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RESUMO

MAGALHAES, Otavio Fernandes, M.Sc., Universidade Federal de Vigosa, outubro de
2020. Interacao entre B-caroteno e lisozima determinada por espectroscopia de
fluorescéncia e ressonancia plasmoénica de superficie: comparacao
termodinamica e analise cinética. Orientadora: Ana Clarissa dos Santos Pires.

O B-caroteno (BCAR) € um carotenoide precursor da vitamina A, com poderosa
capacidade antioxidante. Além disso, esse carotenoide fornece protegcdo ao
organismo humano de doengas como carcinoma, arteriosclerose, cataratas e ulcera.
Entretanto, a sua baixa solubilidade aquosa, sua instabilidade a luz e a elevada
temperatura e a baixa biodisponibilidade limitam o seu uso pelas industrias
alimenticias. Uma alternativa para superar essas limitacdes € o carreamento e
protecdo do BCAR ao formar complexo com a lisozima (LYS), que apresenta
capacidade de carrear moléculas hidrofébicas. Logo, este trabalho objetivou estudar
a interacao LYS-BCAR, em diferentes temperaturas e pH 7,4 por meio das técnicas
de espectroscopia de fluorescéncia (FS) e ressonéancia plasmodnica de superficie
(SPR). Os resultados encontrados pela técnica de FS indicaram que a formacao do
complexo LIS-BCAR ocorreu com um coeficiente estequiométrico de 1:1, constante
de ligacado (Kb) na ordem de 10°L mol, dirigida pelo aumento da entropia do sistema
e mantida por interagdes hidrofébicas devido os valores positivos de AH° e TAS®. Os
valores de AG° foram negativos e reduziram com o aumento da temperatura,
indicando que no equilibrio quimico LYS + BCAR = LYS-BCAR o complexo
predominou em relacdo as espécies quimicas livres, e a estabilidade do complexo
LYS-BCAR foi aumentou ligeiramente com o aumento da temperatura. Os valores de
Kb encontrados pela técnica de SPR foram da ordem de 103 L mol, ou seja, menor
gue os encontrados por FS, indicando que o BCAR interage préximos aos Trp62 e
Trp108 com constante de ligagdo maior que ao interagir nos demais sitios da LYS. A
andlise de SPR também mostrou que os valores de AG° foram negativos e com
processo de formagao do complexo LYS-BCAR entropicamente dirigido. A formagao
e a dissociacdo do complexo LYS-BCAR ocorreu em varias etapas, ja que as
constantes de associacdo (ka) e dissociacao (kd) tiveram um comportamento
polinomial de segundo grau (R? = 0,989 e R? = 0,997, respectivamente) com o
aumento da temperatura. A formagdo do complexo intermediario a partir da



associacdo entre as moléculas livres requereu valores de energia de ativagcéao
superiores aos necessarios para formar o complexo intermediario a partir da
dissociagdo do complexo termodinamicamente estdvel em todas as temperaturas
estudadas. Os demais parametros energéticos para associagao das moléculas livres
e para a dissociacdao do complexo termodinamicamente estavel foram dependente da
temperatura, sendo os valores de AG%, AG*, AH*, positivos para todas as
temperaturas estudadas. Entre 12 e 20 °C os valores de TAS*a e AH¥sforam negativos
e entre 24 e 28 °C os valores de TAS*ae AH*foram positivos, ja os valores de TAS*q
foram negativos para todas as temperaturas estudadas. Assim, este estudo obteve os
parametros termodinamicos e cinéticos de formacdo do complexo LYS-BCAR,
possibilitando um melhor entendimento de como a LYS pode ser utilizada para
proteger e carrear o BCAR, melhorando o uso desse carotenoide pelas industrias

alimenticias e relacionadas.

Palavras-chave: (-caroteno. Lisozima. Formagao de complexo. Espectroscopia de

fluorescéncia. Ressonancia plasmonica de superficie.



ABSTRACT

MAGALHAES, Otavio Fernandes, M.Sc., Universidade Federal de Vigosa, October,
2020. Interaction between B-carotene and lysozyme determined by fluorescence
spectroscopy and surface plasmon resonance: thermodynamic comparison and
kinetic analysis. Adviser: Ana Clarissa dos Santos Pires.

B-carotene (BCAR) is a pro-vitamin A carotenoid with powerful antioxidant capacity.
Besides, protects the human organism against diseases such as carcinoma,
arteriosclerosis, cataracts, and ulcer. However, the low water solubility, light and high
temperature instability, and low bioavailability limit the use of BCAR by food industries.
An alternative to overcome these limitations is to protect and carrier the BCAR, forming
complex with the lysozyme (LYS), which may carrier hydrophobic molecules.
Therefore, this work aimed to study LYS-BCAR interaction, at different temperatures
and pH 7.4, using fluorescence spectroscopy (FS) and surface plasmon resonance
(SPR) methods. FS showed that the LYS-BCAR complex formation occurred with
stoichiometric coefficient of 1:1, binding constant (Kb) in the order of 105L mol, driven
by the increase in system entropy and hydrophobic interaction were the main involved
in this complex due to positive values of AH® and TAS®. AG ° values were negative
and decreased as increasing temperature, indicating that in the chemical equilibrium
LYS + BCAR = LYS-BCAR the complex predominated over free chemical species and
the stability of the complex LYS-BCAR slightly increased as temperature increased.
The Kb values found by SPR technigue were in the order of 103 L mol!, which is less
than those found by FS, indicating that BCAR interacts close to Trp62 and Trp108 with
a higher binding constant than when interacting in other LYS sites. SPR analysis also
showed AG° values negative and the LYS-BCAR complex formation entropically
driven. The formation and dissociation of the complex LYS-BCAR occurred in multi-
step since the association (ka) and dissociation (kd) constants had a second-order
polynomial behavior (R? = 0.989 and R? = 0.997, respectively) as temperature
increasing. Intermediary complex formation from the association between free
molecules required activation energy values higher than those required to form the
intermediary complex from the dissociation of the thermodynamically stable at all
temperatures studied. The other energetic parameters for the association of free
molecules and the dissociation of the thermodynamically stable complex were



temperature-dependent, with the values of AG*, AG*, AH%, positive for all
temperatures studied. Between 12 and 20 °C the values of TAS*a and AH%s were
negative, and between 24 and 28 °C the values of TAS*a and AH*y were positive,
whereas the values of TAS*y were negative for all studied temperatures. Thus, this
study obtained the thermodynamic and kinetic parameters of the LYS-BCAR complex
formation, allowing a better understanding of how the LYS can be used to protect and

carrier BCAR molecule, improving the use of this carotenoid by food industries.

Keywords: p-carotene. Lysozyme. Complex formation. Fluorescence spectroscopy.

Surface plasmon resonance.
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Capitulo 1

1. Introducao

A medida em que o acesso a informagdo aumenta, a sociedade se preocupa
cada vez mais com a saude. Logo, procuram consumir alimentos que contém
compostos com propriedades funcionais.

Os carotenoides pertencem ao grupo dos compostos que apresentam essas
caracteristicas requeridas pelos consumidores atuais, ja que desempenham func¢des
benéficas a saude. Eles pertencem a uma classe de isoprenoides que ocorrem em
diversas fontes na forma de pigmentos naturais (ALLAHDAD et al., 2018), cuja
intensidade da cor varia de amarelo a vermelho (RODRIGUEZ-AMAYA, 2019). Podem
ser classificados em carotenos, quando sdo hidrocarbonetos e xantofilas, quando
contém um ou mais atomos de oxigénio (EROGLU; HARRISON, 2013).

Dentre os carotenoides existentes, ja foram identificados mais de 700 tipos na
natureza, sendo que 60 desses podem ser encontrados naturalmente em alguma
fonte alimenticia (FELTL et al., 2005; HORNERO-MENDEZ; BRITTON, 2002). O B-
caroteno (BCAR), pertencente a classe dos carotenos, é encontrado em diferentes
fontes de origem vegetal como: damasco, cenoura, abdbora, beterraba, mamao,
manga e batata doce (RODRIGUEZ-AMAYA, 2016). Trata-se de um importante
precursor da vitamina A (EROGLU; HARRISON, 2013; HORNERO-MENDEZ;
BRITTON, 2002), que desempenha atividades antioxidantes e ajuda na reducéo de
inflamacdes e do estresse oxidativo. Aléem disso, ajuda fortalecer o sistema
imunoldgico, reduzindo assim o risco de desenvolvimento das doencgas degenerativas,
incluindo o cancer (YONEKURA; NAGAO, 2007).

Apesar dos beneficios previamente citados, os carotenoides apresentam baixa
solubilidade aquosa em temperatura ambiente e baixa estabilidade quimica a luz e a
temperatura elevada (SAINI; KEUM, 2018). Diante disso, € importante encontrar uma
alternativa eficaz para a sua utilizacao em formulacdes alimenticias e farmacéuticas,
melhorando sua solubilidade, estabilidade e biodisponibilidade. Normalmente, nos
tecidos vivos, os carotenoides estdo associados a proteinas de estruturas terciarias
(LI et al., 2015a). Por isso, 0 uso de proteinas globulares como agentes carreadores
do BCAR é uma boa alternativa para potencializar a sua utilizacao.
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A lisozima (LYS) é uma proteina globular, de massa molar igual a 14,3 kDa,
encontrada principalmente na clara de ovos de aves e formada por 129 residuos de
aminodacidos (CAO et al., 2015; CHEN et al., 2005). Apresenta dentre as suas
propriedades bioldgicas a atividade antimicrobiana (CROGUENNEC et al., 2000).
Além disso, a LYS apresenta uma regido hidrofébica que possibilita a interacdo com
compostos hidrofébicos, como o BCAR (BEVERUNG; RADKE; BLANCH, 1999;
LESNIEROWSKI; STANGIERSKI, 2018). Logo, essa proteina pode ser utilizada para
proteger e carrear o BCAR, por meio da formagéo de um complexo.

Ll et al. (2016) estudaram a termodindmica de interagédo entre a LYS e 0 BCAR
utilizando espectroscopia de fluorescéncia e verificaram que interagées hidrofébicas
foram as principais forcas responsaveis pela formacdo do complexo entre essas
moléculas, ja que os valores de AH° e AS° foram positivos (27,48 kJ mol' e 222,47 kJ
mol, respectivamente a 293 K). Os autores também explicaram que o processo de
interacao LYS-BCAR é endotérmico pois ocorre com a liberacdo de dgua da camada
de solvatacado dessas moléculas e com o BCAR se inserindo na cavidade hidrofébica
da LYS ap6s uma alteragcéo da estrutura dessa proteina.

Apesar desse trabalho ter iniciado os estudos relacionados a formacao de
complexo entre essas moléculas, a auséncia de discussdes dos parametros cinéticos
de formacao de complexo entre elas tornou fundamental o estudo cinético por meio
da técnica de ressonancia plasménica de superficie, a qual também fornece os
parametros termodindmicos. Além disso, a técnica experimental sensivel de
espectroscopia de fluorescéncia foi utilizada para a obtencdo dos parametros
termodinamicos de interacao, sendo realizada a corre¢ao do efeito do filtro interno
usando a técnica de espectroscopia de UV-vis. Com isso, também foi possivel
comparar os parametros termodinamicos obtidos neste estudo pelas duas técnicas
empregadas.

O estudo das propriedades termodindmicas e cinéticas de formagdo dos
complexos entre a LYS e o BCAR é importante para um melhor entendimento de como
ocorre a interacao entre estas duas espécies quimicas, pois permite 0 conhecimento

da energia e da dindmica molecular envolvidas na formac¢ao desses complexos.
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2. Objetivos
2.1. Objetivo Geral

Estudar a termodinamica e a cinética de interacao intermolecular entre a LYS

e 0 BCAR, em pH 7,4, em diferentes temperaturas.
2.2. Objetivos Especificos

e Determinar a constante de interagéo (Kb) e a estequiometria de formagao do
complexo (n).

e Determinar a variagdo da energia livre de Gibbs padrdo (AG®), a variagédo da
entalpia padrao (AH®) e a variagao da entropia padrao (TAS®) de formagao do
complexo LYS-BCAR, em diferentes temperaturas, utilizando as técnicas de
Espectroscopia de Fluorescéncia (FS) e Ressonancia Plasménica de
Superficie (SPR).

e Determinar a constante cinética de associagéo (ka) entre a LYS e 0 BCAR e a
constante cinética de dissociacao (kd) do complexo LYS-BCAR por SPR.

e Calcular os parametros energéticos cinéticos de formagao do complexo ativado
LYS-BCAR formado a partir da associacao das moléculas livres e a partir da
dissociagdo do complexo termodinamicamente estavel: energia de ativagéao
(Eact), variacdo da entalpia de ativacdo (AH¥), variagcdo da entropia de ativagéo
(AS*) e variacdo da energia livre de Gibbs de ativacdo (AG*), por SPR.

3. Referencial tedrico
3.1. Carotenoides

Os carotenoides séo pigmentos lipofilicos responsaveis pela cor amarela,
laranja e vermelha em vegetais e frutas, sintetizados por plantas e microrganismos,
sédo encontrados na natureza (VARELA et al., 2015) em plantas, fungos e bactérias
(HORNERO-MENDEZ; BRITTON, 2002). Apresentam uma estrutura de cadeia linear
com 40 carbonos, oito unidades de isopropeno (ALWIS; CHANDRIKA; JAYAWEERA,
2015; FELTL et al., 2005) e duplas ligagdes alternadas, as quais atuam como
croméforos e garantem as suas multiplas fungdes (RODRIGUEZ-AMAYA, 2019; YE;
JIANG; WU, 2008), dentre elas a capacidade antioxidante (YONEKURA; NAGAO,

2007). Essas ligacdes duplas conjugadas também permitem que os carotenoides
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absorvam luz na regido do visivel e ultravioleta, com o maximo de absor¢do em um
comprimento de onda entre 450 e 570 nm (EROGLU; HARRISON, 2013).

Esses compostos séo classificados como: carotenos e xantofilas, sendo os
carotenos hidrocarbonetos e as xantofilas derivadas dos hidrocarbonetos, contendo
em suas estruturas grupos funcionais como a hidroxila, ou seja, um ou mais oxigénios,
os quais ficam localizados nos anéis das extremidades da cadeia linear (APRODU;
DUMITRASCU; STANCIUC, 2018; FELTL et al., 2005).

Dos 700 carotenoides identificados, cerca de 60 ocorrem comumente na dieta
dos humanos e no sangue em quantidades mensuraveis, dentre os quais o BCAR,
que é conhecido por ser um agente pro vitamina A para o organismo humano
(ALLAHDAD et al., 2018; EROGLU; HARRISON, 2013). Normalmente, apresentam
coloragdo amarela, laranja ou vermelha, e sdo encontrados na natureza em fontes
diversas (SASSO et al., 2012; VARELA et al., 2015), como: vegetais de folha escuras,
frutas coloridas e microrganismos unicelulares (algas) (SAINI; KEUM, 2018). Alguns
exemplos de suas fontes sdo: cenouras, mamao, tomates, melancia, peixes (salméo)
e crustaceos (lagostas, caranguejos e camarao) (RODRIGUEZ-AMAYA, 2019).

Os carotenoides tém recebido cada vez mais atencado, por parte dos
pesquisadores e dos consumidores, ja que apresentam propriedades que o0s
classificam como benéficos a saude, com destaque para as funcdes de serem
precursores de vitamina A, desempenhar a atividade antioxidante, melhorar a
imunidade (EROGLU; HARRISON, 2013; FERNANDEZ-GARCIA; PEREZ-GALVEZ,
2017; MUTSOKOTI et al., 2017), possuirem propriedades de prevencao e tratamento
de doencgas como as cardiovasculares (SHAISH et al., 2006), cataratas (GUPTA et al.,
2003) e cancer (SAINI; NILE; PARK, 2015). Com isso, as industrias farmacéuticas e
de alimentos tém ampliado os seus interesses por esse grupo de compostos bioativos.

A atividade antioxidante dos carotenoides é limitada quando expostos a luz,
acidos, temperaturas elevadas (RODRIGUEZ-AMAYA, 2016; SAINI; KEUM, 2018), a
agentes oxidantes, como espécies reativas de oxigénio (FERNANDEZ-GARCIA;
PEREZ-GALVEZ, 2017) e por apresentar baixa solubilidade em meio aquoso (FELTL
et al., 2005). Por isso, € justificada e necessaria a utilizacdo de estratégias que visam
a preservagao de sua estabilidade quimica e melhoria de sua solubilidade. Por serem
compostos hidrofébicos, o uso de moléculas com sitios hidrofébicos para formar
complexos com 0s carotenoides € uma alternativa que pode ser considerada, ja que
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possibilita a protecao e, consequentemente, a melhor aplicacdo desses compostos
bioativos.

Nos tecidos vivos, 0s carotenoides se encontram associados com proteinas de
estruturas terciarias (CHANG et al., 2016), permitindo a inser¢cdo desses compostos
hidrofébicos em um ambiente com residuos de aminoacidos hidrofébicos (ALLAHDAD
et al., 2018). Ainda assim, existe a necessidade de mais estudos que busquem
informacgdes acerca de moléculas eficazes para carrear e proteger esses compostos

bioativos.
3.1.1 B-caroteno

O BCAR (Figura 1) é um composto laranja formado por uma cadeia de
hidrocarboneto polieno com 11 ligagdes duplas conjugadas e um anel em cada uma
de suas extremidades (APRODU; DUMITRASCU; STANCIUC, 2018). Essas ligacdes
duplas conjugadas sdo responsaveis por atuar como cromoéforo absorvedor de luz,
conferindo as cores brilhantes dessas moléculas, ja que os carotenoides sao
pigmentos naturais multifuncionais (ALWIS; CHANDRIKA; JAYAWEERA, 2015).

Figura 1 Estrutura do -caroteno. Fonte: ALWIS; CHANDRIKA; JAYAWEERA (2015)

O B-caroteno € um carotenoide muito importante para a dieta humana, por ser
um precursor eficaz da vitamina A, apresentando uma alta taxa de conversao para
retinol. Encontrado principalmente em frutas e vegetais, exerce uma forte atividade
antioxidante, protegendo o organismo humano de muitas doengas, como carcinoma,
arteriosclerose, catarata, doencas cardiovasculares, e outras relacionadas, inibindo
também a ulcera (JAIN et al., 2016; KNOCKAERT et al., 2012; MEHMOOD et al.,
2018).

Diante de todas as propriedades benéficas que o BCAR tem a oferecer para o
organismo humano, as industrias de alimentos e farmacéuticas visam incorporar esse
composto em diferentes matrizes. Entretanto, por ser: pouco sollvel em dgua; instavel
em temperaturas elevadas, na presencga de oxigénio e de luz; e por se apresentar em
estado cristalino a temperatura ambiente, sua aplicacdo fica limitada, ja que sua
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biodisponibilidade fica reduzida (MATTEA et al., 2009; SAINI; KEUM, 2018; Yl et al.,
2015).

O carater lipofilico do BCAR faz com que sua incorporagdao em alimentos sem
gordura ou com baixo teor de gordura seja um grande desafio. Logo, o papel de
proteinas como portadores nao lipidicos para a protecéo e entrega desse composto €
de grande importancia para as industrias alimenticias e farmacéuticas (ALLAHDAD et
al., 2018). Diante disso, novas tecnologias que aumentem a estabilidade e a
solubilidade dessas moléculas bioativas devem ser utilizadas para se obter um melhor
aproveitamento desses compostos nas diversas formulagdes de interesse das
industrias.

Uma maneira conveniente de incorporar o BCAR em formulag¢des alimenticias,
de farmacos ou cosméticos, melhorando a sua solubilidade aquosa € por meio da
formacao de complexos entre esse composto e proteinas (PILBROW; GARAMA;
CARNE, 2012). Sabendo que os carotenoides se encontram associados as proteinas
globulares nos tecidos vivos (ALLAHDAD et al, 2018), alguns estudos tém
demostrado que essas proteinas de estruturas terciarias podem ser utilizadas como
moléculas de protecado e carreamento do BCAR, possibilitando uma melhora de sua
biodisponibilidade.

Um estudo de DU et al. (2019) demostrou que a proteina globular a-
lactoalbumina (a-lac), homdloga a LYS, apresentou um grande potencial para ser
empregada no carreamento de moléculas bioativas. O uso de micelas de a-lac para
encapsular o CAR melhorou: sua solubilidade aquosa, ja que passou de 0 para 0,18
mg/mL; sua estabilidade ao aquecimento, pois manteve 40% de suas moléculas apés
uma exposi¢ao a 60 °C por 24 h, enquanto ndo encapsulado chegou a 0% apés 10 h;
sua estabilidade a exposicéo a luz UV, ja que manteve 40% de suas moléculas apds
24 h de exposicao a luz UV a 245 nm, enquanto n&o encapsulado reduziu para 0%
apods 7 h; sua atividade antioxidante celular (AAC), ja que passou de 10 para 50
unidades de AAC. Esses resultados mostraram que o encapsulamento do BCAR em
micelas de a-lac melhora a absor¢cdo e a biodisponibilidade desse composto no
organismo humano.

Ja o estudo de ALLAHDAD et al. (2019) avaliou a interacdo entre o BCAR e
proteinas do soro: isolado proteico do soro, B-lactoglobulina (B-1g), a-lactoalbumina (a-
lac) e a albumina do soro bovino (BSA). As analises de fluorescéncia demonstraram
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que a interacao entre o isolado proteico do soro e o BCAR aumentou com o0 aumento
do pH, da temperatura e da forca ibnica. O processo de formacdo de complexo foi
regido entropicamente (AH° = 153,61 kd mol' e AS° = 0,59 kJ/mol K) e envolvendo,
principalmente, interagdes hidrofdbicas. Entre as trés proteinas estudadas, a interagéo
com a B-lg apresentou maior constante de ligagao, Ko = 1,31 x 107 M"!, por apresentar
uma cavidade com maior numero de aminoacidos hidrofébicos comparado a cavidade
da BSA, com Kb = 4,51 x 10* M e, por fim, a a-lac com Ko = 1,80 x 10* M, ja que o
local de ligagéo do BCAR € na superficie desta proteina.

SILVA et al. (2018) estudaram a interagdo entre o BCAR e a BSA (nativa e
desnaturada), por espectroscopia de fluorescéncia. Por este estudo foi possivel notar
que a conformacao da proteina influencia na interagéo, ja que os valores da constante
de ligagao (Kb) foram da ordem de 10%e 10%2L.mol" para a BSA nativa e desnaturada,
respectivamente, sendo observado um aumento dos valores de Ko com 0 aumento da
temperatura, ocorrendo a formagdo de mais complexos em temperaturas mais
elevadas. Além disso, houve uma melhora da fotoestabilidade do carotenoide ao
formar complexo com a BSA na sua estrutura terciaria, reduzindo e aumentando em
trés vezes, respectivamente, sua constante de degradacao e o seu tempo de meia
vida quando exposto a luz. Os parametros termodinamicos mostraram que o processo
de formacédo do complexo foi regido entropicamente (AH° = 8,62 e 32,20 kJ mol™' e
TAS° = 37,02-41,35 e 43,44-48,70 kJ mol™" para a BSA nativa e desnaturada,
respectivamente).

LI; YAN, (2017) estudaram a termodinamica de interagdo entre a ovalbumina
(proteina predominante da clara de ovos de aves) e o BCAR em pH 7.4 por
espectroscopia de fluorescéncia. Os valores de Ky cresceram de 1,892 x 10° para
5,659 x 108 L mol' quando a temperatura variou de 20 a 37 °C e os valores de n foram
proximos de 1 para o complexo formado. Os autores concluiram que as interacdes
hidrofobicas foram as principais forcas responsaveis pela interagdo entre essas
moléculas, uma vez que os valores de AH° e AS° foram 150,66 kJ mol ' e 615,19 J
mol' K-, respectivamente.

CHANG et al. (2016) também estudaram a interagcdo do BCAR com a BSA por
espectroscopia de fluorescéncia. Os autores determinaram valores de Ko na ordem de
105 L.mol" e concluiram que a formacdo de complexo entre a BSA e o BCAR

apresentou alta afinidade, protegendo o carotenoide contra a foto-oxidacao e também
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da oxidacado desencadeada por radicais livres. Segundo os autores, essa protecao
ocorreu devido a formacédo de uma interacado hidrofébica com a proteina globular e
pela reducéo da reatividade do BCAR no estado tripleto, sendo a energia de excitagéo
dissipada pela matriz da proteina em vez de conduzir uma reagao fotoquimica. Os
parametros termodinamicos encontrados por esses autores indicaram uma interagao
endotérmica, hidrofébica e entropicamente dirigida (AH® = 17,1 kd mol™'e AS® = 142,2
J mol~"K1).

LI; LI (2016) estudaram a interagédo do BCAR com a tripsina e a pepsina por
espectroscopia de fluorescéncia. Os autores encontraram Ky, da ordem de 10°% L.mol’
para ambos os complexos, sendo que para tripsina-BCAR o Kb apresentou valores
maiores. Os parametros termodindmicos encontrados indicaram que o equilibrio
quimico se deslocou no sentido de formagao dos complexos (AG° < 0), sendo o
processo de formacdo dos complexos exotérmico, e com valores positivos de AS°
(AH° = -6,352 e -1,818 kd mol", AS°®° = 82,15 e 95,17 J mol' K'!, para a tripsina e
pepsina, respectivamente), indicando a ocorréncia de interagdes hidrofébicas e
eletrostaticas e um processo entalpicamente e entropicamente dirigido.

Ll et al. (2015a) estudaram a interagéao do BCAR com a BSA e com a albumina
do soro humano (HSA). Os valores de Ky para os complexos BSA-BCAR e HSA-BCAR
foram da ordem de 10°. Os autores sugeriram que essa afinidade entre o carotenoide
e as proteinas favorece a difusdo dele na circulagdo sanguinea e a sua liberagdo no
local alvo. Os parametros termodindmicos encontrados indicaram que o equilibrio
quimico se deslocou no sentido de formacao do complexo (AG° < 0), que 0 processo
de formacao do complexo foi exotérmico, entalpicamente e entropicamente dirigido
(AH° = -1,656 e -1,630 kJ mol™', AS°® = 98,18 e 98,75 J mol™' K'' para a BSA e HSA,
respectivamente), sendo as forgas hidrofébicas e eletrostaticas as responsaveis pela
interacdo desses complexos.

Diante dos resultados encontrados por esses autores, fica comprovada a
capacidade de proteinas com estrutura terciaria em formar complexos com o BCAR.
Além disso, alguns desses estudos evidenciaram a capacidade dessas proteinas em
melhorar a solubilidade em meio aquoso e a estabilidade desse carotenoide. Por isso,
é importante estudar a interagdo entre o BCAR e a proteina globular, LYS. Assim, é

possivel compreender melhor a dindmica molecular e a energia envolvidas na
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formacao de complexos entre essas moléculas, permitindo avaliar o uso da LYS como

uma molécula estratégica para carrear e potencializar o uso do BCAR.
3.2. Lisozima

A LYS, também conhecida por muramidase ou hidrolase N-acetilmuramica, é
uma pequena proteina globular, extraida principalmente da clara de ovo de aves, e
estabilizada por quatro ligagdes dissulfeto entre os oito residuos de cisteina de sua
cadeia peptidica (WU et al., 2019). Essa proteina possui uma massa molar em torno
de 14 kDa, raio de giro de 15 A e um ponto isoelétrico em pH=10,7 (LI et al., 2015b).
Ela ainda esta presente em varios fluidos do corpo humano como: saliva, lagrimas,
muco, urina, tecidos linfaticos e leite (DAS et al., 2018; LI et al., 2016).

A descoberta da LYS é atribuida a Alexander Fleming, que durante seus
trabalhos percebeu que ao deixar uma gota de sua mucosa nasal cair em uma placa
bacteriana houve uma lise de bactérias presentes nessa placa. Com isso, ele assumiu
gue nesse muco nasal havia um elemento bacteriolitico notavel, o qual denominou:
lisozima (FLEMING; 1922). Com o avango de pesquisas foram descobertas LYS em
grandes quantidades em 6rgao, tecidos e secrecoes de humanos, e enzimas liticas
semelhantes as LYS em fontes como secre¢des de varios vertebrados, invertebrados,
bactérias e também em plantas, como latex da papaia (HOWARD; GLAZER, 1969),
demonstrando que a LYS € uma proteina bastante distribuida e disponivel na
natureza.

De acordo com as suas caracteristicas de estrutura, catalise e imunizacéao, por
exemplo, as LYS estéo divididas em trés grupos principais, séo eles: Tipo C (galinha),
Tipo G (de ganso) e Tipo | (de invertebrados). Além desses principais grupos, também
foram descobertos outros tipos de LYS, como Tipo Bacteriano, Tipo Planta e Tipo
Fago (CAO et al., 2015).

Quanto a sua estrutura a LYS é conhecida por ser uma proteina globular que
pode ser desnaturada dependendo de algumas condi¢cées. Proteinas globulares
podem ter a sua estrutura tercidria alterada em condicbes especificas de pH,
temperatura, forca ibnica ou quando interagem com outras moléculas (ARAI, 2018).

Entre as propriedades da LYS, no seu estado globular ou desnaturada,
destacam-se suas funcgdes fisioldgicas e farmacéuticas antitumoral, antiviral, e,
principalmente, a antimicrobiana (GORBENKO; IOFFE; KINNUNEN, 2007;
TAKAHASHI et al., 2018). Além disso, a LYS é reconhecida por melhorar a circulacéo
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sanguinea, a imunidade humana, e realizar fungbes ligadas ao transporte e ao
depésito de acidos graxos, hormonios e medicamentos (LI et al., 2016).

A LYS é uma proteina constituida por 129 residuos de aminoacidos,
caracterizada por possuir uma estrutura relativamente rigida (BLAKE et al., 1965) em
forma de elipsoide de 4,5 x 3,0 x 3,0 nm, e com o interior altamente hidrofébico
(LESNIEROWSKI; STANGIERSKI, 2018), sendo a lisina a molécula N-terminal e a
leucina a molécula C-terminal. Além disso, possui ligacdes dissulfeto entre quatro
pares de residuos de cisteinas (6-127; 30-115; 54-80; 76-94), apresentando seis
residuos de triptofano, trés de tirosinas e trés de fenilalaninas. Entre os seis triptofanos
presentes na estrutura da LYS, os residuos localizados nas posicoes 62 e 108 sao
considerados os principais fluoréforos dessa proteina (IMOTO et al., 1972; WU et al.,
2019; ZHANG et al., 2011), (Figura 2).
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Figura 2 Estrutura da Lisozima. Fonte: Adaptado de BLAKE et al. (2017).

A LYS do tipo C é homdloga a LYS humana, sendo a humana responsavel pela
formacao de fibrilas amiloides. O depdsito dessas fibrilas resultam em doencgas
degenerativas, por exemplo, Alzheimer e Parkinson (MOHAMMADI et al., 2016).
Algumas pesquisas na area farmacéutica tém verificado a eficiéncia de algumas
moléculas interagindo com essa LYS na prevencao da formacéo de fibrilas amiloides
em humanos (BORANA et al., 2014; MOHAMMADI et al., 2016; WANG; LIU; LEE,
2009).
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Diante de todas as caracteristicas supracitadas, a LYS tem sido amplamente
utiizada como molécula que auxilia no combate de doengas virais e inflamatérias.
Devido a sua abundancia, estabilidade, tamanho pequeno e capacidade de se ligar a
diversas moléculas, a LYS tem sido usada para interagir com diferentes moléculas de
tamanho pequeno, incluindo nanoparticulas (WU et al., 2008), ions metalicos (WANG
et al., 2009), corantes (PENG et al., 2013), carotenoide (REZENDE et al., 2020) e
drogas farmacéuticas (DING et al., 2009).

Estudos tém demonstrado a capacidade da LYS em interagir com diferentes
moléculas. Por ser muito disponivel e apresentar as propriedades de interesse ja
citadas, estudar a interacao entre a LYS e moléculas bioativas € importante, ja que é
uma alternativa interessante para a melhoria da biodisponibilidade das molécula
bioativas.

Rezende et al. (2020) estudaram a termodinamica e a cinética de interacao
entre a LYS e a luteina (carotenoide da classe das xantofilas), em pH 7,4 por meio da
técnica de ressonéancia plasmoénica de superficie. O complexo predominou em relagéo
as moléculas livres (AG° < 0). Para baixas temperaturas a formac¢ao do complexo foi
entropicamente dirigida, prevalecendo interacdes hidrofébicas. Para as temperaturas
mais elevadas a formagdo do complexo foi entédlpica dirigido e entropicamente
desfavoravel, predominando interacdes hidrofilicas. As constantes de associacao e
de dissociagdo foram da ordem de 103M s e 10" s, respectivamente e o complexo
ativado foi formado mais rapido a partir das moléculas livres que a partir do complexo
termodinamicamente estavel.

LI et al. (2016) realizaram o estudo da termodindmica de interacdo de cinco
moléculas antioxidantes, incluindo o BCAR, com a LYS. Verificaram que a intensidade
de fluorescéncia da LYS foi reduzida com o aumento da concentracdo do BCAR,
ocorrendo um deslocamento do pico da intensidade de fluorescéncia para regidao do
vermelho. Logo, os autores sugeriram que o fluor6éforo da LYS é colocado num
ambiente mais hidrofilico quando ocorre a adicdo do BCAR. Neste estudo também
foram determinados os valores de AG® < 0, AH® = 27,48 kd mol' e AS°® = 222,47 J mol
1K, indicando que o equilibrio se desloca no sentido de formagdo do complexo, e
que as forgas hidrofébicas séo as responséveis por manter esse complexo.

Contudo, nao existem na literatura trabalhos que relatem o estudo cinético do
processo de formacao de complexo entre aLYS e o BCAR. A compreensao da cinética
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de formacéao de complexos é complementar e tdo importante quanto a termodinamica,
uma vez que nem sempre 0os complexos mais estaveis termodinamicamente sao
aqueles viaveis do ponto de vista de aplicagdo. Desta forma, compreender, a
velocidade com que os complexos sédo formados e, também dissociados é vital para
a aplicacao bem sucedida dessas estruturas supramoleculares. Adicionalmente, a
partir dos dados cinéticos é possivel determinar a energética da dinamica molecular,
0 que auxilia no entendimento sobre os mecanismos de formacdo do complexo

termodinamicamente estavel.

3.3. Técnicas usadas para o estudo das interacoes intermoleculares
3.3.1. Espectroscopia de fluorescéncia

Algumas técnicas experimentais importantes podem ser utilizadas para estudar
a interacao intermolecular entre a LYS e o BCAR, dentre elas a espectroscopia de
fluorescéncia.

A fluorescéncia € a emissao de luz a partir de um estado excitado singleto, no
qual o elétron excitado nao muda a orientacéao de spin, ou seja, ndo faz transicao de
um estado singleto para um estado tripleto, continuando desemparelhado.
Consequentemente, o retorno ao estado fundamental é permitido e ocorre
rapidamente via emissao de um féton (KAROUI; BLECKER, 2011).

A supressao de fluorescéncia resulta do contato entre um fluoréforo e um
supressor durante o periodo em que o fluoréforo se encontra no seu estado excitado,
podendo causar uma reducdo do rendimento quéantico de fluorescéncia dos fluoréforos
quando ocorre interagcbes com moléculas supressoras (KAROUI; BLECKER, 2011).
A partir dos valores de intensidade de fluorescéncia de uma molécula no seu
comprimento de onda de maxima emissao antes e apds a presenca do supressor,
podem ser obtidos importantes parametros termodinamicos.

As medidas de fluorescéncia sao consideradas eficazes para o estudo de
interagGes intermoleculares entre moléculas de interesse e proteinas em diferentes
estados de conformagdao (HUDSON et al., 2018), fornecendo paréametros que
permitem caracterizar a interagdo entre as moléculas estudadas (parametros
termodinamicos de ligacao), devido a alta sensibilidade e reprodutibilidade (LELIS et
al.,, 2017; WU et al., 2019).
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A fluorescéncia intrinseca das proteinas estd relacionada a presenca dos
residuos de aminoacidos: fenilalanina, tirosina e triptofano (Figura 3). Entre esses
aminoacidos o triptofano € o que apresenta maior sensibilidade as alteragées que
ocorrem no seu ambiente (GHOSH; RATHI; ARORA, 2016).

OH
NH,

Figura 3 Estrutura quimica de residuos de aminodcidos: (a) triptofano, (b) tirosina e (c) fenilalanina.

O principio da técnica de espectroscopia de fluorescéncia € baseado em
medidas de fluorescéncia de proteinas apés uma adicdo de moléculas supressoras,
ocorrendo assim uma supressao da fluorescéncia medida (SURYAWANSHI et al.,
2016). Essa extingdo de fluorescéncia esta relacionada a qualquer processo que
diminua o rendimento quantico de fluorescéncia de um fluoroforo devido as variadas
formas de interagdo que ocorrem com a molécula supressora (HUDSON et al., 2018).

A Figura 4 mostra os espectros de fluorescéncia da LYS na auséncia e na presenca

de concentracgdes crescentes de BCAR.
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Figura 4 Espectros de emissdo de fluorescéncia da LYS (0,6 pM) na presenca de concentragdes
crescentes de BCAR em pH 7,4 e a 25 °C. A seta indica o aumento na concentragéo do CAR (0 pM —

1,36 uM). Fonte: Obtida dos resultados apresentados nesta dissertagéo.
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A supressao de fluorescéncia pode ocorrer por dois mecanismos, 0s quais Sao
classificados como supressao dinamica ou estéatica, de acordo com 0 modo em que
ocorre a interagdo entre o supressor e o fluoréforo. Quando a supressdo de
fluorescéncia é resultante da ocorréncia de colisdes entre o supressor e o fluoréforo
significa que o0 mecanismo de supressao € dinamico. Porém, quando a supressao de
fluorescéncia € resultante da formacdo de complexo ndo fluorescente entre o
supressor e o fluoréforo no estado fundamental, € chamada de estatica (HUDSON et
al., 2018; WU et al., 2019).

O fenbmeno de extingédo de fluorescéncia pode ser analisado pela equacéao de
Stern-Volmer (Equacéo 1).

F

Foz 1+ quO[Q] =1+ st[Q] (1)

Em que F, e F representam as intensidades de fluorescéncia, do fluoréforo no estado
estacionario, na auséncia e na presenca da molécula supressora, respectivamente.
K, € a constante de supressédo dinamica de Stern-Volmer, [Q] é a concentracdo do
ligante (mol.L™"), k, é a constante biomolecular de supressao e 7, é o tempo de meia
vida do fluoréforo na auséncia do ligante (cerca de 108 para proteinas) (LELIS et al.,
2017; WANG et al., 2011).

F n T 7 . . ~
Espera-se que FO tenha uma dependéncia linear com [Q] e, K, é a inclinacao

da reta obtida. Se ao aumentar a temperatura, o K, diminuir, 0 mecanismo de
supressao de fluorescéncia €, predominantemente, estatico, indicando a formagéo de
complexo. O K, também esta relacionado com o tempo de meia vida do fluoréforo,
sendo o valor de k, obtido pela relagao k; = K, /7o. E possivel avaliar essa
dependéncia do mecanismo de supressao com a temperatura pela relagéo existente
entre k, do fluoréforo e a temperatura, pois com o aumento da temperatura o valor
dessa constante aumenta para a supressao dindmica. O contrario também é valido,
ja que na supressao estatica, a constante biomolecular de supressao diminui com o
aumento da temperatura. Além disso, quando a supressao é dinamica o valor maximo
de k, € 2,0 x 10" L.mol's™". Logo, para valores de k, superiores a este a supressao
é estatica, indicando a formagédo de complexo (HUDSON et al., 2018; WANG et al.,
2011).

Uma outra forma de diferenciar o mecanismo de extincao de fluorescéncia é

por meio da medida do tempo de meia vida do fluoréforo. No caso da supressao
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estatica o valor do tempo de meia vida do fluoréforo nao varia, pois ocorre a formacao
de complexos nao fluorescentes no estado fundamental entre molécula supressora e
proteina (fluoréforo). Os fluoréforos que vao para o estado excitado retornam para o
estado fundamental com o mesmo tempo de meia vida, independente de irem em
maior ou menor numero ao estado excitado. Quando ocorre supressao dinamica o
tempo de meia vida do fluoréforo é reduzido, ja que as moléculas sofrem colisbes que
fazem elas retornarem ao estado fundamental em um tempo menor, diminuindo,
assim, o tempo de meia vida desses fluoréforos (CHENG, 2012; YILDIRIM-
ELIKOGLU; ERDEM, 2018).

Por fim, o mecanismo de supressdao também pode ser analisado pelos
espectros de emissao de fluorescéncia. Caso haja um deslocamento do comprimento
de onda de maxima emisséo de fluorescéncia quando se compara os espectros da
proteina na auséncia e na presenca do ligante, provavelmente houve formacéao de
complexo, o qual emite fluorescéncia em um comprimento de onda diferente da
proteina pura (HUDSON et al., 2018; LI et al., 2015a).

Sendo confirmado o mecanismo de supressao estatico, ou seja, a formacéo de
complexo entre a proteina e a molécula supressora, a constante de ligacéo (K,) e a
estequiometria do complexo formado (n) podem ser determinadas por meio da
equacao de regressao linear dupla modificada (Equacao 2) (HUDSON et al., 2018;
REZENDE et al., 2019a).

Fy—F
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Em que F, e F séo as intensidades de fluorescéncia na auséncia e na presencga da
molécula supressora, [Q] é a concentracao total da molécula supressora e [P] é a

concentracao total da proteina. O valor de n corresponde a inclinagdo da curva log

1
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intercepto/inclinacao.

Fy—F

versus log , € 0 valor de K, é o antilogaritimo da raz&o

Com o valor de K,, é possivel obter a variagdo da energia livre de Gibbs padrao
de formacgao de complexo, AG°, por meio da equacdo 3 (HUDSON et al., 2018).

AG® = —RT InK, (3)

sendo R a constante universal dos gases (8,314 J/mol K) e T é a temperatura (K).
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As forcas que mantém pequenas moléculas interagindo com macromolécula
séo geralmente ligagdes de hidrogénio, forgcas de Van der Waals, forcas eletrostaticas
e interacdes hidrofébicas. O valor de AG° possui duas componentes, uma entalpica
(AH®) e outra entropica (TAS°) (Equacao 4). A determinagéo do sinal e da magnitude
dessas duas componentes fornece informagdes importantes acerca das principais
forcas envolvidas na formacdao do complexo. Para determinar o termo entalpico &
utilizada a equagéo de Van’t Hoff (Equacéo 5), com os dados de um experimento de

fluorescéncia realizado em diferentes temperaturas. Ao fazer um gréafico de In K»
. . ~ . AH® P z
versus 1/T, a inclinagao sera o valor de - Como o R é uma constante e T é a

temperatura estudada (K), € possivel entdo obter o valor de AH®. Por fim, o termo
entrépico pode ser obtido pela equacao 4 (CHENG, 2012; HUDSON et al., 2018).

AG® = AH° — TAS® (4)
Inkps _ _an (1 1
anbl - R (T1 + Tz) (5)

Em que AH° (kd/mol) é a variagdo da entalpia padrao de formagéao de complexo, AS°
(kJ/mol) é a variacdo de entropia padrdo de formagdo de complexo, Kv (L.mol) é a
constante de ligacao, T € a temperatura em Kelvin e R (8,314 J/mol K) é a constante
universal dos gases.

Os parametros termodinamicos de interacdo entre o BCAR e a LYS foram
determinados por meio da técnica de espectroscopia de fluorescéncia por LI et al.
(2016). Contudo, ndo existe na literatura estudos que determinem os parametros
cinéticos de interagcdo entre o BCAR a LYS e que comparam os parametros
termodinamicos obtidos por diferentes técnicas para a interacdo entre essas duas
moléculas. Por isso, o uso de outra técnica experimental, como a ressonancia
plasménica de superficie é importante, j& que ela permite obter os parametros
termodinamicos, sendo possivel comparar com os obtidos pela técnica de
espectroscopia de fluorescéncia. Além disso, essa técnica também permite obter os
parametros cinéticos de interacao entre essas duas espécies quimicas.

3.3.2. Ressonancia Plasmoénica de Superficie (SPR)

A técnica de SPR tornou-se uma das técnicas mais importantes para o estudo
de interacdo intermolecular entre varias biomoléculas, desde proteinas a pequenas
estruturas, como fagos e células, em virtude da associacao e dissociagdo molecular.
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Por meio dela parémetros cinéticos, termodindmicos e cinéticos podem ser
determinados. Esta técnica pode ser empregada para o estudo da caracterizagéo de
interacdes entre proteinas e carotenoides (VACHALI et al., 2015), tornando valida a
sua aplicagdo neste estudo. E uma técnica que apresenta varios aspectos positivos,
sendo sua principal vantagem a capacidade de caracterizar a interagao em tempo real
sem a necessidade do uso de marcadores. Além disso, a alta sensibilidade dessa
técnica permite o uso de pequenas quantidades de amostras, sendo a medida direta,
rapida e facil (HOMOLA; YEE; GAUGLITZ, 1999; PATCHING, 2014; SHEPHERD;
HOPKINS; NAVRATILOVA, 2014).

O principio desta técnica é baseado na alteracao dos valores do indice de
refracdo na vizinhanga da camada de metal de um chip sensor, em resposta as
interacdes que ocorrem entre as moléculas estudadas (NGUYEN et al., 2015). Em um
experimento de interacdo entre uma proteina e um analito de interesse, a proteina é
imobilizada em um chip sensor composto por uma camada de ouro, enquanto o analito
se encontra em solugéo. Primeiro ocorre a passagem da solugédo tampao, para retirar
o efeito do tampao utilizado. Em seguida, um fluxo de solugbes com concentracdes
distintas do analito entra em contato com a proteina no chip sensor, permitindo que a
interacdo ocorra. Por fim, ocorre a passagem da solugao tampao apds a passagem
de cada concentragcao do analito (HUDSON et al., 2019).

Um sinal de resposta ressonante (RU) em funcdo do tempo, é utilizado para
expressar a mudanga no indice de refragédo, apds cada injecao da solugédo contendo
a molécula de interesse sobre o chip sensor, sendo obtido um sensograma (Figura 5)
(REZENDE et al., 2019a).
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Figura 5 Sensogramas (RU x Tempo) da interagcdo LYS-BCAR, com a seta indicando o aumento da
concentracao do BCAR (60-120 uM). Fonte: Obtida dos resultados apresentados nesta dissertagéo.
Um gréfico que apresenta os sensogramas da interagdo monovalente entre a
proteina e o analito, apresenta duas regides importantes para entender o
comportamento dessas moléculas envolvidas na interacdo, essas regides estao
demarcadas na figura 5. Na regido |, RU cresce durante a fase de associacao (desde
o0 momento da injecdo to = 0 s), devido a ligagédo e liberacdo simultdnea do analito
sobre a proteina imobilizada, com as interagdes intermoleculares ocorrendo em taxas
mais elevadas, atingindo um valor maximo de sinal ressonante no tempo tm. Entre as
regides | e Il, as taxas de associacao e dissociacdo entre a proteina e o ligante
ocorrem na mesma proporcao. Apos esse tempo, os valores de RU decrescem com o
aumento do tempo ja que a dissociacdo prevalece, isso ocorre devido o fluxo do
tampao sobre a proteina imobilizada (regiao Il) (HUDSON et al., 2019; REZENDE et

al., 2019).
A interacdo que ocorre entre uma proteina (P) e um analito (A) pode ser
ka
considerada uma interagdo monovalente, P+ A4 = P — A , em que ka representa o
ka

quanto de complexo é formado por segundo e ka representa a fracdo desses
complexos formados que se dissociam por segundo. Para obter a constante
observada (k,;s) € a k4 0S sensogramas obtidos podem ser ajustados as equagdes 6
e 7 (DE PAULA et al., 2017).
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RU (t) = RUpyue[1 — e *obs®)] (6)
RU (t) = RU (t,,) e kalt=tm) (7)

Sendo RU,,;, a resposta ressonante maxima, t é o tempo total e t,,, 0 tempo em que
a ressonancia é maxima, ou seja, a partir desse tempo passa prevalecer a
dissociacao.

Em baixas concentracdes do analito o valor de k,,s (equacéao 8) é linearmente
dependente da concentracdo do analito ([analito]), permitindo o célculo de k, pela

inclinacao da curva do grafico de k¢ versus [analito].
kops = kqlanalito] + kg4 (8)

Realizando-se este experimento em diferentes temperaturas, € possivel a
construgdo do grafico de Arrhenius, plotando-se Ink, ou In k,; versus 1/T. Por meio
deste grafico é determinada a energia de ativagdo (E,n)) de associagdo ou
dissociacdo, para o processo de formagao de complexo ativado, por meio da equacéo
9.

dInk
E.0)(T) = —-R < ;T 4 ) 9)

(3} bRl

Em que o “y” subscrito podera significar a fase de associacdo ou de dissociacao,
sendo substituido por “"a” ou “d”, respectivamente. E,(,(T) € a energia de ativagédo
(kd/mol), R é a constante universal dos gases (8,3145 J/mol.K) e ky é a constante de
associacdo (k,) (M'.s") ou dissociacao (ky) (s™).

A partir da determinagdo do valor da E,,), s&o determinados os valores da
variacdo da energia livre de Gibbs de ativacao, AG;E(T), a variacdo da entalpia de
ativacao AH;E(T) e a variacao da entropia de ativacao TASﬁ(T) para formacao de
complexo ativado a partir da associagcao de moléculas livres (y = a) ou da dissociagao
do complexo (y = d), por meio das equagdes 10, 11 e 12, respectivamente.

kh (10)
AG*, = —RT InGer)
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AH¥(T) = Eo)(T) — RT (11)

TASH(T) = AHJ(T) — AG)(T) (12)

Conhecendo os valores da ka e da kd 0s parametros termodinamicos também
podem ser determinados. A constante de ligacao Ko pode ser obtida por Kb = ka/kd €
assim os parametros: variagao da energia livre de Gibbs ( AG®), da entalpia (AH®) e da
entropia (TAS°) padrao de formacao do complexo podem ser determinados por meio
das equacgdes 3, 4 e 5. Os valores dos parametros termodinamicos obtidos pela
técnica de SPR podem, entdo, ser comparados aos obtidos pela técnica de
espectroscopia de fluorescéncia.
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Capitulo 2

Lysozyme/B-carotene interaction determined by surface plasmon
resonance and fluorescence spectroscopy: Kinetic analysis and
comparative thermodynamics

Abstract

B-Carotene (BCAR) is a pro-vitamin A carotenoid with powerful antioxidant properties.
However, it has low aqueous solubility, light and heat stability, and bioavailability. An
interesting strategy to improve BCAR incorporation in food matrices while preserving
its properties is the use of proteins as nanocarriers. Lysozyme (LYS) is a protein
capable of carrying bioactive molecules and has antitumor, antiviral, and antimicrobial
activities. To enable the use of LYS with BCAR, it is important to understand the
dynamics of LYS-BCAR binding. Here, a thermodynamic and kinetic investigation of
LYS-BCAR complex formation at physiological pH was carried out using fluorescence
spectroscopy (FS) and surface plasmon resonance (SPR). These techniques are
complementary because FS can be used to detect binding occurring close to
tryptophan (Trp) residues in lysozyme, whereas SPR can be used to detect the binding
events occurring at every binding site in a protein. Using these techniques, the binding
constants were found to be on the order of 10° to 10° L mol' by FS and SPR,
respectively. Both techniques reveal that the interaction between LYS and BCAR is
entropically driven. In addition, kinetic parameters related to intermediate complex
formation were obtained, and we found that the rate of intermediate complex
association was greater than that of dissociation based on the lower AG*, values than
AG*,;. In addition, the occurrence of an isokinetic relationship indicates that
intermediate complex formation results in changes in LYS binding sites, and both
desolvation of the free molecules and conformational changes are temperature
dependent. Thus, we have elucidated the dynamics of LYS-BCAR complex formation
and provided important evidence that LYS can be used to carry BCAR, which will

improve its application and functionality in food.

Keywords: Thermodynamic parameters; kinetic parameters; p-carotene; lysozyme;
fluorescence spectroscopy; surface plasmon resonance
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1. Introduction

In recent years, the demand for carotenoids as natural colorants and functional
molecules has increased (DI LENA et al., 2018). 3-Carotene (BCAR) is a hydrophobic
carotenoid that exhibits a wide range of biological effects, especially as a pro-vitamin
for vitamin A, via which it exerts powerful antioxidant effects and protection against
health problems, including cancer, arteriosclerosis, cardiovascular diseases, and
ulcers (KNOCKAERT et al., 2012; SYAMILA et al., 2019). However, the use of BCAR
in food matrices and related areas is limited because of its poor aqueous solubility, low
stability, and low bioavailability (DU et al., 2019). Fortunately, complex formation with
globular proteins can be used to overcome these limitations. This is possible because,
in living tissues, BCAR and carotenoids are associated with the tertiary structure of
proteins (ALLAHDAD et al., 2018).

Lysozyme (LYS) is a small globular protein comprising 129 amino acid residues
and is stabilized by four disulfide linkages between its eight cysteine residues
(HAMDANI et al., 2018; PENG et al., 2013). LYS has some biological properties, for
example, antitumor, antiviral, and antimicrobial activities (GORBENKO; IOFFE;
KINNUNEN, 2007; TAKAHASHI et al., 2018). In addition, LYS has a hydrophobic
region that allows its interaction with hydrophobic compounds (BEVERUNG; RADKE;
BLANCH, 1999). Therefore, LYS can be used to protect and carry BCAR by forming a
complex, and this has the potential to increase the applications of BCAR, especially its
health and food applications.

Thus, knowledge of the kinetic and thermodynamic parameters related to
complex formation between LYS and BCAR is important for the food industry and
science in general (FABINI; DANIELSON, 2017). The kinetic constants provide
information about the speed of association between free molecules, the speed of
dissociation of the complex, and kinetic energies related to the formation of the
intermediate complex (ALTSCHUH et al., 1992; HORNOK et al., 2020). In contrast,
thermodynamic binding parameters provide information about the thermodynamic
stability of the complex and its formation (PAULA et al., 2017).

Some previous studies have evaluated the thermodynamic parameters related
to the interaction of BCAR with globular proteins, such as whey protein isolate
(ALLAHDAD et al., 2019), bovine serum albumin (BSA) (CHANG et al., 2016; SILVA
et al., 2018), and ovalbumin (LI; YAN, 2017), and the results indicate that complex
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formation is entropically driven. Moreover, the complexation of BCAR with a-
lactaloumin (aLA) (DU et al., 2019) or BSA (CHANG et al., 2016; SILVA et al., 2018)
has been shown to improve its aqueous solubility and photostability, respectively.

Li, Jia, Yan, & Ni (2016) studied the thermodynamics of the interaction between
LYS and BCAR in pH 7.4 buffer using fluorescence spectroscopy (FS). However, the
kinetic and thermodynamic parameters of this system obtained using surface plasmon
resonance (SPR) have not been reported. SPR is a powerful analytical technique that
relies on changes in the refractive index at the surface of gold nanoparticles because
of ligand—analyte interactions. SPR is an important technique because it allows both
kinetic and thermodynamic parameters to be obtained, uses small quantities of
reagents, and enables real-time monitoring (NGUYEN et al., 2015; PATIL; SISTLA;
JADHAV, 2016; SCHNEIDER et al., 2015).

In this study, we selected LYS and BCAR as ligand and analyte, respectively, and
investigated the kinetics and thermodynamic parameters of the (LYS—
BCAR)° complex formation using SPR. Additionally, the thermodynamic data obtained
by SPR were compared with those obtained by the FS.

2. Materials and methods
2.1. Materials

Lysozyme from chicken egg white (> 90 wt.%) and -carotene (> 93 wt.%) were
purchased from Sigma—Aldrich (USA). Ethanol (research grade) was acquired from
Alphatec Ltda. (Brazil) and used to improve SCAR solubilization. To prepare LYS and
BCAR solutions, a pH 7.4 buffer was prepared using monobasic potassium phosphate
(KH2PO4) and dibasic potassium phosphate (K2HPOs4), both research grade, obtained
from Lab Impex Ltd. (USA). For the SPR measurements, a carboxymethyl-dextran
(CM5) sensor chip and amine coupling reagent (N-hydroxysuccinimide (NHS), > 99
wt.%), [N-ethyl-N',N"-(dimethylaminopropyl) carbodiimide (> 99 wt.%; EDC), and 1.0
M ethanolamine/HCI (pH 8.5) were purchased from General Electric Healthcare
Company (USA).

2.2. Thermodynamic study of (LYS — BCAR)° binding close to Trp residues by FS

Al fluorescence spectra were recorded with an LS55 fluorescence
spectrophotometer (Perkin Elmer Inc., Waltham, USA) in a thermostatic bath. The
experiments were conducted at 293.15, 298.15, 303.15, 308.15, and 313.15 K. LYS
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solutions (0.6 uM) and BCAR stock solutions (15 uM) were prepared with a phosphate
pH 7.4 buffer and the concentration of ethanol remained constant at 3% (v/v) in all
samples. First, 2 mL of the LY S solution was added to a quartz cell having a path length
of 1 cm; then, 10 aliquots (20 uL each) of the BCAR stock solution were titrated into the
protein solution. The BCAR concentration in the quartz cell ranged from 0.149 to 1.36
UM. After each titration, the Trp residues in LYS were excited at 295 nm using emission
and excitation slits of 7.0 nm and 775 V for the photomultiplier tube voltage, and a scan
rate of 500 nm/min. The emission spectra ranged from 296 to 500 nm.

The BCAR solutions had high absorption values at the excitation (295 nm) and
emission (333 nm) wavelengths; thus, an experiment was conducted to correct for the
inner filter effect. A Lambda 35 UV-Vis spectrophotometer (Perkin Elmer Inc.,
Waltham, USA) was used to obtain the absorbance of the samples containing LYS 0.6
UM and LYS 0.6 pM with increasing BCAR concentrations (0.149-1.36 uM). The
fluorescence intensities were corrected using Eq. 1 (BAKAR; FEROZ, 2019; VAN DE
WEERT; STELLA, 2011).

FC — leo(Aex+Aem)/2 (1)

Here, F. and F,, are the corrected and measured fluorescence intensities, respectively,
and A., and A,,, represent the differences in the absorbance values upon addition of
BCAR at the excitation (295 nm) and emission (333 nm) wavelengths, respectively.
2.3. Kinetic and thermodynamic studies of LYS and 3CAR binding by SPR

SPR analysis was used to obtain the kinetic and thermodynamic parameters of
(LYS — BCAR)° complex formation. For this purpose, a Biacore X100 instrument from
the General Electric Healthcare Company (USA) was used. To obtain the kinetic and
thermodynamic parameters, LYS was immobilized on a CM5 sensor chip using amine
coupling reagents. First, the chip was activated using EDC (0.4 M) and NHS (0.1 M),
which were flowed over the CM5 for 7 min and reacted with carboxymethyl-dextran on
CMS5. Then, a LYS solution (0.6 uM) at pH 4.0 (to improve LYS immobilization) was
flowed over the CM5 sample channel, thus permitting the formation of covalent bonds
between the carboxylic groups of carboxymethyl-dextran and the NHz groups of LYS.
Finally, ethanolamine-HCI was flowed over the CM5 chip for 7 min to block the
unreactive groups. The signal was then recorded, which indicated a low density of
immobilized LYS (1280 RU, where RU is the binding response).
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After LYS immobilization, BCAR solutions (60, 70, 80, 90, 100, 110, and 120 uM)
were flowed over both the sample and reference channels of CM5. A sensorgram was
generated for each BCAR concentration, which characterized a binding cycle. Between
the cycles, the baseline was reached by injection of pH 7.4 buffer. This experiment
was conducted at six different temperatures (285.15, 289.15, 293.15, 297.15, 289.15,
and 301.15 K).

3. Results and discussion
3.1. Thermodynamics of (LYS — BCAR)° formation via FS
3.1.1. Fluorescence quenching analyses and binding constant determination

The steady-state FS technique is widely used to provide valuable information
about the thermodynamics of the interactions that occur close to the Trp residues of
the proteins. This is possible because the fluorescence intensity emitted by Trp may
be reduced when the concentration of the ligand molecules increases. LYS has six Trp
residues, and the main residues responsible for its fluorescence are found at positions
62 and 108 of its amino acid sequence (GUO et al., 2019; IMOTO et al., 1972). Fig 1A
shows the fluorescence spectra of LYS (0.6 uM) in the presence of an increasing
concentration of BCAR (0.149-1.36 uM) at 298.15 K and pH 7.4. The arrow indicates
the reduction in the fluorescence intensity on the y-axis as the SCAR concentration

increases.
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Fig. 1 - Fluorescence emission spectra (A) of LYS (0.6 uM). The arrow indicates the
reduction in the fluorescence intensity in the presence of increasing concentrations of
BCAR (0.149-1.36 uM), and Stern—Volmer plot (B) of the (LYS — BCAR)° interaction at
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298.15 K and pH 7.4. The fluorescence spectra obtained for other temperatures are

shown in Fig. S1 (Supporting information).

Upon excitation at 295 nm, the LY S fluorescence spectra did not show any shifts
in the emission wavelength after the addition of SCAR, indicating that SCAR does not
induce conformational changes in the Trp microenvironment of LYS (SAHA;
CHOWDHURY, 2019). On the other hand, the intensity of the fluorescence emitted by
LYS decreased by around 25% after titration with 1.36 uM BCAR, confirming the
quenching of the intrinsic fluorescence of LYS by BCAR. A variety of processes can
lead to fluorescence quenching, including complex formation, dynamic quenching, and
the inner-filter effect (BAKAR; FEROZ, 2019; VAN DE WEERT; STELLA, 2011). In this
study, the potential magnitude of the inner filter effect of BCAR was corrected using the
UV absorption spectra of this quencher. Therefore, to establish which quenching
mechanism is prevalent when LYS binds with SCAR, all corrected fluorescence data

were analyzed using the Stern—Volmer model (Eq. 2).

% = 1+ Kgy[BCAR] = 1 + kq7,[BCAR] )

Here, F, and F are the fluorescence intensities in the absence and presence of the
quencher (BCAR), respectively; K, is the Stern—Volmer quenching constant; [SCAR]
is the quencher concentration; k, is the biomolecular quenching constant; and z, is the
lifetime of the LYS fluorescence in the absence of a quencher equal to approximately
1.749 ns (Li et al., 2016).

From the fluorescence intensity dependence on [BCAR], it was possible to
determine K, values using linear regression of the Stern—Volmer plot (F,/F versus
[BCAR)) (Fig 1B), and it ranged from 2.37 x 10*to0 1.72 x 10* M-" when the temperature
increased from 293.15 to 313.15 K. The k, values were obtained using Eq. 3, and the
results are listed in Table 1. The smallest bimolecular quenching rate constant (0.98 x
10 M s) was almost 500-fold higher than the maximum diffusion collision
guenching constant (2 x 10 M s) (LAKOWICZ, 2006). This indicates that static
quenching was the main mechanism involved in the formation of the
thermodynamically stable (LYS — BCAR)° complex.

Ksv (3)
Kq = ?
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The thermodynamic binding parameters, binding constant (K,), and
stoichiometry coefficients of the formed complexes (n) were determined using the

double log regression curve equation (Eq. 4). The corresponding values were obtained

from the intercept and slope of the plot log £~ versuslog F—m—— respectively,
[BCAR] - L= [LYS]
and are listed in Table 1.
logEef =nlogK, —nl . 4
0g F niog ip niog [BCAR] —M[LYS] ( )

Here, F, and F are the fluorescence intensities in the absence and presence of a
quencher molecule, respectively; n is the stoichiometry number of formed complexes;
K, is the binding constant; [BCAR] is the analyte concentration, and [LYS] is ligand
concentration.

Table 1 k,, K;, and n values for (LYS — BCAR)° complex formation.

T (K) kq K, n [=2
(x 108MTs—) (x 105 L mol)

293.15 1.35 2.04 0.70  0.98

298.15 1.06 2.19 0.95 0.9

303.15 1.23 2.28 0.84  0.90

308.15 1.05 2.33 091  0.99

313.15 0.98 2.43 095  0.98

For all parameters, the relative deviation was less than 5%.

The K, values of the (LYS — BCAR)° complexes increased from 2.04 x 10°to
2.43 x 10°L mol' (about 1.2 times) when the temperature was increased from 293.15
to 313.15 K. Consequently, at higher temperatures, more complexes were formed,
indicating that complex formation was an endothermic process (PAIVA et al., 2020).
Additionally, the n values were all approximately equal to 1, which indicates that 1 mol
of BCAR interacts with 1 mol of LYS. Therefore, there is at least one binding site for
BCAR in LYS. Similar stoichiometries have also been found by FS for the interaction of
BCAR with globular proteins such as whey proteins and their fractions, aLA, and BSA
(ALLAHDAD et al., 2019), native BSA (SILVA et al., 2018), ovalbumin (LI; YAN, 2017),
and aLA (DUMITRASCU et al.,, 2016). Li et al. (2016) also studied the
(LYS — BCAR)° interaction using FS in pH 7.4 phosphate buffer; however, they excited
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the LYS at 280 and 295 nm and used acetone as a solvent instead of ethanol. They
found that n was approximately equal to 1, but the K, values were on the order of 106

L mol!, which can be attributed to the different solvents used to dissolve SCAR.

3.1.2. Thermodynamic potential and It's components for (LYS —
BCAR)° formation

To gain more insight into the formation of the (LYS — BCAR)° complex, the
standard Gibbs free energy change (AG°), standard enthalpy change (4H®), and
standard entropy change (T4S5°) were calculated, and the results are listed in Table 2.
The AG° values were calculated directly using the well-known relationship AG°
= —RTInK,. The AH° values were determined by plotting the InK, versus 1/T at each
temperature studied (Fig. S2). Then, a polynomial model was used to determine the
values of the constants a, b, and c (Eqg. 5). Knowing these constants, the 4H° values
were found using the nonlinear van’t Hoff model (Eq. 6). Finally, the TAS° values were

obtained using the fundamental Gibbs equation (Eq. 7).

InK, =a+b»b (;) +c (71,)2 ©)

danb 1
AH° = —R——2 & AH° = —R [b+2c( )]

d(7) T
AG® = AH® — TAS° (7)

Table 2 Thermodynamics parameters AG°, AH®, and TAS® for (LYS — BCAR)° complex
formation at pH 7.4 using FS.

T(K)  AG° (kdmol")  AH° (kJmol”)  TAS® (kJ mol') [=2

293.15 -29.79 9.07 38.86
298.15 -30.46 7.58 38.04
303.15 -31.08 6.13 37.21 0.98
308.15 -31.65 4.73 36.38
313.15 -32.27 3.38 35.65

For all parameters, the relative deviation was less than 5%.
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The (LYS — BCAR)° complex is a thermodynamically stable nanostructure, as
indicated by its negative AG° values. The reduction in AG° from -29.79 to -32.27 kd mol
T with increase in temperature from 293.15 to 313.15 K indicates that in the chemical
equilibrium (LYS)f + (BCAR)f = (LYS — BCAR)®, the (LYS — BCAR)° complex is more
stable than the free LYSand SCAR ((LYS); and (BCAR), respectively) molecules, and
this stability slightly increases as temperature increases (SILVA et al., 2018). The AH®
and TAS° values were positive and decreased as temperature increased. These
parameters are generally considered a result of three molecular processes: a)
desolvation, b) conformational change, and c) interaction enthalpy (AH .5, AH®cony,
and AH®;,;, respectively) and entropy (TAS°ges, TAS®cons, @and TAS®;,,, respectively),
as represented by Eqgs. (8) and (9), respectively:

AH® = AH® o5 + AH®conf + AH i (8)

TAS® = TASOdes + Tﬂsoconf + TASOL'nt (9)

The AH® 4, contribution is always positive because the water—water interactions
near hydrophobic regions are stronger than the water—water interactions in the bulk.
Hence, to form interactions between LYS and SCAR, the system must gain energy. In
addition, the TA4S°,., term is also always positive because the water molecules in the
solvation layers are more structured than those in the bulk. On the other hand, AH®;,,;
and TAS°;,,: are always negative because of the energy released and the entropy loss
when LYS interacts with BCAR. As discussed before, the FS data did not show any
conformational changes at sites surrounding the Trp residues of LYS. Furthermore,
BCAR has a rigid structure caused by the presence of methyl groups and double bonds
conjugated along its long carbon chain (APRODU et al., 2017); as a consequence,
AH®ons and TAS® ., make a small contribution to the total enthalpy and entropy.

Therefore, the desolvation and interaction processes are the dominant factors
affecting AH® and TAS°. The values of AH° and TAS° were positive, indicating that the
hydrophobic effect was the main factor responsible for (LYS — BCAR)° complex
formation. However, the hydrophobic effect decreased as increasing temperature
because of the decrease in the organization of the water 3D structure, which
diminished the contributions of AH®;,s and TAS® ;..
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Silva et al. (2018) studied the interaction between the BCAR and the globular
protein BSA in phosphate pH 7.0 buffer using FS and found AG° = -28.96 kJ mol,
AH° = 8.62 kJ mol', and TAS° = 37.61 kJ mol at 298.15 K, which are similar to our
results (AG° = -30.46 kJ mol', AH® = 7.58 kd mol' and T4S° = 38.04 kJ mol). This
similarity is probably because the interaction between SCAR and both globular proteins
occurs in preferential binding sites with similar hydrophobicities. Li et al. (2016) and Li
& Yan (2017) used FS and pH 7.4 phosphate buffer to study the interaction between
BCAR and LYS and ovalbumin, respectively (two hen egg-white proteins). Despite the
primary structural difference between LY S (129 amino acid) and ovalbumin (385 amino
acids), the results of both these earlier works and the current work indicate that the

formation of these complexes is entropically driven.
3.2. Kinetic and thermodynamic parameter determination using SPR

Despite the potential of FS for the study of intermolecular interactions between
proteins and bioactive molecules, this method is restricted to the determination of
binding around the Trp residues (Lakowicz, 2006). Hence, to overcome this limitation,
the SPR technique was used to provide thermodynamic information related to
interactions at all possible sites (LELIS et al., 2017). Moreover, SPR allows us to obtain
kinetic information related to complex formation. However, this is the first time that this
method has been used to provide information related to the kinetic and thermodynamic

parameters of (LYS — BCAR)° complex formation.
3.2.1. Kinetics of (LYS — BCAR)° complex formation

The association (k,) and dissociation (k;) kinetic binding parameters express
the rates of association of the free molecules and the dissociation of a
thermodynamically stable complex, which is very important for protein-small molecule
binding experiments and their application in food science and related areas (BAHRI et
al., 2019). The SPR analysis allowed us to obtain the k, and k; constants of
(LYS — BCAR)° complex formation and, thus, to understand the dynamics of complex
formation (FATHI et al., 2018).

To obtain the kinetic parameters, solutions of different SCAR concentrations
were applied to a CM5 sensor chip with immobilized LYS. The response signal obtained
for each interaction cycle was plotted versus time, and the sensorgrams were obtained,
as shown in Fig. 2.
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Fig. 2 - Sensorgrams (RU versus time) obtained during SCAR flow (60—-120 uM) over
a CM5 surface with immobilized LYS (1280 RU) at 298.15 K. The arrow indicates
increasing SCAR concentration. The same behavior was observed at 285.15, 289.15,
293.15, 297.15, and 301.15 K (Fig. S3).

The sensorgrams obtained at 298.15 K show an increase in the signal (from 5
to 45 RU) from 0 to 15 s at each BCAR concentration (60, 70, 80, 90, 100, 110, and
120 uM). This characterizes the association phase, that is, (LYS — SCAR)° complex
formation via interactions between free molecules. At the end of the association phase,
the RU versus time signal reached a plateau, where association and dissociation
processes occur at the same rate. As soon as the analyte flow stopped and the buffer
was injected, the dissociation of the (LYS — SCAR)° complex occurred, resulting in a
reduction in RU between 26 and 37 s. This characterizes the dissociation phase.

The equation for the association and dissociation processes is shown in Eq. 10
and represents the free molecules (LYS); and (BCAR)f in equilibrium with the
thermodynamically stable (LYS — BCAR)° complex.

kq (10)
(LYS); + (BCAR); = (LYS — BCAR)°
kq
Here, k, represents the number of complexes formed per second, and k, is the fraction
of the complexes that dissociate per second.
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k, and k; can be obtained by solving differential equations (Egs. (11) and (12))
(Debotton et al., 2010; O’'Shannessy et al., 1994).

[LYS - BCAR]®

Association: - = kq[LYS]; * [BCAR]; — kq[LYS — BCAR]®  (11)

d[LYS — BCAR]°

Dissociation: —
dt

= ky[LYS — BCAR]° (12)

Here, [LYS — BCAR]° is the concentration of the thermodynamically stable complex,
[LYS]f and [BCAR]; are the concentrations of free (LYS), and (BCAR); molecules,
respectively, [LYS] and represents the fraction of the total protein that does not form
complexes with SCAR. The terms [LYS], * [BCAR]; can be replaced by (RUpqx(te) —
RU(t)) = [BCAR]s. The term [LYS + BCAR]° is proportional to the RU signal and, thus,

can be replaced by RU(t). Therefore, Egs. 11 and 12 can be rewritten terms of the

RU signal:
dR(lilt(t) = kq(RUpax(teo) — RU(E)) * [BCAR]; — kqRU(D), (13)
S = kaRU@), (14)

dt

Where RU,,..(t) represents the SPR signal when the ligand is saturated by the
analyte and the association occurs at the same speed as dissociation. RU(t) is the
SPR signal at time t (s).

The pseudo-first-order (PFO) kinetic model was applied to the sensorgrams
and, in this case, we may consider [SCAR]; as constant. Under PFO conditions, the
observed rate constants (k,,s) and k; were obtained using Egs. 15 and 16,
respectively. The plots of k,,s versus [BCAR] were linear (Fig. S4), and the k, values
were obtained from the slope of these curves using Eq. 17. The changes in k, and k,
values with temperature are shown in Fig. 3.

RU() = RUpmgx(te)[1— eHors ] (15)

RU(t) = RU(t,,)e ¥a(t=tm) (16)

kops = kq * [,BCAR] + kg (17)



57

Here, RU(t,,) is the SPR signal obtained at time t,,,, which represents the beginning of

dissociation, and [BCAR] is the concentration of the analyte.
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Fig. 3 - Plots of the association rate constant (k,;m) of (LYS) and (BCAR); molecules,
and of dissociation rate constant (k;; o) of the (LYS — BCAR)°complex versus
temperature. The polynomial equations for the association and dissociation processes
are k, = 8.342(T)% — 223.772(T) + 2673.075 and kg = 8.870 x 10~4(T)?
— 0.037(T) + 0.737, respectively.

Both k, and k, values showed a second-order polynomial trend in the studied
temperature range (R? = 0.989 and 0.997, respectively), indicating that the formation
and dissociation of the complex are multi-step processes (Van Elzen et al., 2017).
Between 285.15 and 293.15 K, the k, values decreased, reaching a minimum point at
293.15 K. On the other hand, the k, values increased from the minimum point. These
differences show that changes in the structure of LYS may occur when the
(LYS — BCAR)° complex dissociates or that the changes occurring during association
are not completely reversed when the dissociation process occurs (LELIS et al., 2020).
Furthermore, the number of thermodynamically stable complexes formed per second
increased from 1150 to 3000 M, whereas the maximum and minimum degrees of
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dissociation of these complexes per second were approximately 42% and 36% at
285.15 and 293.15 K, respectively.

Vachali et al. (2013) evaluated the kinetics of the interaction between SCAR and
the interphotoreceptor retinoid-binding protein (IRBP) by SPR. They reported that
IRBP plays an important role in vision by binding and protecting retinoids. The k, and
k,; values for (IRBP — BCAR)° formation were 1.22 x 10° M s and 0.110 s™,
respectively, at 298.15 K and pH 7.4. These results are approximately 62-times higher
and 4-times smaller than the k, =2.25 x 108M's"and k; = 0.380 s for (LYS — BCAR)°®
complex formation. This is probably due to the differences between the structures of
IRBP and LYS, which can also bind different sites in SCAR.

The interaction between LYS and lutein (LUT), a carotenoid of the xanthophyll
class, was studied by Rezende et al. (2020). They evaluated the kinetics of interaction
between these molecules using SPR at pH 7.4. The k, and k, values for (LYS — LUT)®
complex formation were 1.96 x 103 M s and 0.400 s, respectively, at 298.15 K.
These results are similar to those found for (LYS — BCAR)° complex formation,
indicating that the structural difference between LUT and BCAR, i.e., the presence of
two oxygen atoms in the LUT molecule, did not affect the association and dissociation

processes.
3.2.2. Thermodynamics of (LYS — BCAR)° complex formation obtained by SPR

Using SPR, it was possible to obtain the energetic thermodynamic parameters
for (LYS — BCAR)° complex formation at all binding possible sites for comparison with
the results obtained by FS. Therefore, the thermodynamic parameters, binding
constant (K,_spr), standard Gibbs free energy change (4G°spr), standard enthalpy
change (AH°pr), and standard entropy change (TAS°spr) were obtained from the
relationships Kp_spr = kq/kq and AG°spr = —RTInK,_spr, as well as the linear van'’t
Hoff equation (Fig. S4) (Eg. 18), and the fundamental Gibbs equation (Eq. 7),
respectively. Table 3 shows the thermodynamic parameters for (LYS —

BCAR)° complex formation obtained from SPR experiments.

(18)
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Table 3 Binding constant (K,_spr), standard changes in Gibbs free energy (4G°pR),
enthalpy (4H®spr), and entropy (TAS°spr) for (LYS — BCAR)° complex formation at pH
7.4 obtained using SPR.

Temperature Ky_spr AG°spp AHgpp TAS°spr
K 103 L mol™ kJ mol’
285.15 2.71 -18.74 62.45
289.15 3.42 -19.56 63.28
293.15 4.28 -20.38 64.10
297.15 5.53 -21.29 a7z 65.00
298.15 5.92 -21.53 65.25
301.15 7.26 -22.26 65.98

For all parameters, the relative deviation was less than 5%.

The K,_spr values increased as the temperature increased, as also found by
FS. This confirms that at higher temperatures, more complexes are formed. However,
the K, _spg values were smaller than K, _ps (K, _spr 97.3% smaller than K, _ps at 298.15
K). This difference probably occurred because SPR detects the interactions in all
binding sites of the LYS, whereas FS only detects the interactions occurring near Trp62
and Trp108 of LYS. The smaller K;,_spr may arise because the binding sites in LYS
have a lower binding affinity for BCAR and are located far from the Trp residues, thus
reducing the average K,_spg Value. Regarding the Gibbs free energy change, both
AG°rs and AG°spr became more negative when the was temperature increased, which
means that the complex predominated over the free molecules and became more
stable as the temperature increased.

AG°spr is a result of contributions from the enthalpy (4H°spr) and entropy
(TAS°spRr). As suggested by the FS technique, desolvation, conformational changes,
and interactions are the three main molecular processes related to (LYS —
BCAR)° complex formation, with a smaller contribution from the conformational
changes. However, the nonlinear temperature dependence of k, and k,; suggest the
importance of the conformational changes in LYS in (LYS — BCAR)° complex formation.

The positive contributions (|[4H®ges + AH cons| and |TAS®yes + TAS®cong|) Overcome the

negative contributions (4H°;,; and TA4S°;,.). Hence, as found by FS, the complex
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formation was entropically driven, and the hydrophobic interactions played a major
role.

The thermodynamic parameters for the interaction of LYS and LUT obtained by
Rezende et al. (2020) were very close to those found here. At 298.15 K and pH 7.4,
the AG°spr Was -21.24 kJ mol', and the K,_gp value was 5.29 x 103 L mol'. However,
there were discrepancies in the AHspr and TASspr Values. These AH®gpi ranged from
11.72 to -36.71 kJ mol' and the TAS°gp5 values ranged from 32.11 to -15.54 kJ mol!
between 285.15 and 301.15 K. According to Rezende et al. (2020), the trends in
AH°spr and TAS°spr indicate changes in the contribution of hydrophobic/hydrophilic
interactions. The presence of two hydroxyl groups in LUT leads to a predominance of

hydrophilic interactions at higher temperatures.

3.2.3. Kinetic energetic parameters related to the formation of the (LYS — BCAR)*

intermediate

The intermediate (LYS — BCAR)* complex is a transition state complex between
free (LYS); and (BCAR); molecules and the thermodynamically stable (LYS —

BCAR)° complex. The formation of the (LYS — BCAR)* complex is rapid, and it is
impossible to quantify this state. Despite this, the determination of the parameters
related to (LYS — BCAR)* formation is important because it provides insights into the
dynamics and molecular energy related to the interaction between (LYS) r and (BCAR)¢
molecules (REZENDE et al., 2019; WANG et al.,, 2018). From the relationship

between Ink, or Ink,; with 1/T (Fig. 4), the activation energy E was determined

act X)

using Eq. 16.
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Fig. 4 - Arrhenius plots of Ink, (m) and Ink, (o) associated with interactions between
LYS and BCAR. The plots show the temperature effect on the association and
dissociation rate constants at 285.15, 289.15, 293.15, 297.15, 298.15, and 301.15 K.

dlnk,

2(r)

Egee (x) =—R (16)

Here k, is the rate constant for x = a or d (association or dissociation, respectively) at
T (K), E.c: (x) is the corresponding activation energy for a or d (kd mol), and R is the
universal gas constant (8.3145 J mol ' K™).

The formation of the intermediate complex only occurs when the activation
energy barrier (E,.; ) is overcome. From the E,.; (x) values, the activation Gibbs free
energy change (4G}), the activation enthalpy change (4H}), and the activation entropy
change (TASj) related to (LYS — BCAR)* complex formation were obtained using Egs.

(17-19), and their values are listed in Table 4.

AG*, = — RT In(2L (17)
kgT

AH#x = Eact (X) —RT (18)
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TAS*, = AH*, — AG*, (19)

Here, h is Planck’s constant (6.62608 x 103*J K'), and kg is Boltzmann’s constant
(1.38066 x 1023 J K1),

Table 4 Energetic parameters for (LYS — BCAR)* intermediate complex formation via

association of (LYS); and (BCAR); molecules and dissociation of the (LYS —
BCAR)° complex at pH 7.4.

Association (a) Dissociation (d)
E,e AGY¥  AH* TAS*  E,. AGH AH*¥  TAS?
K kJ mol

285.15 15.283 53.02 12.86 -40.16 -24.12 71.76 -26.49 -98.24
289.15 25.70 53.50 23.30 -30.21 -14.17 73.07 -16.57 -89.64
293.15 40.67 53.85 38.23 -15.61 -2.10 74.23 -4.54 -78.77
297.15 59.77 5393 57.30 3.38 1191 7521 944 -65.78
298.15 65.15 53.88 62.67 8.79 1569 7542 13.21 -62.20
301.15 82.66 53.73 80.16 2643 27.69 7599 25.18 -50.81

T

For all parameters, the relative deviation was less than 8%.

The E,.. (x)), AH*,, and TAS*, values increased with increase in temperature
for both association and dissociation. These values result from the desolvation of the
binding partners (> 0), the LYS and BCAR conformational change (> 0), and the
interaction between (LYS), and (BCAR) (< 0). The E,, (a) values were higher than
E,c: (d), indicating that the formation of (LYS — BCAR)* from the free molecules
required a higher activation energy than the dissociation of the (LYS — BCAR)°
complex. This also indicates that the conformational changes at LYS binding sites and
the desolvation of the ligands absorbed more energy during association than during
dissociation. Despite the higher E,, (a) values, the rate of (LYS — SCAR)* association
was faster than that of dissociation, as shown by the smaller AG*, values than those
of AG*,.

The association period was characterized by an entropically favorable binding

process above 296.18 K, as shown by the positive TAS*, values, contributing to a
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decrease in the AG*, values above 299.18 K. Furthermore, during dissociation, the
formation of the (LYS — BCAR)* complex was enthalpically favorable up to 293.97 K
and entropically unfavorable between 285.15 and 301.15, resulting in an increase in
AG*,.

Table 4 shows a small 4G* change with temperature and larger changes in its
components in the same temperature range, which is characteristic of an isokinetic
relationship (IKR). To verify the occurrence of an IKR in both association and
dissociation, the TAS* values were plotted against the AH* values (Fig. 5). The linearity
of these plots (R?=0.999), having slopes close to 1 for the association and dissociation
processes (0.990 and 0.918, respectively), confirms the IKR (Pan et al., 2015).
Interestingly, the occurrence of an IKR indicates that the conformational changes at
LYS binding sites and the desolvation of the free molecules are temperature

dependent.

40
20
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— _
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-40 ' -20 0 20 40 60 80
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Fig. 5 - Plots of TAS*versus AH* for the formation of the (LYS — BCAR)* complex via
the association between (LYS)r and (BCAR)r molecules (m) and the dissociation of the

(LYS — BCAR)° complex (o).
4. Conclusion

Fluorescence and SPR measurements reveal that aqueous LYS and BCAR
mixtures at (285.15 < T < 301.15) K undergo spontaneous (LYS — BCAR)°
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complexation driven by an system entropy increase (4G°gs = -29.79 to -32.27 kJ mol;
AH°pg =9.07 to 3.38 kd mol ', and T4S°;s = 38.86 to 35.65 kd mol ). The hydrophobic
effect played a major role in the LYS- BCAR interaction, probably because of the high
hydrophobicity of BCAR. Kinetic SPR measurements show that, in the formation of the
(LYS — BCAR)° complex, the intermediate (LYS — BCAR)* complex formed faster via
the association of (LYS); and (fCAR) than the dissociation of (LYS — BCAR)°. An IKR
was observed for (LYS — BCAR)* complex formation with the association and
dissociation processes occurring in multiple steps with conformational changes at LYS
binding sites. The thermodynamic and kinetic parameters determined in this work
provide a better understanding of the dynamics of (LYS — fSCAR)° complex formation

and will guide the use of proteins as carriers of small bioactive compounds.



65

References

ALLAHDAD, Z. et al. Spectroscopic and docking studies on the interaction between
caseins and (B-carotene. Food Chemistry, v. 255, n. September 2017, p. 187-196,
2018.

ALLAHDAD, Z. et al. Binding of B-carotene to whey proteins: Multi-spectroscopic
technigues and docking studies. Food Chemistry, v. 277, p. 96—106, 30 mar. 2019.

ALTSCHUH, D. et al. Determination of kinetic constants for the interaction between a
monoclonal antibody and peptides using surface plasmon resonance. Biochemistry,
v. 31, n. 27, p. 6298-6304, jul. 1992.

APRODU, I. et al. Thermal stability of the complex formed between carotenoids from
sea buckthorn (Hippophae rhamnoides L.) and bovine B-lactoglobulin.
Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy, v. 173,
p. 562-571, fev. 2017.

BAHRI, A. et al. Binding analysis between monomeric -casein and hydrophobic
bioactive compounds investigated by surface plasmon resonance and fluorescence
spectroscopy. Food Chemistry, v. 286, n. February, p. 289-296, 2019.

BAKAR, K. A.; FEROZ, S. R. A critical view on the analysis of fluorescence quenching
data for determining ligand—protein binding affinity. Spectrochimica Acta Part A:
Molecular and Biomolecular Spectroscopy, v. 223, p. 117337, 5 dez. 2019.

BEVERUNG, C. J.; RADKE, C. J.; BLANCH, H. W. Protein adsorption at the oil/water
interface: characterization of adsorption kinetics by dynamic interfacial tension
measurements. Biophysical Chemistry, v. 81, n. 1, p. 59-80, set. 1999.

CHANG, H. et al. Binding to Bovine Serum Albumin Protects § - Carotene against
Oxidative Degradation. Journal of Agricultural and Food Chemistry, v. 64, p. 5951—
5957, 2016.

DEBOTTON, N. et al. A quantitative evaluation of the molecular binding affinity
between a monoclonal antibody conjugated to a nanoparticle and an antigen by
surface plasmon resonance. European Journal of Pharmaceutics and



66

Biopharmaceutics, v. 74, n. 2, p. 148-156, fev. 2010.

DI LENA, G. et al. Carotenoid profiling of five microalgae species from large-scale
production. Food Research International, v. 120, p. 810-818, 2018.

DU, Y. et al. Improved stability, epithelial permeability and cellular antioxidant activity
of B-carotene via encapsulation by self-assembled a-lactalbumin micelles. Food
Chemistry, v. 271, p. 707-714, jan. 2019.

DUMITRASCU, L. et al. Studies on binding mechanism between carotenoids from sea
buckthorn and thermally treated a-lactalbumin. Journal of Molecular Structure, v.
1125, p. 721-729, 2016.

FABINI, E.; DANIELSON, U. H. Monitoring drug—serum protein interactions for early
ADME prediction through Surface Plasmon Resonance technology. Journal of
Pharmaceutical and Biomedical Analysis, v. 144, p. 188—194, set. 2017.

FATHI, F. et al. Kinetic and thermodynamic studies of bovine serum albumin interaction
with ascorbyl palmitate and ascorbyl stearate food additives using surface plasmon
resonance. Food Chemistry, v. 246, p. 228-232, 2018.

GORBENKO, G. P.; IOFFE, V. M.; KINNUNEN, P. K. J. Binding of Lysozyme to
Phospholipid Bilayers : Evidence for Protein Aggregation upon Membrane Association.
Biophysical Journal, v. 93, n. 1, p. 140-153, 2007.

GUQ, Y. et al. Locating the binding domains of lysozyme with ionic liquids in aqueous
solution via spectroscopic studies. Spectrochimica Acta Part A: Molecular and
Biomolecular Spectroscopy, v. 214, p. 239-245, 5 maio 2019.

HAMDANI, A. M. et al. Effect of guar gum conjugation on functional, antioxidant and
antimicrobial activity of egg white lysozyme. Food Chemistry, v. 240, p. 1201-1209,
2018.

HORNOK, V. et al. Thermodynamic and kinetic insights into the interaction of kynurenic
acid with human serum albumin: Spectroscopic and calorimetric approaches. Journal
of Molecular Liquids, v. 313, p. 112869, set. 2020.

IMOTO, T. et al. Fluorescence of Lysozyme: Emissions from Tryptophan Residues 62



67

and 108 and Energy Migration. Proceedings of the National Academy of Sciences,
v.69,n.5,p. 1151-1155, 1 maio 1972.

KNOCKAERT, G. et al. Carrot B-carotene degradation and isomerization kinetics
during thermal processing in the presence of oil. Journal of Agricultural and Food
Chemistry, v. 60, n. 41, p. 10312-10319, 17 out. 2012.

LAKOWICZ, J. R. Principles of Fluorescence Spectroscopy. Boston, MA: Springer
US, 2006.

LELIS, C. A. et al. Determination of driving forces for bovine serum albumin-
Ponceau4R binding using surface plasmon resonance and fluorescence spectroscopy:
A comparative study. Food Hydrocolloids, v. 70, p. 29-35, 2017.

LELIS, C. A. et al. Insights into protein-curcumin interactions: Kinetics and
thermodynamics of curcumin and lactoferrin binding. Food Hydrocolloids, v. 105, n.
June 2019, p. 105825, ago. 2020.

LI, X.-R. et al. Comparative studies on interactions of <scp>l</scp> -ascorbic acid, a-
tocopherol, procyanidin B3, B-carotene, and astaxanthin with lysozyme using
fluorescence spectroscopy and molecular modeling methods. Journal of Food
Biochemistry, v. 41, n. 2, p. €12338, abr. 2016.

LI, X.; YAN, Y. Comparative Study of the Interactions between Ovalbumin and five
Antioxidants by Spectroscopic Methods. Journal of Fluorescence, v.27,n. 1, p. 213-
225, 8 jan. 2017.

NGUYEN, H. H. et al. Surface plasmon resonance: A versatile technique for biosensor
applications. Sensors (Switzerland), v. 15, n. 5, p. 10481-10510, 2015.

O'SHANNESSY, D. J. et al. Determination of rate and equilibrium binding
constants for macromolecular interactions by surface plasmon
resonanceMethods in Enzymology, 1994.

PAIVA, P. H. C. et al. Influence of protein conformation and selected Hofmeister salts
on bovine serum albumin/lutein complex formation. Food Chemistry, v. 305, n. May
2019, p. 125463, 2020.



68

PAN, A. et al. Enthalpy—Entropy Compensation (EEC) Effect: A Revisit. The Journal
of Physical Chemistry B, v. 119, n. 52, p. 15876—-15884, 31 dez. 2015.

PATIL, S.; SISTLA, S.; JADHAV, J. Interaction of small molecules with human
tyrosinase: A surface plasmon resonance and molecular docking study. International
Journal of Biological Macromolecules, v. 92, p. 1123-1129, 1 nov. 2016.

PAULA, H. M. C. DE et al. Kinetics and thermodynamics of bovine serum albumin
interactions with Congo red dye. Colloids and Surfaces B: Biointerfaces, v. 159, p.
737-742, 2017.

PENG, W. et al. Binding patterns and structure-affinity relationships of food azo dyes
with lysozyme: A multitechnique approach. Journal of Agricultural and Food
Chemistry, v. 61, n. 50, p. 12415-12428, 2013.

REZENDE, J. DE P. et al. Thermodynamic and kinetic study of epigallocatechin-3-
gallate-bovine lactoferrin complex formation determined by surface plasmon
resonance (SPR): A comparative study with fluorescence spectroscopy. Food
Hydrocolloids, v. 95, n. May, p. 526-532, 2019.

REZENDE, J. DE P. et al. Temperature modulation of lutein-lysozyme hydrophobic-
hydrophilic interaction balance. Journal of Molecular Liquids, v. 408, jan. 2020.

SAHA, S.; CHOWDHURY, J. Binding Interaction of Juglone with Lysozyme:
Spectroscopic Studies Aided by In Silico Calculations. Journal of Photochemistry
and Photobiology B: Biology, v. 193, p. 89-99, 1 abr. 2019.

SCHNEIDER, C. S. et al. Surface plasmon resonance as a high throughput method to
evaluate specific and non-specific binding of nanotherapeutics. Journal of Controlled
Release, v. 219, p. 331-344, 2015.

SILVA, C. E. L. et al. B-Carotene and Milk Protein Complexation: a Thermodynamic
Approach and a Photo Stabilization Study. Food and Bioprocess Technology, v. 11,
n. 3, p. 610-620, 2018.

SYAMILA, M. et al. Effect of temperature, oxygen and light on the degradation of B-

carotene, lutein and a-tocopherol in spray-dried spinach juice powder during storage.



69

Food Chemistry, 2019.

TAKAHASHI, M. et al. Heat-denatured lysozyme could be a novel disinfectant for
reducing hepatitis A virus and murine norovirus on berry fruit. International Journal
of Food Microbiology, v. 266, n. November 2017, p. 104-108, 2018.

VACHALI, P. P. et al. Carotenoids as possible interphotoreceptor retinoid-binding
protein (IRBP) ligands: A surface plasmon resonance (SPR) based study. Archives

of Biochemistry and Biophysics, v. 539, n. 2, p. 181-186, nov. 2013.

VAN DE WEERT, M.; STELLA, L. Fluorescence quenching and ligand binding: A
critical discussion of a popular methodology. Journal of Molecular Structure, v. 998,
n. 1-3, p. 144-150, 2011.

VAN ELZEN, R. et al. Ligand-induced conformational changes in prolyl oligopeptidase:
a kinetic approach. Protein Engineering Design and Selection, v. 30, n. 3, p. 219-
226, 5 jan. 2017.

WANG, B. et al. Integrating Structural Information to Study the Dynamics of Protein-
Protein Interactions in Cells. Structure, v. 26, n. 10, p. 1414- 1424.e3, 2 out. 2018.



70

Supplementary materials

600 500
> >
= =
@ 5007 2 400
2 2
£ 400 £
@ © 300
g g
S 300 S
3 2 2004
© 200 o
S S Y
T 100 o 1001
04 . ; 0Ly . :
300 350 400 450 300 350 400 450
Wavelenght (nm) Wavelength (nm)
400
> >
= h=4
2 2
o 9 300 A
£ £
@ o)
2 2
S S 200
8] (&)
(%] (2]
] 1) /
2 Q
S S 100f |
[ [
01+ T T 0 T T
300 350 400 450 300 350 400 450
Wavelength (nm) Wavelength (nm)

Fig. S1 - Fluorescence intensities of LYS with different concentrations of SCAR at (a)—
(d) 293.15, 303.15, 308.15, and 313.15 K, respectively.
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