the occurrence of the enthalpy-entropy compensation (EEC),
which was confirmed by the linearity of the TAS ° and AG® vs AH ° graph. It was also
obtained in the study the standard heat capacity change, ACp°, which presented a
value of 1.24 kJ K" mol™, thus showing that the complex formed between BSA and
ENRO has a greater ability to transfer energy to the potential form than the free
molecules. Thus, in this study we obtained a more detailed study of the interaction

between BSA and ENRO, which is of great importance for future application studies.

Keywords: enrofloxacin, bovine serum albumin, fluorescence spectroscopy

1. Introduction

The use of antibiotics in the treatment of bacterial infections has triggered global

50—

attention from the point of view of food safety®* 2. The main features of antimicrobial
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agent are its high bioavailability, low toxicity to the host, and excellent penetration into
the fabric®™°*. However, drug residues can be found in food like milk when good
veterinary practices are not performed.

Enrofloxacin (ENRO) was the first synthetic fluoroquinolone introduced and
approved as an antibacterial agent developed for veterinary application, highly effective
against a broad spectrum of Gram-positive and Gram-negative bacteria®. It is
registered in several countries including the US and Europe, with potential for the
treatment of infections in cow®®.

The study on the effect/influence of drugs on the protein constituents of the
circulatory system is of great interest, since the interaction of the drugs with the
transport proteins can affect both the availability of the drug and the functioning of the
proteins. One of the functions of transport proteins is their effective role in the delivery
of drugs and other substances®”*®, thus playing an important in biological processes.

The serum albumins have been used for initial studies with drug. The binding
capacity of a drug with serum albumin is important to efficacy as an agent
pharmaceutical, since the serum albumins are the major proteins responsible for drug
delivery in their target organs.

Bovine serum albumin (BSA) is the major protein in cow blood plasma and
plays important physiological role in the transport of hydrophobic compounds®. Also, it
is present in milk, arranged in a helical protein conformation heart-shaped consisting of
three homologous sites (I, I, Ill), each domain consists of two separate sites®*°'. Many
studies of interaction between proteins and drugs use BSA because of their low cost,
availability, binding ability and its identity homology (~76%) to human serum albumin
(HSA). Thus, BSA can be used as a model protein for the study of protein-drug
interaction, providing valuable information.

Despite the several reports in the literature on the interaction of ENRO with

62-67
A

transport proteins, BSA and HS , a comprehensive understanding of the

thermodynamic parameters of formation of the BSA-ENRO complex should still be fully
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understood. For this purpose, all thermodynamic parameters of interaction (AG°®, AS®,
AH® and ACp°®) as well as their detailed contributions were analyzed in this work. In
addition, all the studies reported so far on the interaction between BSA and ENRO are
based on changes in protein properties, such as the reduction of their intrinsic
fluorescence. In our study, ENRO's ability to emit fluorescence will be used to
determine the thermodynamic parameters of the BSA-ENRO interaction.

Thus the work aims at a more detailed study of the interaction between BSA

and ENRO using fluorescence spectroscopy.

2. Material and Methods

2.1. Material
BSA (>99% wt.), ENRO (>98% wt.), warfarin (analytical standard), ibuprofen
(>98% wt.), digitoxin (>92% wt.) and sodium phosphate (reagent grade) were

purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Fluorescence experiments
2.2.1. BSA-ENRO binding

Fluorescence spectra were obtained with a LS55 Fluorescence (Perkin Elmer)
spectrofluorimeter equipped with a thermostat bath, according to the procedure of
Wang et al. with some modifications®. Initially a solution of ENRO 1.0 x 10° mol-L™" in
DMSO was prepared. From this solution was prepared the stock solution of ENRO 1.5
x 10° mol-L™", in solution of BSA 3.0 x 107 mol-L™". For fluorescence measurements, 10
titrations of 40 pL of a stock solution of ENRO (3 x 107 mol-L™ to 3 x 10® mol-L™") in 2.0
mL of BSA solution (3.0 x 107 mol-L") in a quartz cell and at pH 7.4 were used. To
minimize the effect of 10 titrations of ENRO containing DMSO on the protein, we added
1.5% DMSO to the BSA solution in a quartz cell. Fluorescence emission spectra were
then measured at five different temperatures (293.15, 298.15, 308.15 and 323.15 K) in

the range 315-600 nm (excitation wavelength, 315 nm).
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2.2.2. Competitive binding studies

The competitive binding studies were carried out using site probes for sites |, I
and lll of BSA (warfarin, ibuprofen and digitoxin, respectively). For this, BSA and site
probes were at fixed concentration (3.00 x 107 mol.L™") and the fluorescence
quenching titration (with ENRO) was performer as described before at pH 7.4. Thus,
binding parameters for ENRO-BSA binding were determined in the presence of site

markers.

3. Results and Discussion

3.1. Binding of ENRO on BSA studied by fluorescence spectroscopy

The ENRO molecule contains in its structure a carboxyl group and a piperazinyl
amine group whose fluorescence emission is related to the degree of protonation and
is therefore pH dependent . ENRO can emit fluorescence at pH around 7.0 when
excited at 275 and 315 nm "°. However, the wavelength 275 nm is very close to the
wavelength of excitation BSA 7', thus we choose to excite ENRO at 315 nm 2
wavelength in which the protein did not absorbs radiation (Figure 1 (A)).

The fluorescence emission spectra of ENRO showed a strong fluorescence

emission peak at 415 nm, which enhanced with increasing ENRO concentration in the

system (Figure 1 (A)).

800

A 0.018 /l

[ENRO]
6 0.015- /
0.0121
1N
< 0,009 /

0.006
0.003

0.000 T T T T T T T

mol.L!

3x10°

Fluorecence intensity (a.u.)

Wavenlengh
avenlengh (nm) 1ENRO) (10° mol.L™)

Figure 1: (A) - Fluorescence spectra of increasing ENRO concentration at
308.15 K and pH 7.4 (Aex= 315 nm and A¢m= 415 nm) in the presence of BSA (3.0 x 10”7
mol.L™"). Arrow indicates an increase in the ENRO concentration (from 0 to 3.0 x 10°®
mol.L™). (B) - The double reciprocal plot was obtained on the basis of (1), allowing
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calculation of the inclusion constant value of the complexes of ENRO and the studied
BSA.

The relationship between the inverse of fluorescence emitted by ENRO vs the

inverse of its concentration, through the Benesi-Hildebrand model (Equation 1), yields

73,74

the binding constant (K,) for the ENRO-BSA complex formation

1 1 1
AF ~ Mman T (Kp By [ENROD) (1)

where AF is the difference in fluorescence intensity between the sample, with and
without enrofloxacin, AF,. is the value of maximum AF at plateau, K, is the binding
constant, and [ENROQ] is the concentration of enrofloxacin (mol.L™).

A linearity (r = 0.99) of the curve in the plot 1/AF vs. 1/[ENRO] indicated that the
complex formation stoichiometry was 1:1, (Figure 1 (B))”, i.e., for each ENRO
molecule there is one BSA molecule.

The affinity of albumin for a particular drug is important to guide the transport of
the drug in blood circulation and its release to the target site”®””. The K, values (Table
1) ranged from 1.06 x 10° to 1.29 x 10* L.mol™ for the temperatures studied at pH 7.4.
The K, decreased with the temperature increase indicating that the complex is more
stable at lower temperatures; and considering that K;, = [BSA — ENRO]/[BSA][ENRO],
more complexes were formed at lower than at higher temperatures. The values of the
Ky found by Qin et al., 2017 were of the order of 10° L.mol™", about 10 times lower than
the value found in our study. The authors also observed variation in Kb values with
temperature. At 293 K the value of Kb was 9.0 x 10° L.mol™, while at 320 K the value of
Kb was 5.7 x 10° L.mol™, this variation of kb is 5 times smaller than the variation found
in our study. This difference in the variation of K, values can be justified by the use of
the fluorescence emission property of different molecules (BSA and ENRO). In our
study was used the fluorescence emission capability of ENRO, already in the study of
Qin et al., 2017 they used the fluorescence emission property of BSA when excited at

280nm ®. The K, values found in our study are in agreement with values found in other
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interaction studies between BSA and ENRO, with K, values in the order of 10* L.mol

78, 66,64

Table 1 — The binding constant (K,), standard enthalpy change (AH®), standard Gibbs
free energy change (AG®) and standard entropy change (TAS®) associated to formation

of ENRO-BSA complex at pH = 7.4.

Temperature (K) K, (10°M™")  AG° (KJ.mol™")  AH°® (KJ.mol") TAS®° (kJ.mol™)

293.15 10.6 £ 0.06 -28.19 -74.07 -45.88
298.15 6.76 £ 0.35 -27.55 -67.29 -39.74
308.15 294 +0.16 -26.35 -54.39 -28.04
323.15 1.29 £ 0,08 -25.42 -36.54 -11.12

To identify the ENRO binding site on BSA, we performed competitive binding
experiments with three specific site probes. The use of probes that bind to specific sites
on protein allows a simple and rapid screening about the link of local drug by
macromolecule. BSA is made up of three homologous sites that are linearly arranged,

structurally distinct, and evolutionarily related domains (I-lI1) "%

, and are involved in
transport of different molecules, such as drugs. The binding between BSA and drugs
and/or any competitive molecule, such as other medicines, may determine the
pharmacological effect of the drug®. It is known that warfarin binding specifically on
site | of BSA, while ibuprofen and digitoxin are markers for BSA sites Il and I,
respectively 828,

In the presence of warfarin the K, value was reduced by 68.64% (2.12 £ 0.12 x
10* L.mol") compared to ENRO-BSA without any marker (6.76 £0.41 x 10* L.mol™),
while in the presence of ibuprofen and digitoxin it had a pronounced increase (K, =
1.80 + 0.09 x 10° L.mol™ and K, = 8.87 + 0.09 x 10* L.mol" ", respectively) . These

results indicate that ENRO competes with warfarin for the same binding site in BSA,

the subdomain Il A, located inside site I. BSA exhibits about 76% sequence homology
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and identity of tertiary structures to human serum albumin (HSA), which causes both
molecules to have homologous binding sites®*®. In a study by Seedher and Agarwal,
(2010) they found that ENRO competes with phenylbutazone for the same binding site
(site 1) as HSA, corroborating with our finding that ENRO binds preferentially to site I.
Kaur et al., (2018) studied the interaction between BSA and levofloxacin, a drug with a
chemical structure similar to ENRO. In the study the researchers found by molecular
docking that levofloxacin binds preferentially to the site | of the BSA. These authors
have verified the occurrence of hydrogen bonds, hydrophobic interactions, and other
types of interactions like 1r-cation, charge-charge, and salt bridge between amino acids
present in site | of BSA and regions (piperidone carbonyl, carboxylate, piperazine ring)
present in the structure of levofloxacin, also present in the structure of ENRO. Qin et al.
(2017) had suggested that ENRO binds to subdomain Ill A (site 1l) of the BSA. The
internal cavity of subdomain IIA (site I) of BSA is formed by hydrophobic side chains,
while the entrance of the pocket is surrounded by positively charged residues ¥. ENRO
has in its structure hydrophobic group with the benzene ring and ionizable groups (-
COOH and -NH) which may interact with the hydrophobic side chains and the charged
residues of subdomain IIA of the protein, respectively. In addition, in the work of Qin et
al. (2017), they used different markers in relation to those used in our study, which may
justify the difference found in relation to the main interaction site of BSA for the ENRO

molecule.

3.2. Thermodynamic parameters for ENRO-BSA binding

During the formation of complexes between proteins and ligands four main non-
covalent bindings may occur, such as hydrogen bonding, van der Waals forces,
electrostatic, and hydrophobic bindings. The determination of the thermodynamic
binding parameters can help to elucidate the main forces involved in the process of

complex formation between BSA and ENRO®%.
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To elucidate the main forces of binding between BSA and ENRO,
thermodynamic parameters, such as standard Gibbs free energy change (AG°®),
standard enthalpy change (AH°), standard entropy change (AS°), and standard heat
capacity change (AC,°) for complex formation were determined.

The AG° values were directly calculated from K, values at each temperature
(Equation 2), the AH° values were determined by the non-linear van’t Hoff approach
(Equations 3 and 4, Figure 2), and the entropic term (TAS°) were obtained using the

fundamental Gibbs equation (Equation 5). The results are shown in Table 1.

AG® = —RTInkK, (2)
an=a+b(%)+c(%)2+d(%)3+--~+lnd> (3)
AH® = —R [b+2C (3)+3d (%)2 +] (4)
TAS® = AH® — AG® (5)

where R is the universal gas constant (8.3145 J.mol™".K™), T is the temperature (in K),

K, is the binding constant (L.mol™).

11.54

11.0

Ln K

10.04 yd

e
9.54 [

T T T T T
0.00312 0.00320 0.00328 0.00336 0.00344

1

Figure 2: Non-linear van't Hoff plot for binding of BSA (3.00 x 107 mol.L™") and ENRO
at different temperatures (pH = 7.4).

The non-linear regression of the van't Hoff plot (Figure 2) is common when the

energy sources during the binding come from non-covalent binding*.
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As shown in Table 1 the AH® and TAS® values were negative, being therefore
the formation of the complex driven by the enthalpic term. Thus, the process of
formation of the BSA-ENRO complex were exothermic.

The negative values of AH® found for the BSA-ENRO interaction are resultants
of the contribution of three different processes demonstrated in the Equation 6.

AH® = AHges + AHpmya cons + AHpsa—gnro (6)

Were, AHg,s refers to desolvation of the bLF and CUR surfaces; AHpq4.conf is the

conformational change of the bLF interaction site, and AHgss_pyro IS the formation of
the BSA-ENRO interactions.

Considering that the values of AH ° were negative, it can be concluded that the
contribution of the exothermic terms AHgsa_pnyro Was greater than the contribution of
the endothermic terms AH.; and AHypy4 conf-

In a similar way that was discussed for AH®, the entropic term (AS°) can be
basically dismembered as shown in equation 7.

AS® = AScons + ASsow + ASmud.cons (7)
Where, AS. is the configurational entropy change that reflects the reduction of
degrees of freedom when the complex is formed from two free molecules in solution;
AS,,y describes the entropy change resulting from the release of water molecules from
the solvation shell of ENRO and BSA to form the BSA-ENRO complex; and AS;;,,q4.conf
refers to conformational changes in the protein interaction site.

During the formation of the BSA-ENRO complex, processes of conformational
adjustments at the binding site of the protein may occur as ligand interacts. This
process is also accompanied by the release of water molecules that are solvating the
ligand and the binding site in the protein. The negative values of AS° show that the
processes of conformational adjustments at the binding site of the proteins are more
significant than the release of water molecules from the solvation layer. With increasing
temperature the values of AS° became less negative, ie, the contribution of water

release from the solvation layer increases with increasing temperature.
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The negative values of AG®° indicated that, in the temperature range used in our
study, the BSA-ENRO complex was more stable than the free ENRO and BSA
molecules in the equilibrium ENRO + BSA = BSA-ENRO. However, despite the
remarkable variation of AH° and TAS® over the temperature the AG° values showed a
weak variation. Many different thermodynamic processes, such as the interaction
between BSA, HSA and tartrazine®; BSA, HSA and drugs®’; BSA and levofloxacin®,
have shown this kind of behavior, known as enthalpy-entropy compensation (EEC).
The EEC phenomenon found here (Figure 3) can be described by a reduction on the

enthalpy accomplished by a reduction in the entropy.

-20

-25 -

-30

-35 4

AG® or TAS® (KJ.mol™)

-40

45

-50 T T T T T T
75 70 65 -60 -55 50 45 -40  -35

AHe (KJ.mol™)

Figure 3: Plots of enthalpy-entropy compensation, (o) TAS® vs. AH® and (m) AG® vs.
AH° for the binding of ENRO to BSA at pH 7.40.

The enthalpy component reflects the amount of thermal energy change
associated with binding, while the entropic component quantifies the energy distribution
changes between the various quantum levels of the ligand (ENRO), protein (BSA) and
the solvent “>?®. The process of binding in aqueous solution is composed of a series of
processes, including the approximation of the ligand in the protein, the desolvation of

the ligand and the binding site of the protein, the conformational change of the protein
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when the ligand enters its cavity and the solvation of the formed complex. The
desolvation process can result in an increase in the entropy of the system as the
degree of freedom of the water molecules increases® . However, the binding of the
ligand with the protein may result in a decrease in the entropy of both molecules. The
enthalpy change may be due to formation and breaking of hydrogen and van der Waals
bonds, inducing less or more enthalpy change®.

These modifications of the thermodynamic parameters may indicate the
enthalpy-entropy compensation phenomenon, and can be described as following
equation TAS® = a AH®° + B. In fact, as shown in figure 3, a linear relationship was
obtained according to where the slope and the intercept (a and ) were 0.92 and 22.57,
respectively. The slope near of unity suggests that AH° are often compensated by
corresponding TAS® 999 that is, the release of energy in the system due to the new
interactions formed during the formation of the complex bLF-CUR is compensated by
the reduction of the entropy of the system due to the conformational changes in the
interaction site. This effect of the enthalpy-entropy compensation for non-covalent
bindings can be confirmed by the linearity of the graph of AG° versus AH° %,
indicating almost complete enthalpy-entropy compensation. Thus despite the observed
change in AH® and AS°, Gibbs free energy change remained almost unchanged. The
AG® values show a narrow range of variation, referring to biological processes involving
any non-chemical reversible type of binding®.

From the dependence of AH® values on temperature was possible to determine

the standard heat capacity change, ACp°®, using the relation: ACy = (%) :
P

In Figure 4 it is illustrate the temperature dependence of AH° associated with

the binding of ENRO to BSA. A linear fit (R>=0.998) was obtained, and the slope is the

measurement of the heat capacity change between the initial and final states of the

system. The ACZ value was 1.24 kJ K" mol”.
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Figure 4: Plot of variation of the standard molar enthalpy change (AH°®) versus
temperature for the BSA-ENRO binding.

The ACY value is an important thermodynamic parameter that provide useful
information about the type and magnitude of the forces governing the binding as well
as structural changes of the protein in response to the binding'®®. Considering that
ACY = Cy_compiex — (Cp-psa + Cp—gnro), @ positive ACyindicates that the BSA-ENRO
complex has more ability to transfer heat energy to the potential forms than the free
BSA and ENRO molecules. This superior capability is due the new intermolecular
interactions formed when the complex is formed, that is, the interactions between BSA-
ENRO and complex-H,O dominate the H,O-H,O interactions. The negative TAS®
values corroborates this positive AC; value, because they suggest that the system
entropy decreasing became from the formation of new intermolecular interactions
between BSA and ENRO. These new interactions increase the contributions of
potential energy for the total system energy.

The value of ACp° provides information not only about energy, but also on the
structural data and the reorganization of the solvent during complex formation'’. Thus,
the ACp° value is also related to the amount of hydrophobic surface area exposed. The
positive ACp° value indicates the solvation of hydrophobic regions, i.e., after the
formation of the complex there was a greater exposure of the apolar

102,95,98,103,104

regions , caused by the protein conformational change induced by

interactions with ENRO.
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4. Conclusions

ENRO showed to bind the BSA at physiological pH, the interaction being
reduced with increasing temperature. Probes experiments revealed that ENRO binds
preferentially to subdomain IIA (site |) of BSA, containing hydrophobic and positively
charged regions. After the thermodynamic study it was found that the fluorescence
quenching process was exothermic and that the complex formed is more stable than
the free molecules. The formation of the BSA-ENRO complex was a process
accompanied by the ECC phenomenon, where the enthalpy increase was
compensated by the increase of the entropy. In addition, it was found that the new
interactions that occur for complex formation (BSA-ENRO) increase the contributions of
potential energy to the total energy of the system, that is, the complex formed (BSA-
ENRO) had a greater capacity to transfer energy to the potential forms than the free
molecules.

This more detailed thermodynamic study, which reflects theoretical data on the
interaction between BSA and ENRO, may be a useful guide in the use of BSA as
carrier, providing some important data for the clinical study of the drug, with great
significance in clinical medicine.
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CONCLUGAO GERAL

Proteinas do leite como BSA e lactoferrina demonstraram interagir com
compostos de interesse na area de alimentos. Por espectroscopia de florescéncia foi
possivel verificar que lactoferrina interage com curcumina por meio de interacdes
hidrofébicas apresentando potencial para veicular um numero significativo de
curcumina. A determinacdo da constante de interacdo obtidas por espectroscopia de
fluorescéncia e por ressonancia plasménica de superficie sugeriu que as interagdo que
ocorrem nos sitios distantes dos residuos de triptofano sdo mais fracas e
acompanhadas de mudangas conformacionais nos sitios. Os parametros
termodindmicos e cinéticos determinados nesse estudo foram influenciados pela
temperatura, sendo verificado o ocorréncia do fenbmeno de compensacao entalpica-
entropica. Através do estudo cinético também foi possivel sugerir que nas baixas
temperaturas estudadas a CUR interage na superficie na proteina, ja em temperaturas
mais elevadas o composto bioativo interage preferencialmente no interior da proteina.

No estudo de interacdo entre BSA e ENRO foi utilizado a capacidade da
enrofloxacina de emitir fluorescéncia, sendo portanto um estudo baseado em uma
propriedade do ligante. Por espectroscopia fluorescéncia a ENRO demonstrou se ligar
preferencialmente ao sitio | da BSA, em pH fisiolégico. O processo de interagao foi
influenciado pela variacdo de temperatura, sendo também verificado a ocorréncia do
fenbmeno de compensacgao entalpia-entropia, onde a diminuigdo da entalpia com o
aumento da temperatura foi compensado pelo aumento da entropia.

Assim, o estudo realizado pode ser util, em futuras aplicagées das proteinas do

leite como estruturas de transporte para diversas moléculas.

51



