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RESUMO

VALE, Rafaela Teixeira Rodrigues do, D.Sc., Universidade Federal de Vigosa,
agosto de 2022. Formagcdao de nanocomplexos entre B-lactoglobulina e
resveratrol: uma abordagem cinética e termodinamica. Orientadora: Ana Clarissa
dos Santos Pires. Coorientadores: Luis Henrique Mendes da Silva e Marcia Cristina
Teixeira Ribeiro Vidigal.

O estudo da cinética e da termodindmica de interagdo intermolecular entre
moléculas de origem alimentar fornece a dinamica de formagao de nanocomplexos,
bem como, a compreensdo das forcas motrizes envolvidas neste processo. A [3-
lactoglobulina (BLG), proteina maijoritaria do soro de leite de muitos mamiferos, além
de caracteristicas nutricionais relevantes, apresenta capacidade de se ligar a
pequenos compostos bioativos hidrofébicos como o resveratrol (RES) e de formar
nanocomplexos de BLG-RES. No entanto, embora alguns estudos tratem da
interagdo entre estas duas moléculas, ha uma lacuna em relagcdo a dinamica de
formacdo destes nanocomplexos. Em nosso trabalho, utilizando a técnica de
ressonancia plasmoénica de superficie (SPR), determinamos os parametros cinéticos
e termodindmicos da interagao BLG-RES. Os resultados mostraram que a formagéao
do complexo ativado a partir da associagao de moléculas livres é 1,5 vezes mais
rapida do que a partir da dissociagcdo do complexo termodinamicamente estavel
(AG(,, = 48,15 kJ.mol!, 4G, = 73,10 kJ.mol""). Além disso, os parametros cinéticos
de associagdo sao influenciados pela estrutura 3D da agua da camada de
solvatacdo de ambas moléculas. Entretanto, os parametros cinéticos de dissociagao
nao sao influenciados pelas moléculas de agua presentes ao redor do complexo
termodinamicamente estavel. Provavelmente, porque ha poucas moléculas de agua
proxima/dentro do sitio de interagdo da proteina. Ademais, as moléculas de agua
que estao presentes, ndo estdo estruturadas. Os valores negativos de AG° (-24,95
KJ.mol") indicaram que, no equilibrio quimico, o complexo termodinamicamente
estavel predomina sobre as moléculas livres. Na menor temperatura (285,15K)
avaliada, a formagdo do complexo BLG-RES foi impulsionada por interagoes
hidrofobica (AH° = 73.06 kJ.mol'; TAS® = 99.60 kJ.mol') enquanto que em
temperaturas maiores que 301,15K, as interagdes hidrofilicas tornaram-se
dominantes (AH° = -142,50 kJ.mol'; TAS® = -118,18 kJ.mol"). Contudo, a partir
destes resultados, apresentamos valiosas informagdes e insights para a



compreensao da dinamica molecular de formag¢ao de nanocomplexos BLG-RES e,

das forgas motrizes que impulsionam este processo.

Palavras-chave: Interacdo intermolecular. Proteina. Polifenol. Nanocarreador.



ABSTRACT

VALE, Rafaela Teixeira Rodrigues do, D.Sc., Universidade Federal de Vigosa,
August, 2022. Nanocomplex formation between B-lactoglobulin and resveratrol:
a kinetics and a thermodynamics approach. Adviser: Ana Clarissa dos Santos
Pires. Co-advisers: Luis Henrique Mendes da Silva and Marcia Cristina Teixeira
Ribeiro Vidigal.

The study of the kinetics and thermodynamics of the intermolecular interaction
between molecules of food origin provides the dynamics of the formation of
nanocomplexes, as well as the understanding of the driving forces involved in this
process. B-lactoglobulin (BLG), the major whey protein of many mammals, in addition
to relevant nutritional characteristics, has the ability to bind small hydrophobic
bioactive compounds such as resveratrol (RES) and to form BLG-RES
nanocomplexes. However, although some studies deal with the interaction between
these two molecules, there is a gap regarding the dynamics of formation of these
nanocomplexes. In our work, using the surface plasmon resonance (SPR) technique,
we determined the kinetic and thermodynamic parameters of the BLG-RES
interaction. The results showed that the formation of complex activated by the

association of free molecules is 1.5 times faster than from the dissociation of the
thermodynamically stable complex (4G{,, = 48.15 kJ.mol", AG(,, = 73.10 kJ.mol").

Furthermore, the association kinetic parameters are influenced by the 3D water
structure of the solvation layer of both molecules. However, the kinetic parameters of
dissociation are not influenced by the water molecules present around the
thermodynamically stable complex. Probably because there are few water molecules
near/inside the protein interaction site. Furthermore, the water molecules that are
present are not structured. The negative values of AG° (-24.95 KJ.mol") indicated
that, in chemical equilibrium, the thermodynamically stable complex predominates
over the free molecules. At the lowest temperature (285.15K) evaluated, the
formation of the BLG-RES complex was driven by the hydrophobic interaction (AH® =
73.06 kJ.mol'; TAS® = 99.60 kJ.mol") while at temperatures greater than 301.15K,
hydrophilic interactions became dominant (AH° = -142.50 kJ.mol"; TAS® = -118.18
kJ.mol"). However, from these results, we present valuable information and insights
for understanding the molecular dynamics of BLG-RES nanocomplex formation and
the driving forces that drive this process.



Keywords: Intermolecular interaction. Protein. Polyphenol. Nanocarrier.
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INTRODUGAO GERAL

A B-lactoglobulina (BLG), uma das principais proteinas da fracdo do soro do
leite de muitos mamiferos, incluindo, entre outros, a familia Bovidae, apresenta
estrutura bem definida, mas, que pode sofrer alteracbes em virtude de fatores
externos como temperatura e pH. Dependendo das condi¢bes do meio, esta
proteina apresenta a capacidade de interagir fortemente com pequenos compostos
hidrofébicos e, de transportar inUmeras moléculas, incluindo uma variedade de
farmacos e de compostos alimentares como aromaticos, vitaminicos e antioxidantes
como o resveratrol.

O resveratrol (RES) € um exemplo de polifenol que tem despertado grande
interesse na comunidade académica e, que pode ser obtido naturalmente a partir de
mais de 70 plantas, de diferentes frutas (uva, mirtilo, framboesa e amora) e, de
alimentos processados como vinho tinto e chocolate amargo.

Este composto bioativo tem sido relacionado a propriedades funcionais como
antioxidantes, anti-inflamatorias, neuro e cardioprotetoras, anticarcinogénicas,
antienvelhecimento, antidiabética e antiobesidade. Além disso, considerando sua
caracteristica hidrofdbica, diferentes estudos apontam a sua capacidade de
interacdo com a BLG e, consequentemente, de proteger estes compostos contra
alguns fatores comumente aplicados durante o processamento e a estocagem de
alimentos (variagdes de temperatura, pH e luminosidade). Entretanto, embora este
tipo de interagao ja tenha sido relatada por alguns pesquisadores, a literatura carece
de informagbes completas sobre a termodindmica de interagdo entre estas duas
moléculas. Além disso, dados sobre a cinética de formacgédo de complexo BLG-RES
nao estavam disponiveis. Estas informagdes sao fundamentais para a utilizacdo de
proteinas como nanocarreadores viaveis para moléculas bioativas.

A ressonancia plasmodnica de superficie (SPR) € uma técnica que em tempo
real, permite que em um unico experimento, se possa obter dados a respeito da
interacdo intermolecular entre as moléculas responsaveis pela formacdo de
complexo BLG-RES.

Assim, visando tracgar o perfil da dindmica de interagdo entre BLG e RES e,
fornecer novos insights sobre o assunto, este trabalho esta dividido em dois

capitulos. O Capitulo 1 consiste em uma revisao bibliografica geral sobre cada uma
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das moléculas envolvidas na interacdo assim como, sobre a técnica de SPR. Na
sequéncia, na forma de artigo cientifico, o Capitulo 2 apresenta os resultado da
cinética e da termodindmica da formacdo de complexo entre a proteina e o

composto bioativo.
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CAPITULO 1: Revisio de literatura

1. B-lactoglobulina (BLG)

O leite bovino € um importante fluido biolégico que em média, apresenta 87,3%
(m/v) de agua e 12,7% de solidos totais, dos quais 3,5% correspondem as proteinas.
Deste total de conteudo proteico, cerca de 80% sao de caseinas (as1-, as2-, B- e k-
caseina com razao molar de aproximadamente 3:1:3:1, respectivamente) e, os
outros 20% das chamadas proteinas do soro de leite (53,6% (m/v) de B-
lactoglobulina (BLG), 20,1% (m/v) de a-lactoalbumina (aLA), 6,2% (m/v) de albumina
do soro bovino (BSA), 3,5% de imunoglobulinas (LG), dentre outras) (Hailu et al.,
2016; Lajnaf et al., 2022).

A BLG ¢é uma proteina globular com ponto isoelétrico em pH de
aproximadamente 5,1, massa molar de 18,3 kDa e 162 residuos de aminoacidos dos
quais cinco sao de cisteina e quatro deles formam pontes dissulfeto. Em sua forma
nativa, a LG é predominantemente formada por estruturas secundarias do tipo B-
folha, contendo oito fitas B, € uma a-hélice (Brownlow et al., 1997; Kurpiewska et al.,
2019; Olsen et al., 2022), Figura 1.

Figura 1 — Representacao da B-lactoglobulina na forma nativa. Imagem criada com o
ID do PDB e visualizador NGL.

Fonte: http://www.rcsb.org/3d-view/2Q2M/1

Geneticamente, a PLG apresenta diferentes variantes. Entre as mais

abundantes, destacamos as variantes A e B que se diferem entre si pela presenca
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de residuos de aminoacidos nas posi¢coes 64 (Asp64 e Gly64 nas variantes A e B,
respectivamente) e 118 (Val118 e Ala118 nas variantes A e B, respectivamente).
Estas diferengas tornam as duas variantes ligeiramente diferentes em relagdo as
propriedades de auto associagao, a solubilidade, ao ponto isoelétrico, bem como, a
estabilidade a pressdo e a temperatura. No caso especifico da BLG bovina, as
caracteristicas estruturais das variantes A e B sao praticamente indistinguiveis
(Taulier & Chalikian, 2001).

No estado nativo, a BLG apresenta nucleo formado por um barril f achatado
(um calice) composto por oito cadeias antiparalelas (A a H). Alteragbes de pH
podem induzir transi¢cdes estruturais locais e globais na molécula proteica (Wang et
al., 2021). Abaixo do pH 3, o dimero se dissocia em monémeros que preservam sua
conformacgao nativa. Proximo ao pH 3, a proteina dimeriza com poucas alteracbes
na estrutura. Entre o pH 4 e o pH 5, ocorre a transi¢cao de dimero para octamero e
estudos mostram que a octamerizagdo da proteina ndo causa mudanga em sua
estrutura secundaria. Entre o pH 4,5 e pH 6,0 a BLG é convertida da sua forma Q
acida expandida para a forma N nativa mais compacta. Essa transicdo envolve
mudancas na estrutura e hidratacdo da proteina. Acima do pH 6,5, a molécula sofre
a chamada transicdo de Tanford que consiste na mudanga reversivel de
conformacdo de um dos lagos que circundam a entrada do barril B e que é
desencadeada pela protonacéo de Glu 89 e elevacéo do valor do pKa (Swigtek et al.,
2019; Taulier & Chalikian, 2001).

A transicao de Tanford envolve o deslocamento da alga EF (residuos 85 a 90)
que atua como uma tampa que fecha o interior da proteina/local de ligacao abaixo
de pH 7,3 e a abre em pH mais alto. A transicdo de Tanford também pode envolver
outras mudangas estruturais (Zhu et al., 2020). Por exemplo, a transicdo é
acompanhada por uma mudanga no microambiente de Tyr42 e causa uma alteragao
na orientagao relativa dos mondémeros no dimero em até 5°. Em pH maiores que 9, a
BLG sofre uma transicdo de desdobramento irreversivel, induzida pela base, com
ruptura global de estruturas secundarias e terciarias (Vijayalakshmi et al., 2008).

Embora ainda se tenha duvidas da real fungdo da BLG no organismo, as
informacgdes a respeito da conformacéo, estrutura tridimensional bem como, de suas
propriedades fisico-quimicas ja se encontram bem consolidadas. Essa proteina é

responsavel nao apenas pela captacdo, mas, pelo transporte de moléculas
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hidrofobicas. Trata-se de um modelo util para o estudo de interagdes proteina-ligante
(Muresan et al., 2001; Wang et al., 2021; Zhang et al., 2022).

Na literatura, varios compostos tém sido relatados como ligantes da BLG.
Dentre eles podemos citar: retinol e lactona (Muresan et al., 2001), acido laurico
(Bello et al., 2012), farmacos como amoxicilina (Habibian-Dehkordi et al., 2022),
doxorrubicina (Ghalandari et al., 2014), tetracaina e promacaina (Loch et al., 2015),
carotenoide como licopeno (Dima et al, 2018) e antioxidantes como
epigalocatequina-3-galato (EGCG) (Zagury et al., 2019) e o resveratrol (Cheng et al.,
2018; Guo & Jauregi, 2018; Liang & Subirade, 2012; Liang et al., 2008; Wusigale et
al., 2017; Zhang et al., 2022; Vale et al., 2022).

Guo e Jauregi (2018), avaliaram a atividade antioxidante do RES (7 mg/100
mL) na forma livre e complexado com a BLG (nativa e nanoparticulada). Quando
livre e considerando o método de atividade antioxidante total, a capacidade
antioxidante (% de inibigdo) do polifenol reduziu. Por outro lado, quando na presenca
da proteina, a capacidade antioxidante aumentou em aproximadamente 20 e 22,5%
para BLG na forma nativa e nanoparticulas, respectivamente.

Recentemente, Zhang et al. (2022), utilizando abordagens
multiespectroscépicas, docking molecular e simulagdo de dindmica molecular,
avaliaram a interagdo isolada e simultdnea do RES e da curcumina (CUR) com a
BLG. Os espectros de fluorescéncia, infravermelho com transformada de Fourier
(FT-IR), CD, difragdo de raios X (XRD) e, de calorimetria diferencial de varredura
(DSC) indicaram que o RES e a CUR interagem individualmente e simultaneamente
com a BLG. Para a termodinamica de interacdo, os autores apenas calcularam os
valores da constante de ligagdo (Kb) e da estequiometria (n) que foram 1,86 x 10°
M- e 1,33 + 0,02, respectivamente. Os demais parametros termodinamicos, nio
foram avaliados. A interacédo do RES com a BLG melhorou a atividade antioxidante
do RES e reforga a capacidade da proteina em proteger o polifenol.

Assim, o estudo aprofundado sobre a interacdo entre a LG e o resveratrol
(RES), trata de um avango dentro da area de interagao intermolecular e, que é
capaz de fornecer informacbes a respeito do carreamento deste polifenol pela

proteina de transporte.

2. Resveratrol (RES)
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O resveratrol (3,5,4'-trihidroxiestilbeno) &€ uma fitoalexina natural que foi isolada
pela primeira vez no ano de 1940 a partir das raizes do heléboro branco (Veratrum
grandiflorum O. Loes). Ja em 1963, o resveratrol (RES) comegou a ser extraido de
raizes da Polygonum cuspidatum, planta utilizada na Medicina Tradicional Chinesa
(Huang et al., 2019).

Atualmente, sabe-se que o RES pode ser obtido extraido de mais de 70 outras
plantas e, através de produtos processados (vinho tinto e chocolate amargo), bem
como, de alimentos naturais como uva, mirtilo, framboesa, amora, dentre outros
(Burns et al., 2002; Lin et al., 2016).

Em termos de estrutura quimica, o RES & um polifenol natural com estrutura de
estilbeno, composta por dois anéis aromaticos interligados por uma ponte de etileno

e, duas formas isoméricas (trans e cis), Figura 2.

Figura 2 - Estrutura quimica do trans-resveratrol (A) e do cis-resveratrol (B).

OH

OH
o LT
O HO
b ®
HO

(A) (B)

Fonte: Autora, 2021.

E considerado um dos estilbenos mais amplamente investigado por sua
bioatividade e possiveis aplicacbes terapéuticas, incluindo: anti-inflamatéria,
antioxidante, anticancerigena, antiobesidade, antienvelhecimento, cardioprotetora,
neuroprotetora e de regulagdo da homeostase da glicose (Chen et al., 2019).

Apresenta férmula molecular C14H1203, massa molar de 228,247 g mol-', ponto
de fusdo entre 253 e 255 °C (Amri et al., 2012), trés constantes de dissociagao
acidas (pKa123 = 8,8, 9,8 e 11,4) provenientes da desprotonacdo dos grupos
hidroxilas presentes no composto (Lopez-Nicolas & Garcia-Carmona, 2008),
coeficiente de particdo igual a 3,1 (Robinson et al., 2015), baixa solubilidade em
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agua (0,023 mg ml-'a 25 °C) e consideravel solubilidade em etanol (50 mg ml'a 25
°C) e DMSO (16 mg ml'"a 25 °C) (Fan et al., 2018).

No geral, a administragdo do RES é dificultada pelas restricbes relacionadas a
sua solubilizacdo em solventes aquosos, curto tempo de meia-vida in vivo (cerca de
8 a 14 minutos), baixa biodisponibilidade oral e alta instabilidade quimica em meios
aquosos (tendéncia a sofrer oxidagao e alta fotossensibilidade) (Santos et al., 2019).
Nesse contexto, estudos tém sido desenvolvidos com o objetivo de projetar novas
perspectivas de utilizacdo deste polifenol.

O RES apresenta capacidade de formar complexos com diferentes proteinas
como as proteinas de ervilhas (Yi et al., 2022), zeinas (Liang et al., 2018; Liu et al.,
2022), glutelina de arroz (Dai et al., 2019), isolado de proteinas de soja (Pujara et al.,
2017), isolado de proteina de soro de leite (Xu et al., 2021), B-caseina (Cheng et al.,
2020), albumina do soro humano (HSA) (Cao et al., 2009; Jiang, 2008; N’ soukpoé-
Kossi et al., 2006; Nair, 2015; Pantusa et al., 2012; Poér et al., 2022; Rezende et al.,
2020), BSA (Arcanjo et al., 2018; Bourassa et al., 2010; Lu et al., 2007), aLA (Cheng
et al., 2018) e BLG (Cheng et al., 2018; Guo & Jauregi, 2018; Liang & Subirade,
2012; Liang et al., 2008; Ojaghian et al., 2016; Wusigale et al., 2017; Zhang et al.,
2022).

Para o caso especifico da interagao entre o RES e a BLG, a literatura carece de
informagdes completas a respeito da termodindmica de interagdo. Os dados
disponiveis na literatura apenas se referem aos valores da constante de ligagao e da
estequiometria relacionada com a quantidade de moléculas de RES que interagem
em cada sitio de ligacao da BLG. Até a construcao dos obijetivos deste trabalho, nao
haviam dados sobre a variagdo da energia livre de Gibbs (AG®), da entropia (TAS®) e
entalpia (AH®) padrédo de formagéo de complexo BLG-RES. A interagdo apenas havia
sido avaliada por meio de abordagens multiespectroscépicas, docking molecular e
simulagdo de dindmica molecular. N&o haviam informagbes sobre a cinética de
formacdo do complexo. Dados sobre a taxa de associagcdo das moléculas que
interagem para formar complexo e, sobre a taxa de dissociagdo do complexo ainda
eram desconhecidos. Além disso, para a interagcado entre estas moléculas, a técnica
de ressonancia plasmoénica de superficie ainda ndo havia sido utilizada.

3. Ressonancia Plasmonica de Superficie (SPR)
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A Ressonéancia Plasmoénica de Superficie (SPR) trata-se de uma técnica optica
capaz de fornecer com alta sensibilidade, confiabilidade, seletividade,
reprodutibilidade e desempenho qualitativo/quantitativo (Jebelli et al., 2020), os
parametros cinéticos e termodinamicos envolvidos na interagao intermolecular entre
proteina (BLG) e analito (RES) (Nunes et al., 2019).

3.1 Principio geral do SPR

Em sistemas baseados em SPR, tem-se a presenca de um chip sensor que
para estudo de interacao, utiliza-se por exemplo, o CM5 que é constituido por uma
camada de vidro, uma camada de ouro e uma camada de carboximetildextrana
(local onde a proteina alvo do estudo devera ser imobilizada). Assim, neste tipo de
experimento, inicialmente deve-se proceder com a ativagao do chip, imobilizagao da
proteina (BLG) e bloqueio dos grupos funcionais restantes que nao estao interagindo
com a molécula proteica. Na sequéncia, um féton de luz incidente atinge a superficie
do chip de forma que a maior parte desta radiacao é refletida e uma pequena parte
(menos de 0,01% da radiagcdo de origem, chamada radiagcdo evanescente) é
refratada em aproximadamente 100 nm acima da camada de ouro. Ao retornar, a
radiagéo refratada volta com determinado angulo 6 (chamado 61) e faz com que os
elétrons livres na superficie da camada de ouro entrem em ressonancia plasménica
(vibrem na mesma frequéncia). Este angulo 6 é dependente do indice de refragao e
da composicdo da solugcdo acima da superficie da camada de ouro do chip sensor.
Logo, quando se injeta a solugdo contendo o analito e, quando ele interage com
proteina, o indice de refragao desta solucéo é alterado e consequentemente, tem-se
um novo angulo 6 (chamado de 62). A diferenga entre os angulos 81 e 62 fornece a
resposta ressonante (RU), que é plotada em fungédo do tempo. A variagdo de RU
versus tempo é chamada de sensograma (Nguyen et al., 2015; Vachali et al., 2015).
Através dos sensogramas e conforme sera discutido no topico 3.4, a dindmica de

formagao de nanocomplexos é determinada.

3.2 Equipamentos

A tecnologia de biossensor baseada no fendmeno éptico SPR foi introduzida
nos anos 90 especialmente, pela BiacoreTM (marca registrada da GE Healthcare)

que atualmente, conta com diferentes equipamentos (Biacore™ X, Biacore™ X100,
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Biacore™ 2000, Biacore™ 3000, Biacore™ T200, Biacore™ 8 e Biacore™ 8+) de
sensibilidade e especificidade distintas. Esses equipamentos sdo compostos
principalmente por trés componentes basicos: sistema de medi¢cao oOptica, sistema
de manuseio de fluido e chip sensor (Katsamba et al., 2002; Nguyen et al., 2015;
Situ et al., 2010).

Além da BiacoreTM, existem outras marcas que sao uteis e eficientes para o
diagnostico médico (Gade et al.,, 2022), triagem de medicamentos (Chain et al.,
2021), protecdo ambiental (Zhang et al., 2021), deteccdo de adulteragdo em
alimentos (Mansouri et al., 2020; Vikas et al., 2020), deteccdo de residuos de
antibioticos em alimentos (Ramalingam et al., 2021).

No geral, para o estudo de interagdo intermolecular entre componentes
alimentares, os instrumentos de SPR sao baseados em biossensores do tipo prisma
e que podem operar de acordo com as configuragbes Otto e Kretschmann
(Ravindran et al., 2021).

Biossensores com configuragdo Otto sao considerados de dificil fabricacdo e
uso uma vez que, apresentam estrutura de acoplamento composta por um filme
metalico de alto indice de refragdo e, presenca de gap para a célula de amostra,
Figura 3 (A). Por outro lado, os prismas de configuracado Kretschmann (Figura 3 (B)),
nao possuem gap para a ceélula de amostra. Neste caso, a célula de amostra fica
diretamente sob o filme metdlico e assim, facilita o controle de paradmetros e
variaveis que influenciam na analise. Logo, no que se refere a biossensores do tipo
prisma, a configuracado de Kretchmann é a mais utilizada e caracterizada como uma

técnica padrao (Yesudasu et al., 2021; Zhou et al., 2019).
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Figura 3 - Tipos de configuragdes de SPR: (A) Otto (B) Kretschmann.
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) 4
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Prisma
(S)
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Fonte: Autora, 2021.

3.3 Imobilizagdo da proteina

Considerando aplicagcbes especificas de SPR para analise de interagcdes
proteinas-bioativos, parte-se do principio que as moléculas proteicas estao
imobilizadas na superficie do chip sensor e as bioativas, livres em solu¢cado (Rezende
et al., 2020).

Assim, o mercado mundial conta com uma grande variedade de chips sensores
que podem ser selecionados de acordo com a quimica de superficie necessaria para
a ocorréncia da imobilizagao da proteina. Um dos chips mais popularmente utilizado
€ o carboximetil-dextrano (chamado de CM5) que contém grupo carboxila e dois
canais de fluxo: o canal de amostra (onde a proteina sera imobilizada) e o canal de
controle (Schneider et al., 2015).

A imobilizacado da proteina a superficie do chip pode ser realizada por meio de
acoplamento covalente que para estudos de interagdo é o método de imobilizacéo
mais comumente utilizado e caracterizado pela ligagdo quimica do grupo funcional
da proteina, neste caso o grupo amina (-NH2), com a superficie ativada do chip
sensor (Nguyen et al., 2015).

Em casos que o ligante ndo apresenta grupos funcionais para se ligarem a
superficie do chip, os mesmos podem ser alterados quimicamente e inseridos com
por exemplo, grupo amina que no caso da utilizagdo do CM5, se liga covalentemente
com os grupos carboxilicos ativos e localizados na superficie do chip (Hudson et al.,
2022). Ativar os grupos carboxilicos e posteriormente, bloquear aqueles que nao
interagiram com o grupo amina, faz parte do protocolo de analise e deve ser

efetuado com atengdo. Agentes bloqueadores inapropriados podem inativar as
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biomoléculas. Além disso, a modificacdo quimica da biomolécula pode interferir na
interacdo com o analito. Para situa¢des de imobilizagcdo com moléculas ainda nao
relatadas pela literatura, testar diferentes quimicas de imobilizagdo € o caminho para

a garantia da preservagao da interagao ligante-analito.

3.4 Experimento para obteng¢éo da dinamica de formagéo de complexo

Realizada a ativagcdo dos grupos carboxilicos, imobilizacdo da BLG na
superficie do chip CM5, e bloqueio dos grupos ésteres reativos, os dados da
dindmica de formacdo de complexo BLG-RES podem ser obtidos pela adicdo de
solugdes com diferentes concentragdes de RES. Estas, que interagem com a LG e
ocasionam a reducédo no valor do indice de refracdo na superficie do chip sensor
(Sandoval-Altamirano et al., 2017).

Para expressar a mudanga no indice de refracdo, apds cada injecdo da solugao
de RES sobre o chip sensor, € gerado um sinal de resposta ressonante (RU) em

funcao do tempo, o chamado sensograma (Figura 4).

Figura 4 - Exemplo de sensograma (RU x Tempo) de uma interagéo proteina-analito,

onde cada curva representa uma concentragdo do analito.
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Regiao lll

[RES]

RU

Regiao |

v

9] tm
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Fonte: Autora, 2022.

Como observado na Figura 4, o sensograma apresenta trés regides principais.
Na regiao |, os sinais de SPR sao aproximadamente zero e sdo provenientes apenas

da presenca de tampao fluindo sobre as células de referéncia e de amostra. Na
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Regiado Il, a partir de 0 s, da-se o inicio das injecbes com concentragdes crescentes
de RES. Assim, o sinal de SPR cresce até alcangar um valor experimental maximo e
leva em consideragao processos de associagao de moléculas livres e dissociagao do
complexo termodinamicamente estavel. Na Regiao lll, os valores de RU decrescem
em virtude apenas da presenca de tampéo fluindo na superficie do chip sensor e
contribuindo para a dissociacdo espontanea do complexo e retorno a linha de base,
a chamada fase de dissociagao (Coelho et al., 2019; Nunes et al., 2019).

A interagao entre uma proteina (BLG) e um analito (RES) pode ser considerada
uma reacgao de interagdo monovalente, (BLG + RES < BLG-RES), com constante de
associagao (ka) e dissociagao (kq). Utilizando dados do sensograma, valores de Kobs
e de ka podem ser calculados de acordo com as Equacgdes (1) e (2), (de Paula et al.,
2017).

RU (t) = RUpsx(to,)[1 — eKobs®)] (1D

RU (t) = RU (t,,) e Xa(t=tm) (2)

Em que tm € 0 tempo em que a curva comecga a decrescer, RU (t) € a resposta
ressonante obtida em cada tempo t, RUmax (t-) € a resposta ressonante maxima, ou
seja, quando a BLG é totalmente saturada pelo RES e, RU (tm) € a resposta obtida
no tempo tm.

Em baixas concentragcdes de RES, o valor de kobs € linearmente dependente da
concentracado deste. Assim, o valor de ka pode ser obtido por meio da inclinagcéo da

curva do grafico de kobs versus [RES], Equacgao (3).
Kobs = Ka [RES] + kg 3)

Para o calculo da energia de ativagdo de associagdo (E¥ (@)) OU dissociagao

(E¥., @) do processo de formagdo de complexo ativado, o experimento de SPR

deve ser realizado em diferentes temperaturas e posteriormente, o grafico de

Arrhenius construido por meio da plotagem de In ka ou In kq versus 1/T, Equacgao (4).

dInInk(y) )

IT (4)

Eativ(y)(T) = —R (
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Em que o subscrito “y”’ podera significar a fase de associagéo (a) ou de dissociagao
(d). EX ., ) € a energia de ativacdo (kJ.mol™), R é a constante universal dos gases

(8,3145 J.mol"".K-") e ky é a constante de associagdo (ka) ou dissociagdo (kd) em M-

's1e s, respectivamente.

Determinado o valor da E*

ativ (y), 0 Valores da variagdo da energia livre de

Gibbs de ativagao (AG;), da variacao da entalpia de ativagao (AHjE) e da variacao da
entropia de ativagao (TASjE) para a formacdo de complexo ativado a partir da

associagao de moléculas livres (y = a) ou da dissociacdo do complexo (y = d),

podem ser calculados através das equacgdes 5, 6 e 7, respectivamente.

kgT AGS
k, = Texp — (ﬁ) (5)
AH(T) = Eativ(y)(T) — RT (6)
TASH(T) = AH}(T) — AGEH(T) (7)

Onde h é a constante de Planck (6,62608 x 10-34 J.s).

Para o calculo dos parametros termodinamicos, considera-se a dependéncia da
constante de ligagéo (Kb) com a temperatura. Assim, o valor de Ko pode ser obtido
pela relagcdo Kb = ka/kd. Os valores para a variagado da energia livre de Gibbs (AG°®),
entalpia (AH®) e entropia (TAS®) padrédo de formacédo de complexo, podem ser

calculados pelo intermédio das equagdes 8, 9 e 10.

AG® = — RTInK, @)
d(In K

AHP® = —R(—lb) )
o)

TAS® = AH® — AG® (10)

Os parametros termodinédmicos de formagdo do complexo sdo uteis para

entender sobre a estabilidade dos complexos e para avaliar as forcas motrizes que
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estdo envolvidas na formagédo destes (Coelho et al., 2019; Hudson et al., 2022;
Rezende et al., 2020).
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e Thermodynamically stable complexes are formed through activated complexes.

e The water molecules of the desolvation layer influence the association.

e The interaction causes a conformational change at the beta-lactoglobulin site.

e At the low temperature (285.15 K) the hydrophobic interaction prevails.

¢ At high temperatures (301.15 K), hydrophilic interactions are dominant.
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Abstract

Despite some thermodynamics studies about B-lactoglobulin (BLG) and resveratrol
(RES) interactions, there is a gap regarding kinetics data about RES-BLG complex
formation. Here, we determined the kinetic and thermodynamic parameters of RES-
BLG interactions by using surface plasmon resonance (SPR). The kinetic association
parameters were dependent on the 3D water structure present on the solvation shell

of both interacting molecules. At lower temperature (285.15 K), all activation energies

were positive (E},, , = 82.86 kJ.mol", TAS; = 32.26 kJ.mol", and AC} = 4.15

act (a) —
kJ.mol-'k-") due to the higher water structuration on the RES and BLG solvation shell.
All these energetic barriers become mainly from the energetic cost for the
desolvation process of RES and BLG. At higher temperature (301.15 K), the solvation

water structure decreases and all the above activation energies become negative

(Ee (@ = —121.58 kd.mol!, TAS} = —173.59 kJ.mol", and AC} ) = —29.92 kJ.mol"
k') because the direct interaction between desolvated RES and BLG molecules
released more energy than it is absorbed by desolvation process. However, kinetic
dissociation parameters were not dependent on the hydrogen bond density of the
water solvation shell as showed by the temperature independence of dissociation
energetic parameters. This non-dependence of the dissociation process from the
desolvation step probably is because the water molecules interacting with the RES-
BLG complex is not concentrated around/inside the protein site of interaction. The

association of free molecules was 1.5 times faster than the dissociation of the
thermodynamically stable complex (4Gf,, = 48.15 kJ.mol", AG/;, = 73.10 kJ.mol").

The lower free energy barrier observed for the association came from an isokinetic
process where entropic and enthalpic parameters compensated for each other. The
AG® values indicate that the thermodynamically stable complex predominates over
free molecules. At low temperature (285.15 K), the hydrophobic interaction (AH® =
73.06 kJ.mol'; TAS® = 99.60 kJ.mol") drove the RES-BLG complex formation while
at high temperature (301.15 K), hydrophilic interactions became dominant (AH® = -
142.50 kJ.mol'; TAS® = -118.18 kJ.mol").

Keywords: Protein, polyphenol, intermolecular interaction, nanocarrier
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1. Introduction

Resveratrol (RES), a natural stilbene (Figure 1) found in grapes, blueberries,
raspberries, blackberries, red wine, and chocolate, is among the most important and
studied phenolic compounds (Kotta et al., 2021; Robertson et al., 2022). It exhibits
anti-inflammatory, neuroprotective, cardioprotective, anti-carcinogenic, anti-aging,
anti-diabetic, anti-obesity, and antioxidant activities (Chen et al., 2019). However,
RES has poor water solubility (0.023 mg.ml-! at 298.15 K) and chemical stability
against UV light and pH (Fan et al., 2018; Yi et al., 2022).

Figure 1 - Chemical structure of trans-resveratrol (3,5,4'-trihydroxystylbene).
! OH

OH

Resveratrol can form complexes with different proteins, such as pea proteins (Yi
et al., 2022), zein (Liang et al., 2018; Liu et al., 2022), rice glutelin (Dai et al., 2019),
soy protein isolate (Pujara et al., 2017), whey protein isolate (Xu et al., 2021), B-
casein (Cheng et al., 2020), human serum albumin (Cao et al., 2009; Jiang, 2008; N’
soukpoé-Kossi et al.,, 2006; Nair, 2015; Pantusa et al., 2012; Poor et al., 2022;
Rezende et al., 2020), bovine serum albumin (Arcanjo et al., 2018; Bourassa et al.,
2010; Lu et al., 2007), a-lactalbumin (Cheng et al., 2018), and B-lactoglobulin (BLG)
(Cheng et al., 2018; Guo & Jauregi, 2018; Liang & Subirade, 2012; Liang et al., 2008;
Wousigale et al., 2017; Zhang et al., 2022), which affects the solubility and chemical,
photo, and thermal stabilities of the phenolic compound. Among the proteins, BLG is
one of the most essential transport proteins and is relevant to the pharmaceutical and
food industries for the encapsulating, protecting, and delivering drugs and bioactive
compounds (Dima et al., 2018; Wolf & Brett, 2000; Zhang et al., 2014). Guo and
Jauregi (2018) investigated the thermal stability and antioxidant activity of RES
complexed with BLG (native protein and nanoparticles) under heating conditions
(348.15 K for 45 min). The free RES reduced the antioxidant capacity, which was
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determined using the total antioxidant activity. Conversely, the antioxidant capacity
(inhibition %) was improved (approximately 20 and 22.5% for BLG native form and
nanoparticles, respectively) when RES (7 mg/100 mL) was complexed with BLG in
native and nanoparticle forms.

Cheng et al. (2018) used circular dichroism, fluorescence spectroscopy (FS),
and molecular simulation techniques to evaluate complex formation between BLG
and cis- and trans-RES at pH 7.4. They observed a binding constant (Kb) on the
order of 10* M-', with a stoichiometry (n) of 1.02, indicating that each binding site
available for RES on BLG interacted with one cis- and trans-RES molecule. However,
other thermodynamic parameters (such as, standard enthalpy, entropy, and Gibbs
free energy change) that are crucial for understanding the complex formation
mechanisms under different conditions have not been determined. Recently, Zhang
et al. (2022) studied the isolated and simultaneous binding of the antioxidants
resveratrol (RES) and curcumin (CUR) with bovine B-lactoglobulin (BLG), using multi-
spectroscopic, molecular docking and molecular dynamics simulation approaches.
Fluorescence spectra, FT-IR, CD, XRD and DSC spectra indicated that RES and
CUR bind individually and simultaneously to BLG. Binding of RES with BLG improved
the antioxidant activity of RES. The binding constant and stoichiometry values for the
interaction between BLG and RES were 1.86 x 106 M-' and 1.33 + 0.02, respectively.
However, the authors also did not present further thermodynamic data.

In addition to the lack of a complete thermodynamic analysis, data on the
kinetics of complex formation between RES and BLG is unavailable. Nevertheless,
determining the kinetic parameters of the BLG-RES complex formation may provide
valuable information on the association rate of interacting molecules to form a
complex and the dissociation rate of the complex. Furthermore, they provide insights
into the molecular dynamics of complex formation (Hudson et al., 2022; Rezende et
al., 2022).

Surface plasmon resonance (SPR) is a useful technique for monitoring and
analyzing the dynamics of complex formation and occurrence of biomolecular
interactions in real time, providing kinetic and thermodynamic data on complex
formation. Additionally, SPR is label free in contrast to FS (Su et al.,, 2021).
Therefore, we carried out a complete analysis (kinetic and thermodynamic) of RES-
BLG complex formation at different temperatures and pH 7.4, using SPR.
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2. Materials and methods

2.1 Materials

Solid standards of frans-RES (R5010) (= 99 %wt.) and BLG (= 90 %wt.) were
purchased from Sigma-Aldrich (USA). Dibasic sodium phosphate (Na2HPO4) and
sodium phosphate monohydrate (NaH2PO4.H20) were purchased from Vetec (Brazil).
CM5 sensor chips and coupling reagents (N-ethyl-N’-(dimethylaminopropyl)
carbodiimide (EDC), N-hydroxysuccinimide (NHS), and ethanolamine hydrochloride
were purchased from GE Healthcare (USA). All the chemicals and reagents used in

this study were of analytical grade.

2.2 Methods

2.2.1 Surface plasmon resonance (SPR) analysis

The kinetics and thermodynamics of BLG-RES interaction were assessed by
SPR analysis using a Biacore X100 instrument (GE Healthcare, Pittsburgh, PA, USA)
equipped with an automatic flow injection system. Three CM5 sensor chips were
used in this study. Two flow channels were present on the CM5 surface: a sample
channel (wherein BLG was immobilized) and a reference channel (without
macromolecule immobilization). The SPR experiments were conducted in triplicate to

ensure accuracy, and the results are expressed as the mean + standard deviation.

2.2.2. Surface activation of CM5 sensor chip and immobilization of the BLG

Initially, carboxylic groups on the CM5’s surface were activated by passing an
EDC/NHS (0.4 M/0.1 M) mixture at a flow rate of 10 pl.min"" for 7 min. After activating
the surface of the chip, the protein was immobilized using amine-coupling chemistry
(Coelho et al., 2019). For protein immobilization, a BLG solution (30 pg.mL-!, sodium
acetate buffer (10 mM), pH 4) was injected into the sample cell at a flow rate of 10 uL
min~" for 7 min and at 298.15 K. This procedure resulted in the low-density
immobilization of BLG (3047 RU), which reduced mass transport and crowding
phenomena. After the immobilization, the remaining reactive esters were blocked

with ethanolamine for 7 min. Additionally, a reference flow cell was activated and
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blocked, as described above, without protein immobilization to reduce systematic

noise and Biacore drift.

2.2.3 RES-BLG interaction experiment by SPR

The RES-BLG interaction was analyzed at pH 7.4 and temperatures ranging
from 285.15 to 301.15 K. Initially, the HBS-EP buffer (0.01 M HEPES pH 7.4, 0.15 M
NaCl, and 0.005% v/v surfactant P20) and DMSO (4%, v/v) were injected into both
the sample and reference channels of the CM5 sensor to obtain the baseline.
Subsequently, RES solutions (20-70 uM, prepared in HBS-EP buffer + DMSO (4%,
v/v) were injected into the flow system for 20s at a flow rate of 10 yL min-'. A
sensorgram (RU versus time) was generated for each concentration of RES to
characterize the binding cycle. After each binding cycle, the pure running buffer was
injected again into both CM5 channels to dissociate the formed RES-BLG complexes

and return them to baseline.

2.3 Statistical analysis

Mathematical models were obtained from the experimental data on kinetics and
interaction thermodynamics to analyze the influence of temperature on each
parameter, which were built using regression models. The observed differences were
evaluated by analysis of variance (ANOVA), the significance of which was judged
using the F test and a confidence level of p-value < 0.05. Statistical data were

processed using OringinPro software version 8.0.

3. Results and discussion

3.1 SPR measurements

Surface plasmon resonance is a useful tool for analyzing the binding kinetics
between proteins and polyphenols, such as RES, because models providing kinetic
association and dissociation constants (related to protein-ligand binding processes)
can be fitted to the data extracted from the resonant response (RU) versus time plot

(sensorgram, Figure 2).
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Figure 2 - Sensorgrams (RU versus time) for the binding of BLG-RES at 298.15 K
with a protein immobilization density of 3047 RU. The direction of the arrow indicates
an increase in the RES concentration (20, 30, 40, 50, 60, and 70 uM).
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In Figure 2, each sensorgram indicates a specific concentration of RES solution
that flowed over BLG (immobilized at 3047 RU). The obtained result is the difference
between the RU of the sample (with immobilized protein) and reference (without
protein immobilization) channels (Nguyen et al., 2015).

The sensorgram behavior can be interpreted as follows: initially, the RU signals
were approximately zero until 0 s, resulting only from the presence of the buffer
flowing over both the reference and sample channels and thereby causing almost an
identical change in the refractive index. The RES solutions were injected by O s,
resulting in an abrupt increase followed by constant values of the RU up to 20 s. This
increase was attributed to the association between free RES and BLG molecules and
the dissociation of a thermodynamically stable complex. However, it is important to
note that the association rate at this stage was remarkably higher than the
dissociation rate. The number of association and dissociation events were almost
similar at the plateau (RU was almost constant over time). Finally, the RU signal
decreased after 20 s and returned to the baseline because only the buffer flowed
over the two channels; the dissociation of the thermodynamically stable complex was
the dominant process. For all concentrations of RES and at all tested temperatures,

the sensorgram profiles were similar (Figure 1S).
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Figure 1S - Sensorgrams (RU vs. Time) for BLG-RES, 20-70 yM RES solutions
flowing over a CM5 low-density HBLG-immobilized sensor-chip surface (3047 RU).
(a) 285.15 K, (b) 289.15 K, (c) 293.15 K, (d) 297.15 K and, (e) 301.15 K.
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3.2 Kinetics of RES interaction with immobilized BLG

Understanding the kinetics of the BLG-RES complex formation process allowed
us to determine the number of complexes formed and percentage of complexes
dissociated at each second. This information can be obtained through the association
(k,) and dissociation (k) rate constants, and it is fundamental to apply this functional
complex in different matrices.

The pseudo-first-order (Eq. (1)) and first-order (Eq. (2)) models were fitted
globally to the data of the sensograms considering that the stoichiometry of complex
formation between BLG-RES was 1:1 (Cheng et al., 2018). We then obtained the

values of the observed kinetic constants (k,,s) and k.
RU (t) = RUméx(too)[l - e_kf’bs(t)] )
RU (t) = RU (t,,) e kalt=tm) o

where t,, is the time at which the descendant curve begins, RU (t) is the resonant
response obtained at each time t, RU,,.5,(t,) is the maximum resonant response, that
is, when BLG is fully saturated by the RES, and RU (t,,) is the response obtained at

time t,,.

The k,,s values were linearly dependent on the polyphenol concentration,
considering the different tested temperatures tested and the low RES concentrations
(Figure 2S). Therefore, the k, values were determined from the slope of the plot k4
versus [RES] plot (Eq. (3), Table 1).

kops = kq [RES] + ky (3)
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Figure 2S - Plot of Kobs as a function of RES concentration, used to determine ka at
temperatures: (m) 285.15 K, (o) 289.15 K, (A) 293.15 K, (0) 297.15 K, (A) 298.15 K
and (X) 301. 15 K.
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Table 1

Rate constants for the association (k,) and dissociation (k;) of BLG-RES interaction.

T ky Kk,

K 104 M-1s™1 s’
285.15 0.87 0.53
289.15 1.47 0.56
293.15 2.10 0.61
297.15 2.37 0.67
298.15 2.28 0.69
301.15 1.62 0.74

"Standard deviations of k, and k, at each temperature did not exceed 5%.

As shown in Table 1, an average of 17,900 complexes of the BLG-RES complex
were formed at each second. Although a large amount of this functional
supramolecular structure was formed, approximately 60% of the molecules

dissociated at the same time interval.
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Rezende et al. (2020) evaluated the complex formation between RES and
human serum albumin (HSA) using the SPR technique under temperature and pH
conditions similar to those in our present study; however, their obtained values of k,
and k; were 19.1 and 2.7-fold lower than those in our present study, respectively.
These results indicate that the RES and BLG interaction generates more number of
complexes at each second than the RES and HSA interaction. The discrepancy
between HSA and BLG could be related to the difference in the protein-binding sites
of the RES. The three-dimensional (3D) structure of BLG, in a chalice form, is
strongly influenced by changes in pH, for example, the inside of the BLG binding site
becomes more accessible above pH 7.3. Thus, the association and dissociation of
ligands are facilitated, consequently influencing the high values of k, and k4
(Vijayalakshmi et al., 2008).

In addition to providing the k, and k,; values, kinetic experiments conducted at
different temperatures yield important insights into the molecular dynamics of
complex formation. The energetic kinetic parameters (Eq. (4) — (7)) describing the
formation of the activated complex (AC) can be calculated when the natural
logarithms of the k, and k; values are plotted versus 1/T (the Arrhenius approach).
The AC is an intermediate complex between free molecules and thermodynamically
stable complexes. This complex is of short duration, is highly unstable, and can be

present in several intermolecular interactions (Castro et al., 2021; McDonnell, 2001).

Eaci () = R (g ) )
ty = L e - (%GT;) 5)
AH}(T) = Eagivy) (T) — RT (6)
TASH(T) = AH}(T) — AGH(T) (7)

where Eict ) is the activation energy required to form the activated complex. AGj
and AH§ are the activation Gibbs free energy and activation enthalpy changes,

respectively, while TASjE is the activation entropy change (for the formation of an

activated complex by the association of free molecules (y = a) and dissociation of the
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stable complex (y = d)). R is the universal gas constant (8.3145 J.mol"".K™), k,, is the

association (k,) or dissociation (k;) constant (M-'.s™" and s, respectively), kg is the
Boltzmann constant (1.38066 x 1022 J.K™"), and h is Planck’'s constant (6.62608 x
10-3* J.s) at temperature T (K).

According to the Arrhenius graph (Figure 3), the kinetic constants were
influenced by temperature, demonstrating nonlinear relationships. This result
suggests that the formation of AC, both by the association of free molecules and
dissociation of the stable complex, occurred in multi-step processes (Allen et al.,
1990), deriving from conformational fits in the binding site of BLG and the RES
molecule. Conversely, the interaction of HSA with RES under similar temperature
and pH conditions analyzed by Rezende et al. (2020) suggested that the potential
energy barrier to form the activated complex was independent of temperature;
therefore, the formation of the activated complex occurred in a single step. This

discrepancy indicates that the protein structure influences complex formation.

Figure 3 - Arrhenius plots of In k, (m) and In k; (o) associated with BLG-RES
interactions as functions of reciprocal temperature. Polynomial equation for the
association process are as follows: Ink, =- (7.52 x 10%) + (4.50 x 10°)T — (6.66 x
107)T? and R? = 0.952 (fitted model using F test, p-value < 0.05). Polynomial
equation for the dissociation process are as follows: In k; = 58.71 - (3.30 x 104)T —
(4.52 x 10%)T?and R? = 0.999 (fitted model using F test, p-value < 0.05).
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The kinetic energy parameters involved in the formation of the activated
complex were also influenced by temperature (Figure 4). Therefore, through
experimental data, we fitted mathematical models to the data to analyze the
relationship between temperature (T) and the response of each parameter, as shown
in Table 2.

Figure 4 - Energetic parameters for the formation of the activated complex between
BLG and RES from the association of free molecules (m) or dissociation of the stable

complex (o) at pH 7.4. (a) Activation energy required to form the activated complex
(Eacty)), (b) activation enthalpy change (AH; ), (c) activation entropy change (TASj),
and (d) activation Gibbs free energy change (AG;). The black lines are the non-linear

fitting, whose determination coefficients were greater than 0.999 in all cases.
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Table 2. Temperature relationship (T) in the response of kinetic parameters.

Parameter’ Equation? R?
. EF . @ = - (8.78x10%) +(6.11x 10°)T - 1.07T>  (g) 0.999
Face o) EF ., 0= - (243 x 10%) + 0.88T (9  0.958
ac! AGE = - (1.94 x 103) — 12.96T + 0.02T2 (10)  0.927
AG¥=13.32+0.20T (11)  0.999
- AHE = - (8.77 x 10%) + (6.11 x 102)T — 1.06T2 (12)  0.999
g AHY = - (2.43 x 102) + 0.87T (13)  0.958
rast TAS! = - (8.96 x 10%) + (6.24 x 10T —1.09T2  (14)  0.999

TASE = - (2.57x 102) + 0.67T (15)  0.935

(y = a) = association and (y = d) = dissociation. ?Units are presented in KJ.mol".

Fitted model using the F-test, p-value < 0.05.

From the data of association of free molecules to form the AC in Fig. 4, we
determined that the increase in temperature remarkably decreased EF @ and AHE,

from positive (82.86 and 80.49 kJ.mol', respectively, at 285.15 K) to negative (-
121.58 and -124.08 KJ.mol"", respectively, at 301.15 K) values.

For the temperatures studied initially (up to 296.17 K for E* y and 296.04 K

act (a
for AHi), the positive values indicated the presence of an energy barrier in the
formation of AC. Energy was absorbed at low temperatures to release the highly
structured water molecules in the solvation layers of BLG and RES and change the
conformation of the BLG binding site that presented low flexibility. Therefore, the
potential rotational energy barrier present in the protein-binding site was greater

compared with the kinetic energy resulting from collisions (KT) (Nunes et al., 2019).

However, the values of E}, ,, and AH; became negative from 296.17 and 296.04 K.

act (a
This can be explained by the fact that the water molecules in the solvation layers
became less structured with an increase in the system temperature; hence, the
structural or energy difference between the solvation layers and the water molecules
present in the bulk was reduced (Hudson et al., 2022). Additionally, the protein-
binding site became more flexible because of the increase in the molecular collisional

energy (3/2 KT). The decrease in the structural or energy difference and the increase
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in the protein-binding site flexibility reduce the energy required for releasing water
molecules from the solvation layers and fitting the protein-binding site. Thus, the
energy released from the BLG-RES intermolecular interaction (Eint) overcomes the
energy of desolvation (Edess) and conformational change (Econf): |Eint| > |Econf + Edess|.

The values of Ef, @ and AH} were positive (< 21.15 and 18.65 kJ.mol",

respectively) and almost unchanged throughout all the studied temperatures (slope
of linear fitting (a) equal to 0.88 and 0.87, respectively). This observation was
attributed to the conformation of the stable thermodynamic complex in BLG-RES

interaction, which was almost analogous to that of AC. The obtained result was also

different compared to the HSA-RES interaction, wherein the values of Ef_, @ and

AHj were -3.06 kJ.mol' and -5 kJ.mol', respectively. Because RES interacts with
the hydrophobic cavity of BLG (Cheng et al., 2018), the water content in the protein-
binding site does not change in AC and the thermodynamically stable complex.
Therefore, conformational change is the main energy contributor to obtaining an AC
from a thermodynamically stable complex.

The entropic term for the association of free molecules to form AC exhibited
polynomial behavior (Fig. 4c and Table 2). The TASE values were positive until
289.15 K, subsequently becoming negative. The same reasoning as discussed for
AH(f values can be applied here. The TASCf values are the sums of the three terms
(Eq. (16)) (Paiva et al., 2020):

TAS® = ASg,, + Asgonf + AS;,, (16)

where AS,,, is the standard entropy change that is associated with solvent release

during the binding of BLG and RES, Aszonf is the entropy change that is associated

with the conformational change of the BLG binding site, and AS;,, is the standard

entropy change related to the BLG-RES interaction.

As previously discussed, the BLG binding site is in the lowest energetic and
highest structural states at low temperatures (T < 289.15 K). When the BLG-RES
complex is formed, the BLG-binding site fitting process destructures the BLG site,
increasing conformational entropy. In addition, the release of more structured water
molecules from the solvation layer of interacting molecules at low temperatures

increases the configurational entropy (Sconf) Of the system because the released
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water molecules have a great degree of translational freedom. Conversely, the BLG
binding site became more flexible at temperatures above 289.15 K (that is, the ASZonf
contribution reduced). Additionally, the difference between the degrees of freedom of
water molecules in the solvation layer and bulk at a higher temperature also reduced,

decreasing the contribution of AS,,.. Hence, the AS;,, prevailed owing to the direct
interaction between BLG and RES, resulting in negative TASi values.

In contrast to TAS!, the TAS? values were negative at all temperatures. This
result indicates structuration of the binding site of BLG to form AC from a
thermodynamically stable complex. Hence, independent of temperature, the amino
acid residues in the AC are more orientated around the RES molecule compared to

that in the thermodynamically stable complex.

The AG;“ values were almost constant at all studied temperatures. However, the

AGj values were approximately 1.5 times greater than the Aij values, mainly
because of the absence of energetic parameters associated with the structural
changes in the solvation layers of BLG-RES complexes. This greater energetic
barrier in the dissociation process arises from the structuration increase of amino
acid residues around the RES molecule, which occurs during the transition from the
thermodynamically stable complex to AC. This greater structuring of amino acids
rapidly forms AC from the association of free molecules compared to that from the

dissociation of the thermodynamically stable BLG-RES complex.

The almost unchanged AG;“ values with increasing temperature suggest the
occurrence of isokinetic compensation (IKC) between AH§ and TASjE, that is, AHjE and
TASjE increase at the same rate. To prove the IKC hypothesis, we plotted a graph of

TAS} versus AH; (Fig. 3S). We confirmed the compensatory effect from the slope of
the linear fitting (a) close to 1 (aa = 1.01, R%@) = 0.999, and a4 = 0.77, R%qg) = 0.997.
Isokinetic compensation indicates the optimization of the system energy to form AC
(Garvin et al.,, 2017), which can be associated with desolvation and the
conformational change at the BLG interaction site in the association step and

conformation fitting of the protein in the dissociation step (Felix et al., 2019).
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Supplementary Figure S3 - Isokinetic compensation graph (IKC) for the formation of
the activated complex between BLG and RES from the association of free molecules

(m) or dissociation of the stable complex (o) at pH 7.4.
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Finally, to evaluate the intensity of the interactions occurring before and after
AC formation, the activation specific heat change (ACIf

(17).

OH}
) _ ¥
( T ) —ACp(y) (17)
P

(y)) was calculated using Eq.

The value of ACH

» (@) COrresponds to the difference between the Cpof the

activated complex (C;BLG_RES) and the sum of the C, of the free molecules (Cp . +
Cp res,)- Similarly, ACj @ corresponds to the difference between Cp g, c_rps and Cp of

the stable complex (Cp stanie pLc-res,) (Nunes et al., 2019).

The values obtained for ACj (@) @nd for ACj (@) are illustrated in Table 3.
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Table 3. Change of specific heat of activation for association (ACj @) and

dissociation (AC, @)

T K) ACy ACy )
kJ.K-".mol"!
285.15 415 1.46
289.15 4.37 1.16
293.15 -12.89 0.87
297.15 -21.40 0.58
298.15 -23.53 0.51
301.15 -29.92 0.29

The Ac;f (@) Was positive at 285.15 K and negative at all other temperatures, that

is, the positive contribution for ACj @

from the conformational change and the direct
BLG-RES interaction overcame the negative desolvation effect at the lowest
temperature. However, at high temperatures, the release of solvation water
molecules prevailed over the new interactions formed by complex synthesis. As
discussed above, the BLG-binding site was less flexible at low temperatures;
therefore, a greater orientation of amino acid residues around the RES molecule was
observed, increasing the strength of interactions occurring in the AC stronger
compared to those prevailing when BLG and RES were free in solution. Conversely,
the binding site in the protein became more flexible with an increase in temperature,
with sufficient energy to allow the free rotation of the amino acid residues. Hence, the

intensity of hydrogen bonds is reduced, which decreased the potential energy stored

in the bonds and results in C7 5 c_pps < Copre + Co s -
The ACp*(d) values were positive at all temperature ranges and were smaller
: ¥
than those obtained for AC}
interactions of AC and thermodynamically stable complexes with similar magnitudes.

(in modulus). The low ACj @ Vvalues demonstrated the

In addition, the AC;(d) values decreased as the temperature increased, indicating

that the orientation of amino acid residues around the RES molecule was reduced at

higher temperatures, which decreased the intensity of RES-amino acid interactions.
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The dependence of AC;(d) on temperature corroborates our interpretation of the

results obtained for TAS? values.

3.3 Thermodynamics of the RES interaction with immobilized LG

Additionally, SPR allowed us to determine the thermodynamics of the complex
formation. It is important to understand the stability of the BLG-RES complex and to
assess the driving forces in the complex formation.

The binding constant (K, ) was calculated using the relationship between k, and
kqg (Kp = ky/ks). The K, temperature dependence was analyzed using a nonlinear

van't Hoff approach (In K, versus 1/T); a polynomial model (In K,= a+b(%)+

2 3
c(%) + d(%) ) was fitted to the van't Hoff data. The standard Gibbs free energy

change (AG°), enthalpy change (AH°), and entropy change (TAS°) of the complex

formation were calculated using Eq. (17) — (19).

AG® = — RTInk, (17)
d(InK

AH®° = —R (n—lb) (18)
op)

TAS® = AH® — AG® (19)

where R is the universal gas constant (8.3145 J.mol"".K™"), T is the temperature (K),
and a, b, ¢, d, and In ¢ are constants graphically determined by the polynomial

adjustment of the van’t Hoff nonlinear approach.

The values obtained for K, ranged from 1.65 to 3.55 x 10* L.mol"; the formation
of BLG-RES complex was greater at 294.47 K (Figure 5).
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Figure 5 - Binding constants for the BLG-RES interaction.
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The value of K;, determined by Guo and Jauregi (2018) was 4.8 times greater
than that in our present study (KjpLG-transRes = 1.67 x 10° M") at 293 K and pH 7.4.
The differences between the results can be attributed to the different experimental
techniques used. Guo and Jauregi used FS, wherein BLG and RES were in the
solution. Conversely, in the present SPR technique, the protein is immobilized over a
chip, which restricts the degree of translational freedom of the macromolecule and
consequently the entropic contribution to complex formation. Thus, it is essential to
study this condition of immobilized proteins because proteins are adsorbed on
interfaces in several food systems, which also limits their degree of translational
freedom (Felix et al., 2019).

The thermodynamic parameters and mathematical fitting results obtained for

BLG-RES complex formation are shown in Figure 6 Table 1S, respectively.
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Figure 6 - Thermodynamic parameters for the formation of the stable complex
between BLG and RES at pH 7.4. (A) AG®, AH® (=), and TAS® (o).
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Supplementary Table 1

Relationship between temperature (T) and the response of thermodynamic

parameters.
Parameter Equation” R?2
AG° AG° = (2.05 x 10%) — 14.01T — 0.02T? (20)  0.970

AH° AH® = (8.43 x 10%) — (5.89 x 102)T —1.03T2  (21)  0.999
TAS® TAS® = (8.63 x 104) — (6.03 x 109)T + 1.05T2  (22)  0.999

*Units are presented in KJ.mol'. Fitted model using the F-test, p-value < 0.05.

The negative AG° values (-24.95 KJ.mol') indicated more formation of
complexes over free molecules. Compared to HSA-RES interaction (-18.94 KJ.mol"),
BLG-RES is more stable; hence, the RES molecules are primarily carried by BLG at
the same protein and RES concentrations.

For a better understanding on the mechanism of BLG-RES complex formation,
we addressed the components of AG°. As shown in Eqg. (19), AG®° present the
enthalpic and entropic contributions. AH° and the TAS° demonstrated similar
descendant second-order polynomial behavior, which was positive up to 295.2 K and
296.5 K, respectively.
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As discussed previously for AC formation, the AH° values result from the
enthalpies of desolvation, conformational change, and interaction (AH®dess, AH conf,

and AH int, respectively), as shown in Eq. (23).
AH® = AHges + AHone + AHpp (23)

Between 285.15 and 295.2 K, the AH° values were positive because AH’4es and
AH’conf were positive and greater than the AH®int modulus (AH®int < 0). The energy
absorbed to break the H20-BLG and H20-RES interactions was higher than that
released during H20-H20 H bond formed in the bulk of the system. This positive
energy result occurred because the water molecules in the solvation layers were
more oriented compared to those in bulk, promoting strong H bonds. In addition, the
low temperature decreased the flexibility of the protein-binding site, increasing the
energy required to change the conformation of the BLG interaction site. In contrast,
the difference in the 3D structure of water molecules in the solvation layers of
interacting molecules and in bulk decreases at high temperatures, reducing AH® ges.
Additionally, the high temperature increased the flexibility of the BLG binding site,
decreasing the AH’conf contribution. Hence, the AH® values became negative at T >
297.15 K.

When analyzing the entropic contribution (Eq. (24)), we must consider that the
TAS® values are acquired from the changes in the conformational entropy (TAS¢onf)

and configurational entropy (TASconfig). The TASconrigcan be divided into AS.qnfig—w
owing to the release of water molecules from the solvation layer (TASonfig-w > 0)

and TAS onfig-int beCause of the direct BLG-RES interaction (TAS onfig—int < 0)
TAS® = TASCOHf + TASconﬁg—W + TASconfig—int (24)

As discussed previously AH° values, the TAS® values were positive at a
temperature below 296.5 K, ranging from 99.06 to 58.16 KJ.mol'. The positive

values are attributed TAS.,,; and TAS ,nfig-w, Which are positive and overcome
negative TASconfig—int- CoONnversely, at T > 296.5 K, TAS;ynfig—int Prevailed over
TAScony @and TAS¢onfig-w, resulting in negative TAS® values.

As discussed previously in AC formation, the almost unchanged AG® values and
linear relationship between AH® and TAS® (a = 0.99, R? = 0.999; Figure 4S) indicated
a compensation between enthalpy and entropy components, that is, the enthalpy-
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entropy compensation (EEC). This EEC indicates that the system optimized energy
to form the BLG-RES complex based on the desolvation process and conformational
change of the protein. As the temperature increased, the decrease in the AH® values
was compensated by the simultaneous (and of a similar magnitude) decrease of
TAS® values.

Supplementary Figure S4 - Enthalpy-entropy compensation (EEC) for the formation
of the stable complex BLG-RES.
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4 . Conclusions

The association process between free BLG and RES molecules is dependent
on the degree of water structuration on the solvation shell of both molecules. The

energetic cost for releasing water molecules from the solvation shell to the bulk

determine the values of all association kinetic parameters (E? AHE, TASE, AGY,

act (a)’

and ACS(Q)). The solvation water modulation of BLG-RES interaction occurs via a

compensation process between AHE and TASi (isokinetic compensation). On the
other hand, the dissociation process of the BLG-RES thermodynamic stable complex
is not dependent on the solvation shell of LG and RES complex molecules. This
dissociation behavior shows that the water concentration around the BLG-RES

interaction site should be lower and the few water presents are not structured.
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The BLG-RES nanocomplex formation was promoted by hydrophobic
interaction when the temperature was lower, while hydrophilic forces drove the BLG-
RES interaction at a higher temperature. This thermodynamic and kinetic knowledge
about BLG and RES interaction makes it possible to modulate, by changing the

thermodynamic state of the system, the carrier, and release of RES by BLG.
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CONCLUSOES GERAIS

Pelo presente estudo e utilizando a ressonancia plasmoénica de superficie
(SPR), a dinédmica de interagdo entre BLG e o RES tornaram-se conhecidas. Os
dados cinéticos e termodinamicos proporcionaram o entendimento de como ocorre a
formacao de complexo BLG-RES. A associagdao das moléculas livres € mais rapida

que a dissociagao dos complexos termodinamicamente estaveis. Os parametros

e ACH

cinéticos de associagao (Ej, 4. AHa, TAS;, AG) @

M ) sdo dependentes da
estrutura 3D da agua presente na camada de solvatagdo de ambas as moléculas.
Por outro lado, os parametros cinéticos de dissociagao, ndo foram dependentes da
estrutura 3D da agua que solvatam o complexo BLG-RES. Provavelmente, estas
moléculas de agua que interagem com o complexo ndo estdo concentradas ao
redor/dentro do sitio de interagdo da proteina. A mudanga de temperatura interfere
na formagdo de nanocomplexo BLG-RES. Em baixa temperatura, a formacédo de
complexo € impulsionada pela interacdo hidrofébica enquanto que em alta
temperatura, as interacdes hidrofilicas sdo dominantes.

O conhecimento da dinamica de interacdo entre BLG-RES permite o
planejamento das melhores condi¢coes termodinadmicas para a formagao e, aplicagao
destes nanocomplexos em diferentes areas. Assim, nosso estudo abre precedente
para outros que pretendem utilizar este tipo de molécula proteica para por exemplo,

carrear o RES.



