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RESUMO

ROSA, Livia Neves Santa, M.Sc., Universidade Federal de Vigosa, julho de 2021.
Termodinamica e cinética de formacao de complexos supramoleculares
sintetizados a partir da interacao entre compostos bioativos e biopolimeros.
Orientadora: Ana Clarissa dos Santos Pires.

A incorporagdo de compostos bioativos em formulagbes alimentares tem ganhado
destaque na industria devido as diversas funcdes que sao capazes de desempenhar.
Em geral, estes ativos s&o antioxidantes, antimicrobianos, anticancerigenos,
pigmentam os alimentos ou sdo moléculas necessarias ao organismo humano. Dentre
estes compostos de interesse se destacam a cafeina (CAF), a luteina (LUT) e o B-
caroteno (BCR). Porém, apesar de seus inumeros beneficios tecnoldgicos e na saude
humana, o uso destas moléculas é limitado na industria de alimentos pois séo
moléculas de baixa solubilidade em meio aquoso ou sensiveis a degradagéo pela luz,
calor e oxigénio como no caso da LUT e do BCR. Para que seja possivel a veiculagédo
destes ativos em alimentos, é necessario o uso de estratégias como a formacéao de
complexos. Um complexo é formado por uma molécula de carreadora, que pode ser
uma proteina como a B-lactoglobulina (BLG) ou um carboidrato como a 3-ciclodextrina
(BCD), e a molécula de interesse. Assim, uma abordagem interessante para o estudo
destes complexos é a elucidagao parametros cinéticos e termodinamicos da formagao
de complexos. Neste trabalho a formagédo do complexo BLG-CAF foi elucidada pelas
técnicas de espectroscopia de fluorescéncia (FS), calorimetria de titulacdo isotérmica
(ITC) e docking molecular (MD). Os resultados obtidos mostraram que o complexo foi
formado e que as diferencas entre as técnicas FS e ITC geram uma diferenca na
estequiometria do complexo (FS - 1:1, ITC - 1:3), enquanto que os modelos obtidos
pelo docking molecular demonstram que o melhor modelo 4Gy, = (—20.38 kJ.mol ")
esta em concordancia com a FS, mas que os dados obtidos pelo ITC também séo
validos. Os resultados obtidos pela FS mostram ainda que a conformacdo da BLG
altera a termodinamica de interagdo com a CAF. Ja a formacao dos complexos BCD-
BCR e BCD-LT foi avaliada pela técnica de ressonancia plasménica de superficie
(SPR), em que foi verificada a formacao de um complexo termodinamicamente estavel
entre 0 BCD e os carotenoides BCR e LT, com predominancia da forma complexada
sobre as formas livres (AGspr < 0). A taxa de associacdo para BCD-BCR foi mais

rapida do que o complexo BCD-LT. Além disso, a formagao do complexo BCD-BCR



foi entropicamente dirigida sugerindo que a interacdo ocorre por for¢cas hidrofobicas
enquanto a formagcdo do complexo BCD-LT foi conduzida entalpicamente
principalmente devido a formacdo de ligagdes de hidrogénio. Um complexo
intermediario é formado pela associagcdo de ligantes livres ou dissociacdo do
complexo estavel para ambos os complexos. A partir dos resultados obtidos, nota-se
que os complexos estudados podem ser utilizados para a incorporacdo destes
compostos bioativos em matrizes de interesse e parametros cinéticos e
termodinamicos apresentados neste estudo podem contribuir para otimizar estas

aplicagoes.

Palavras-chave: Nanocarreador. Compostos bioativos. Carotenoides. Cafeina.

Proteina. Interacao intermolecular.



ABSTRACT

ROSA, Livia Neves Santa, M.Sc., Universidade Federal de Vigosa, July 2021.
Thermodynamics and kinetics of formation of supramolecular complexes
synthesized from the interaction between bioactive compounds and
biopolymers. Adviser: Ana Clarissa dos Santos Pires.

The incorporation of bioactive compounds in food formulations has gained prominence
in the industry due to the various functions they are capable of performing. In general,
these actives are antioxidants, antimicrobials, anticancers, pigments in food or are
molecules necessary for the human body. Some of these compounds of interest are
caffeine (CAF), lutein (LUT) and B-carotene (BCR). However, despite their numerous
technological and human health benefits, the use of these molecules is limited in the
food industry as they are molecules of low solubility in aqueous systems or sensitive
to degradation by light, heat and oxygen as in the case of LUT and BCR. In order to
be able to apply these actives in food, it is necessary to use strategies such as the
formation of complexes. A complex is formed by a carrier molecule, which can be a
protein such as B-lactoglobulin (BLG) or a carbohydrate such as -cyclodextrin (BCD),
and the molecule of interest. Thus, an interesting approach to the study of these
complexes is the elucidation of kinetic and thermodynamic parameters of complex
formation. In this work, the formation of the BLG-CAF complex was elucidated by the
techniques of fluorescence spectroscopy (FS), isothermal titration calorimetry (ITC)
and molecular docking (MD). The results obtained showed that the complex was
formed and that the differences between the FS and ITC techniques generate a
difference in the stoichiometry of the complex (FS - 1:1, ITC - 1:3), while the models
obtained by molecular docking demonstrate that the best model 4G, = (-20.38
kd.mol ") is in agreement with the FS, but the data obtained by the ITC are also valid.
The results obtained by FS also shows that the conformation of the BLG alters the
thermodynamics of interaction with the CAF. The formation of BCD-BCR and BCD-LT
complexes was evaluated by the surface plasmonic resonance (SPR) technique, in
which the formation of a thermodynamically stable complex between BCD and the
carotenoids BCR and LT was verified, with a predominance of the form complexed
over free forms (4Gspr < 0). The association rate for BCD-BCR was faster than for the
BCD-LT complex. Furthermore, the formation of the BCD-BCR complex was

entropically driven suggesting that the interaction occurs by hydrophobic forces while



the formation of the BCD-LT complex was driven enthalpically mainly due to the
formation of hydrogen bonds. An intermediate complex is formed by the association of
free ligands or dissociation of the stable complex for both complexes. From the results
obtained, it is noted that the studied complexes can be used for the incorporation of
these bioactive compounds in matrices of interest and kinetic and thermodynamic

parameters presented in this study can contribute to optimize these applications.

Keywords: Nanocarrier. Bioactive compounds. Carotenoids. Caffeine. Protein.
Intermolecular interaction.
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INTRODUGCAO GERAL

Atualmente, compostos bioativos vém ganhando destaque em industrias como
a alimentar e a farmacéutica, devido as suas inumeras funcdes benéficas no
organismo humano. Em geral, estes compostos possuem aplicacao limitada pois, em
sua maioria, sdo moléculas de baixa solubilidade em meio aquoso e sensiveis a
degradacao pela luz, oxigénio e temperaturas elevadas. Para que seja possivel a
veiculacao destes ativos em alimentos e farmacos, € necessario o uso de algumas
estratégias como a formacado de complexos. Um complexo é formado por uma
molécula carreadora, que pode ser uma proteina ou um carboidrato por exemplo, e a
molécula de interesse.

Este projeto de mestrado fez uma ampla abordagem sobre a interagéo -
lactoglobulina-cafeina e sobre as interacdes B-ciclodextrina-luteina e B-ciclodextrina-
B-caroteno, para obter os parametros termodinamicos relativos a formacao dos
respectivos complexos, além dos parametros cinéticos para o segundo e o terceiro
sistema. O conhecimento a respeito das interacées envolvidas na formagao destes
complexos € importante para a aplicacao otimizada da cafeina, do p-caroteno e da
luteina nas industrias de alimentos e farmacéutica, tendo como objetivo manter suas
propriedades funcionais ao longo da vida util dos produtos e sua qualidade.

A cafeina é um derivado metilado da xantina, considerada uma molécula
pequena, com propriedades hidrofilicas e lipofilicas fracas. Diversos estudos apontam
gue a cafeina possui atividade biolégica, farmacolégica e tecnolégica. Ela é conhecida
por sua acdo como dilatadora de vasos sanguineos e por excitar os nervos, aliviando
enxaquecas, € responsavel por efeitos como aumento do estado mental de alerta,
clareza no pensamento, reducao do sono e estimulo do musculo cardiaco. Além disso,
tem sido utilizada como suplemento alimentar por atletas pois a cafeina melhora o
desempenho em atividades fisicas, permitindo a adaptacéo das células ao estresse
causado pelo exercicio. Sua solubilidade é limitada devido a auto associagdo de
monémeros de cafeina por meio de interagdes hidrofébicas em altas concentracdes
de cafeina. Assim, uma estratégia para aumentar a solubilidade da mesma é a
formacao de complexos com biomoléculas, como proteinas.

As proteinas do leite sdo amplamente utilizadas na industria de alimentos
devido a suas propriedades funcionais e qualidade nutricional. A B-lactoglobulina &

uma proteina encontrada naturalmente no leite e é considerada a principal entre as
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proteinas do soro. Ela pertence a classe das lipocalinas, proteinas que possuem a
funcdo de transporte, sendo capaz de interagir e transportar diversos ligantes
hidrofébicos e anfifilicos.

Apesar de haver um estudo que aborda a interagao entre nanoparticulas de [3-
lactoglobulina e a cafeina, ndo foram encontrados estudos a respeito termodinamica
de formagao de complexo B-lactoglobulina-cafeina.

A luteina é um pigmento amarelo-laranja natural da classe das xantofilas. Ela
se acumula em uma regiao pigmentada do olho chamada macula, absorvendo a luz
azul que atinge o olho, sendo efetiva no retardo da degeneragdo macular relacionada
ao envelhecimento e no retardo da formacao de catarata. O B-caroteno é um pigmento
laranja-avermelhado da classe dos carotenos que possui fungdo precursora da
vitamina A. Ambos carotenoides possuem atividade antioxidante e efeito anti-
inflamatario.

No entanto, as moléculas de luteina e B-caroteno possuem baixa solubilidade
em meio aquoso, sendo necessario 0 uso de estratégias para sua utilizacdo. Uma
dessas possibilidades é formar um complexo com um carreador solivel em agua,
como a B-ciclodextrina, que é capaz de receber e estabilizar moléculas hidrofobicas

em seu interior.
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REVISAO DE LITERATURA

1. Beta-lactoglobulina (BLG)

O leite é um alimento rico em macronutrientes, dentre os quais se destacam as
proteinas. As proteinas presentes no leite geralmente sdo classificadas como
caseinas e proteinas do soro, sendo o principal fator de diferenciacdo das mesmas o
fato de as caseinas apresentarem estruturas flexiveis e desordenadas enquanto as
proteinas do soro possuem estruturas globulares compactas (DICKINSON, 2001).

O grupo de proteinas do soro é constituido pela a-lactoalbumina, (-
lactoglobulina, albumina do soro, lactoferrina e algumas imunoglobulinas. A B-
lactoglobulina (BLG) apresenta massa molar de aproximadamente 18,3 kDa, formada
por 162 aminoacidos em sua estrutura primaria, cujo ponto isoelétrico ocorre em
pH=5,35 e € considerada a principal entre as proteinas do soro (FARRELL et al.,
2004). Em pH fisiologico, a BLG encontra-se na forma de dimero (CROGUENNEC;
O’KENNEDY; MEHRA, 2004).

A estrutura secundaria da BLG é formada por 15% de a-hélice, 50% de folhas
B antiparalelas e 20% de estruturas em curvas (reverse turn). Em sua estrutura
terciaria possui um padrdo estrutural central formado por uma a-hélice e oito
filamentos de folha B antiparalelas (VETRI; MILITELLO, 2005). Cinco cisteinas estao
presentes na estrutura da BLG, havendo a formacédo de duas pontes dissulfeto (66-
160 e 106-119) e de um grupo tiol livre (Cys121), que possuem papel na agregacao e
na desnaturagdo da proteina. Além da cisteina, outro aminodcido importante na
estrutura da BLG é o triptofano, que se encontra presente nas posicdes 19 e 61 da
cadeia peptidica, localizando-se na cavidade hidrofdbica e na superficie da proteina,
respectivamente (SHAFAEI et al., 2017).

A Figura 1 mostra uma representagdo esquematica da molécula de B-

lactoglobulina (3D):
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Figura 1 - Estrutura 3D da B-lactoglobulina.

Fonte: KANAKIS et al. (2011)

Existem diversas variantes genéticas dessa proteina, mas as mais comuns sao
as variantes A e B. Elas diferem entre si apenas pela substituicdo de dois aminoacidos:
0 aminoacido 64, que para a variante A € um acido aspartico, enquanto para a variante
B é a glicina e o aminoacido 118, que se trata de uma valina para a variante A e uma
alanina para a variante B (FARRELL et al., 2004). Essa pequena diferenga estrutural
€ capaz de conferir diferentes caracteristicas funcionais entre as duas variantes como,
por exemplo, uma maior hidrofobicidade e uma maior eletronegatividade para a
variante A (QIN et al., 1998).

A BLG pertence a classe das lipocalinas, proteinas que possuem a fungao de
transporte (SAWYER; KONTOPIDIS, 2000). E capaz de interagir e transportar
diversos ligantes hidrofobicos e anfifilicos, como polifendis, fosfolipidios, curcumina,
vitamina D, colesterol, acido félico, retinol, entre outros (CHO; BATT; SAWYER, 1994;
KANAKIS et al., 2011; LEFEVRE; SUBIRADE, 2000; LIANG; SUBIRADE, 2010;
MOHAMMADI et al., 2009; WANG; ALLEN; SWAISGOQOD, 1997).

Uma das formas de se estudar a interacao entre proteinas e moléculas ligantes
€ por meio da técnica de espectroscopia de fluorescéncia, na qual pode ser observada
a supressao da intensidade de fluorescéncia a partir da adicdo de ligantes. Essa
fluorescéncia que algumas proteinas apresentam é devida a fluorescéncia intrinseca
de aminoacidos como o triptofano, a tirosina e a fenilalanina (LAKOWICZ, 2006). O
Trp-19 é o principal responsavel pela fluorescéncia intrinseca da proteina (SHAFAEI
et al., 2017).
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2. Cafeina (CAF)

A cafeina (CAF) é uma purina alcaloide, sendo um dos trés derivados metilados
da xantina, de massa molar é 194,2 g/mol cuja estrutura quimica é apresentada na
Figura 2 (IBRAHIM et al., 2006; YOON; DANESH-MEYER, 2019). E considerada uma
molécula pequena, com propriedades hidrofilicas e lipofilicas fracas (YOON;
DANESH-MEYER, 2019).

Figura 2 - Estrutura quimica da molécula de cafeina.
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Fonte: WANG et al. (2013).

A molécula de CAF possui grupos —CHs e grupos capazes de realizar ligagoes
de hidrogénio, fazendo com que sua termodinamica de solucédo seja complexa. Sua
estrutura limita a sua solubilidade em agua devido a auto associagdo de monémeros
por meio de interagdes hidrofdbicas em altas concentracées de CAF. Em solugbes
diluidas ha interacdao CAF-agua por meio de ligacdes de hidrogénio entre a agua e
grupos polares da molécula de cafeina, como o atomo de nitrogénio ou os grupos
carbonil exociclicos (IZA et al., 1988; MEJRI et al., 2009).

Essa auto agregacao dos monémeros de CAF pode ser verificada por meio de
espectroscopia no UV-vis e outras técnicas experimentais. Em pH 7,0, em solucdes
de concentragéo entre 2,0x10*M e 1,0x10° M h& a formagéo de dimeros de CAF e
acima desta faixa, ha formagéo de polimeros devido a interagdo entre os dimeros de
CAF (IZA et al., 1988).

A CAF esta naturalmente presente em mais de 60 plantas e é encontrada em
chas, café, guarana, cacau e seus derivados (HARLAND, 2000; YANG et al., 2018).
Ela é conhecida por seu gosto amargo caracteristico (POOLE; TORDOFF, 2017).

Diversos estudos apontam que a CAF possui atividade biologica, farmacologica
e tecnolégica. Na farmacologia, a CAF é conhecida por sua acao como dilatadora de
vasos sanguineos e por excitar 0os nervos, aliviando enxaquecas. Mais recentemente

tem-se estudado sobre o efeito anticancer da cafeina (YANG et al., 2018). Além disso,
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o consumo da CAF é responsavel por efeitos como aumento do estado mental de
alerta, clareza no pensamento, redugdo do sono e estimulo do musculo cardiaco
(HARLAND, 2000). A CAF pode ser utilizada como suplemento alimentar para atletas
pois possui a propriedade de aumentar a capacidade de trabalho fisico e retardar a
fadiga devido aumento da producdo de catecolaminas plasmaticas, horménios de
resposta ao estresse fisico, provocado ap0ds a sua ingestao, permitindo ao organismo
se adaptar ao estresse causado pelo exercicio fisico (GUERRA; COELHO;
GUTIERREZ, 2000).

Apesar de a molécula de CAF apresentar certa solubilidade em meio aquoso,
uma estratégia para aumentar a solubilidade da mesma é a formagao de complexos
com biomoléculas, como proteinas. Além de contornar os problemas de solubilidade,
a complexacao com biomoléculas é capaz de reduzir a intensidade de percepg¢ao do
gosto amargo da CAF. Apesar de haver um estudo que aborda a interagdo entre
nanoparticulas de BLG e a CAF (GUO et al., 2017), nao foram encontrados estudos
sobre a termodinamica de interagdo entre a proteina e a cafeina. Assim, faz-se
importante realizar a caracterizacao termodindmica de formacao do complexo BLG-
CAF com o intuito de compreender os mecanismos pelos quais o complexo é formado.

3. B-ciclodextrina (BCD)

A B-ciclodextrina (BCD) é um produto da digestdo enzimatica bacteriana do
amido, descoberta em 1891 pelo cientista francés A. Villiers. E um oligossacarideo
ciclico constituido por unidades de D-glicopiranose, ligadas através de ligacoes
glicosidicas do tipo o—(1,4). A B—CD possui 7 unidades de glicose em sua estrutura,
como observado na Figura 3 (BREWSTER; LOFTSSON, 2007).

Figura 3 - Estrutura da 3-ciclodextrina.
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Fonte: MANAKKER et al. (2009)
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Devido a conformacgéo de cadeira da glicopiranose, a BCD possui a forma de
um cone truncado (um intermediario entre cone e cilindro, cuja representacao pode
ser visualizada na Figura 4). Os grupos hidroxilas orientados para o exterior do cone
conferem caracteristicas hidrofilicas a BCD. A cavidade central da molécula de
ciclodextrina é constituida por grupos CH e um anel de atomos de oxigénio, conferindo
ao seu interior caracteristicas lipofilicas (BREWSTER; LOFTSSON, 2007).

Figura 4 - Representagao da estrutura de cone truncado das ciclodextrinas.

Essa cavidade hidrofobica fornece para a ciclodextrina a capacidade de

Fonte: VARAN et al. (2017)

receber moléculas hospedeiras, formando complexos de inclusdo. Estas moléculas
sao de carater hidrofébico e seu tamanho deve ser pequeno o suficiente para caber
no interior da cavidade (LI et al., 2014; VARAN et al., 2017). As ciclodextrinas podem
ser utilizadas para veicular substancias hidrofébicas, farmacos que necessitam de
liberacao controlada no organismo, compostos bioativos sensiveis a degradacao
(ocasionada pela a¢ao do oxigénio e luz, por exemplo), entre outros (VYAS; SARAF;
SARAF, 2008).

A forgca motriz da complexacdo ndo é completamente compreendida, mas
acredita-se que ela seja resultado de diversos efeitos: (a) substituicdo de uma
interacdo energeticamente nao favoravel polar-apolar entre agua e cavidade
hidrofébica, por uma interacdo apolar-apolar entre cavidade e hdéspede, como
apresentado na Figura 5; (b) interacdes de Van der Waals e ligacdes de hidrogénio
entre a molécula e a cavidade (ASTRAY et al., 2009).
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Figura 5 - Esquema da inclusdo de p-xileno em ciclodextrina.

O
: 5 - ( Oy
0 0 00 9890050%5
L R l‘_/f /\ .
0 't of0H0%0
5 (@) =5 —1—7 2~
A =S ! > i\
> CH, ” r‘\ M\J\\ 0 ‘I{Jf_h ":I_-- T¢ (\
W)
00 @ 0Q 00 1B

|

)

/ \ g vl e

CH 7 A~ POSN,

0 £, ™ \,ogi ﬁ Sn

O \:\ + 0.0 e, A (A6 r.\‘

LJC“U’“UCQ \:) O \_/r) "“z\ ( ,I.'-\f_‘ 1 Aﬁ 9.8

O ) O /\ o g -\
00 0 020000 00000380

Fonte: ASTRAY et al. (2009)

Interacdes de Van der Waals, interagdes hidrofébicas e ligagdes de hidrogénio
sao responsaveis por manter a ciclodextrina e seu hdspede unidos. Apesar das
interacdes de Van der Waals terem papel importante na manutencdo do complexo,
acredita-se que seus efeitos sdo menores comparadas as outras interagdes. As
ciclodextrinas possuem grandes momentos de dipolo, o que implica no fato de a forca
de inducao nao ser muito forte na complexacéao (LIU; GUO, 2002).

A maior evidéncia das interactes hidrofébicas entre as ciclodextrinas e as
moléculas hospedes € o fato de a maior parte apolar destas moléculas estar inclusa
na cavidade hidrofébica das ciclodextrinas (LIU; GUO, 2002).

O papel das ligacdes de hidrogénio na formacao do complexo ndo € bem
esclarecido, visto que algumas moléculas que podem complexar com ciclodextrinas
nao sao capazes de formar ligagdes de hidrogénio, como é o caso do benzeno
(ASTRAY et al., 2009).

4. B-caroteno (BCR)

O B-caroteno (BCR) é um carotenoide da classe dos carotenos, de pigmento
laranja-avermelhado e massa molar igual a 536,83 g/mol, cuja estrutura quimica,
apresentada na Figura 6, € composta por uma cadeia de hidrocarboneto com 11
ligac6es duplas conjugadas e um anel em cada uma de suas extremidades (APRODU;
DUMITRASCU; STANCIUC, 2018; GRUNE et al., 2010).
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Figura 6 - Estrutura quimica do 3-caroteno.
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Fonte: A autora

O BCR é o carotenoide mais importante da classe dos carotenos devido ao fato
de ser um precursor da vitamina A e de retinol com alta taxa de conversao nestes
compostos (GRUNE et al., 2010). Devido a sua conversdo em vitamina A, esta
associado a uma redugéo significativa de mortalidade em criangas devido a deficiéncia
da vitamina. Por meio de sua estrutura unica com onze ligacdes duplas conjugadas,
o BCR tem um alto potencial para eliminar espécies reativas de oxigénio, como
radicais peroxidos ou moléculas de oxigénio singlete, sendo considerado um poderoso
antioxidante. Parte deste carotenoide consumido em uma dieta normal se acumula na
pele e a protege de forma eficiente dos danos induzidos pela luz ultravioleta,
queimaduras solares e envelhecimento. Devido a sua condicdo de antioxidante, o
BCR é capaz de proteger o organismo humano de outras doencas como o cancer e
doencas cardiacas (EGGERSDORFER; WYSS, 2018; GRUNE et al., 2010).

Apesar de ser uma molécula cuja aplicacdo € interessante em diversos
sistemas alimentares, o fato de ser pouco sollivel em agua, instavel ao calor, oxigénio
e luz, sua aplicacao torna-se limitada, ja que sua biodisponibilidade fica reduzida
(FERNANDEZ-GARCIA; PEREZ-GALVEZ, 2017). Assim, tecnologias que aumentam
a estabilidade e a solubilidade do BCR devem ser utilizadas para a aplicagdo do
mesmo em formulacdes alimentares. Uma maneira eficiente de facilitar a
incorporagéo é por meio da formac¢ao de complexos com moléculas carreadoras como

as ciclodextrinas.

5. Luteina (LT)

A luteina (LT), um pigmento amarelo-laranja natural da classe das xantofilas
(carotenoides oxigenados), cuja estrutura quimica é apresentada na Figura 7,
apresenta massa molar de 568,87 g/mol (BOONNOUN et al., 2013). A LT geralmente
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coexiste com a zeaxantina, outro carotenoide da classe das xantofilas do qual se difere
pela posicao das ligagdes duplas no anel hexenil e pela posi¢cdo dos grupos metil na
cadeia carbénica (KIJLSTRA et al., 2012).

Figura 7 - Estrutura quimica da luteina.
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Fonte: A autora.

A luteina é naturalmente encontrada em flores de caléndula, gema de ovo e
derivados, vegetais verdes folhosos, batata e milho (STEINER; MCCLEMENTS;
DAVIDOV-PARDO, 2018). Apesar de ser sintetizada exclusivamente por espécies
vegetais, a luteina é encontrada em humanos, devendo obrigatoriamente ser ingerida
através de dieta (EGGERSDORFER; WYSS, 2018; GIORDANO; QUADRO, 2018;
KIJLSTRA et al., 2012; STEINER; MCCLEMENTS; DAVIDOV-PARDO, 2018). O olho
€ aregiao do corpo humano em que ha maior concentragao de luteina. Ela se acumula
em uma regiao pigmentada chamada macula, absorvendo a luz azul que atinge o olho.
Ela é efetiva no retardo da degeneracao macular relacionada ao envelhecimento e no
retardo da formacéo de catarata (KIULSTRA et al., 2012; STEINER; MCCLEMENTS;
DAVIDOV-PARDO, 2018).

Além de desempenhar fungdes na saude ocular, a luteina também possui
atividade antioxidante, sendo capaz de agir contra radicais livres e ser benéfica para
a saude humana como um todo (STEINER; MCCLEMENTS; DAVIDOV-PARDO,
2018). Devido a suas propriedades antioxidantes, a luteina também possui efeito anti-
inflamatério (KIULSTRA et al., 2012). Outra importante contribui¢cdo da luteina para a
saude humana é na fertilidade, no desenvolvimento fetal e infantil (EGGERSDORFER,;
WYSS, 2018; GIORDANO; QUADRO, 2018).

Existem evidéncias de que as moléculas de luteina formem agregados na
presenca de agua devido a sua baixa solubilidade em meio aquoso. Estudos indicam
que as moléculas de luteina interajam entre si, por meio de ligacées de hidrogénio,
formando dimeros ou oligbmeros (ZSILA et al., 2001).



19

Devido a sua baixa solubilidade em meio aquoso, sua biodisponibilidade
também se torna reduzida, sendo necessario o emprego de tecnologias que permitam
a utilizacdo da luteina em formulacdes alimenticias e farmacos. Uma dessas
possibilidades é a formagdo um complexo entre a luteina e um carreador solluvel em
agua. As ciclodextrinas sao muito utilizadas para este fim, visto que conseguem
receber e estabilizar moléculas em seu interior (STEINER; MCCLEMENTS;
DAVIDOV-PARDO, 2018).

Apesar de existirem diversos trabalhos que avaliam os efeitos da inclusao de
luteina em B-ciclodextrina e seus derivados em paradmetros como por exemplo a
solubilidade em agua, n&do foram encontrados trabalhos que investigam a

termodinamica e a cinética da formacao destes complexos.

6. Técnicas experimentais para o estudo das interacoes intermoleculares

6.1. Espectroscopia de Fluorescéncia (FS)

Diversas técnicas podem ser utilizadas para o estudo da interacdo entre
proteinas e outras moléculas, dentre as quais se destaca a espectroscopia de
fluorescéncia (FS). Esta € uma técnica efetiva para estudar interagéo entre proteinas
e pequenas moléculas devido a sua sensibilidade, reprodutibilidade e conveniéncia.
Os resultados obtidos revelam a afinidade entre as moléculas e as proteinas e ajudam
a esclarecer os mecanismos através dos quais a interagdo ocorre (SHAHABADI;
HADIDI, 2014).

A FS pode ser utilizada para a caracterizacao termodinamica da interacéao entre
a BLG e a CAF pois a BLG apresenta uma fluorescéncia intrinseca, devido a presenga
de aminodcidos fluoréforos, como o triptofano (SHAFAEI et al., 2017; ZHANG et al.,
2014).

A emissao de fluorescéncia é verificada quando elétrons que estdo no estado
singleto sdo excitados, mas nao alteram sua orientacao de spin, ou seja, continuam
desemparelhados e ndo passam do estado singleto para um estado tripleto.
Consequentemente, o retorno ao seu estado fundamental é permitido e ocorre via
emissao de um féton (LAKOWICZ, 2006).

A supressao da fluorescéncia se refere a qualquer processo que resulte em
uma reducdo do rendimento quantico de fluorescéncia de um fluoréforo. A Figura 8
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ilustra a supresséao da intensidade de fluorescéncia de uma proteina com a adicéo de
um ligante. Essa supressao ocorre por meio de uma variedade de interagdes com a
molécula supressora. Em condicbes fixas de pH, forca ibnica e temperatura, a
supressao da fluorescéncia pode ocorrer devido a formacdo de complexo entre o
fluoréforo em seu estado fundamental e a molécula supressora (supressao estatica)
ou devido a uma extingao colisional (supressédo dinamica) (SHAHABADI; HADIDI,
2014; VAN DE WEERT; STELLA, 2011).

Figura 8 - Espectro de emissao de fluorescéncia de 10 uM de BLG, excitada a 295
nm, na presenga crescente de acido folico.
140
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Fonte: LIANG; SUBIRADE (2010)

Outra possibilidade para a diminui¢do da intensidade de fluorescéncia é o efeito
do filtro interno, no qual ha absor¢éo de luz no comprimento de onda de excitagdo ou
emissao pelos compostos presentes na solugdo analisada. No caso de absorver no
comprimento de excitagdo, menos luz atinge o centro da amostra e, portanto, a
fluorescéncia do fluoréforo € diminuida. Quando a absor¢gdo ocorre no comprimento
de emissao, ha reducao da luz emitida que atinge o detector, reduzindo assim a
intensidade de fluorescéncia (VAN DE WEERT; STELLA, 2011). Este efeito deve ser
corrigido para que a analise seja realizada da maneira correta.

Os mecanismos de supressao podem ser diferenciados pela sua dependéncia
em relacdo a temperatura. Para a supressao dinamica, temperaturas mais altas
resultam em um alto coeficiente de difusdo e ha maior supressao colisional, portanto,
os valores da constante de supressao biomolecular (Kq) aumentam com o aumento

da temperatura e o efeito inverso seria observado na supressao estatica (ZHANG et
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al., 2012). Para a constante de Stern-Volmer (Ksv), ou constante de taxa de
supressao, os valores diminuem com o aumento da temperatura para a supressao
estatica e o efeito inverso ocorre para a supressao dindmica (CHEN et al., 2008;
NUNES et al., 2017).

Outra forma de identificar o mecanismo de supressao da fluorescéncia € por
meio da analise do tempo de meia vida (7,). Para a supressao estatica o tempo de
meia vida ndo varia com tempo e decresce para a supressdo dinamica
(PARAMAGURU et al., 2010). O mecanismo pode ainda ser identificado através do
célculo de Kq. Se este apresentar valores acima de 2,0 x 10" M".s', h4 indicios de
gue a supressao ocorra através da formacao de complexos, pois este é o maior valor
de Kq conhecido para a supressado dinamica de fluorescéncia de biopolimeros (CHEN
et al., 2008; NUNES et al., 2017).

A supressao da fluorescéncia pode ser descrita pela relacao de Stern-Volmer,
apresentada na Equacédo 1 (PARAMAGURU et al., 2010):

%= 14+ K470[Q] = 1+ Kgy[Q] (1)
em que Foe F representam as intensidades de fluorescéncia na auséncia e presenca
da molécula supressora, Kq é a constante de taxa de supressao biomolecular, Ksv é a
constante de supressao dinamica de Stern-Volmer, 7, € 0 tempo de meia vida do
fluoréforo na auséncia da molécula supressora, sendo aproximadamente 108s para
proteinas, e [Q] é a concentragéo total da molécula supressora (NUNES et al., 2017).

Caso a formacgéao de complexo entre a proteina e a molécula supressora seja
confirmada, a constante de ligacao (Kb) e a estequiometria de formagao de complexo
(n) podem ser determinadas por meio da curva de regressao logaritmica dupla
modificada, Equacao 2 (HUDSON et al., 2018; REZENDE et al., 2019).

(@)

FooF _ — -1
log - nlog K, nlog([ ]—(FOF;F)[P])

em que Fo e F sdo as intensidades de fluorescéncia na auséncia e presenca da
molécula inibidora, [Q] € a concentracdo total da molécula supressora e [P] é a

concentracdo total da proteina. O valor de n corresponde a inclinagédo da curva log
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Fo—F

1 , . . ~
versus log m, e o valor de Ko € o antilogaritmo da razao

intercepto/inclinagao.

Com o valor de Kp é possivel obter a variacao da energia livre de Gibbs padrao

de formacgao de complexo, AG®, por meio da Equagédo 3 (NUNES et al., 2017):

AG® = —RT InK, (3)

sendo R a constante universal dos gases (8,314 J/mol K) e T € a temperatura (K).

Para a determinacao do termo entélpico é utilizada a equagéo de Van’t Hoff
(Equacéao 4), com os dados experimentais de intensidade de fluorescéncia realizado
em diferentes temperaturas, seguido da analise do grafico de In Ko versus 1/T. O termo
entrépico é entdo obtido por meio da Equacédo 5 (NUNES et al., 2017).

InKp, _ _4H°(1 , 1
InKp; R (T1 + TZ) (4)
AG° = AH®° —TAS® (5)

em que AH° (kJ/mol) é a variagcado da entalpia padrdo de formagéo de complexo, AS°®
(kd/mol) é a variacdo da entropia padrao de formacao de complexo, Kb (L/mol) é a
constante de ligacao, T é a temperatura e R (8,314 J/mol K) é a constante universal
dos gases.

Como a FS & uma técnica baseada na fluorescéncia dos residuos de
aminoacidos da proteina (triptofano, tirosina e fenilalanina), esta técnica é limitada a

interacdes intermoleculares ocorrendo na vizinhanga destes fluor6foros.

6.2. Ressonancia Plasménica de Superficie (SPR)

Desde que foi introduzida pela primeira vez no inicio dos anos 90, o SPR
demonstrou ser uma das metodologias mais poderosas para determinar
especificidade, afinidade e parametros cinéticos de interacdo de macromoléculas em
diversos tipos de interacdes (incluindo proteina-proteina, DN-proteina, receptor-
medicamento, polissacarideo-proteina, entre outros) (NGUYEN et al., 2015).
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Esta técnica éptica mede as alteracbées do indice de refracdo na vizinhanca de
finas camadas de metal (filmes de ouro, prata ou aluminio) em resposta a interacdes
biomoleculares. As alteragdes no angulo de refletividade minima, podem ser
determinadas variando o angulo de incidéncia e registrando a intensidade da luz
refletida durante a formacao de interagcdes entre varias biomoléculas (NGUYEN et al.,
2015).

Antes que uma solugdo de amostra flua pela superficie de um chip sensor,
agentes receptores sao imobilizados em sua superficie (NGUYEN et al., 2015). Em
um chip sensor CM5, cujo metal presente é o ouro, a imobilizacdo da molécula
carreadora ocorre através de um grupo amina (FATHI et al., 2016). Para moléculas
carreadoras que nao possuem grupo amina, como a BCD, deve ser realizada uma
modificagdo em sua estrutura quimica (HAYASHI et al., 2010).

Em experimentos de SPR, unidades de ressonéancia ou de resposta (RU) sao
usadas para descrever a alteragao do sinal, onde 1 RU é equivalente a uma mudancga
de angulo critico de 104 graus. No inicio do experimento, enquanto as interagdes entre
as moléculas ndo ocorreram, o valor inicial de RU corresponde ao angulo critico inicial.
O sinal de resposta ressonante (RU), obtido em fungédo do tempo apds cada injecao
da solucdo de moléculas bioativas sobre o chip sensor, origina um sensorgrama

(NGUYEN et al., 2015). Um sensorgrama é apresentado na Figura 9.

Figura 9 - Sensorgrama para a interagao B-lactoferrina-azul de metileno com a
concentracao variando de 2-6 uM para o corante.

Region Il Region IlI
304
6 uM
T
15
o Region |
-120 0 120tn 240 360
Time /s

Fonte: COELHO et al. (2019).
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A curva de um sensorgrama pode ser dividida em trés regides, como ilustrado
na Figura 9. Na regido 1, RU cresce durante a fase de associagdo devido a ligacéo e
liberacao simultdnea do ligante sobre a molécula carreadora, com as interacoes
intermoleculares ocorrendo em taxas mais elevadas. Na regido 2, a associacao e a
dissociacdo das moléculas ocorrem em taxas semelhantes e as interagdes
intermoleculares atingem um valor experimental maximo no tempo de ressonancia
(tm). Apds este tempo, os valores de RU decrescem devido, principalmente, a
dissociacao do ligante com a molécula carreadora, causada pelo fluxo do tampao
sobre o chip (regido 3) (COELHO et al., 2019).

A interacdo pode ser considerada um processo descrito pelo esquema MC + L
< MC-L (em que MC se trata da molécula carreadora e L do ligante), que € um modelo
de ligagcdao monovalente com taxa de associagao (Ka) e taxa de dissociacao (Ka) (DE
PAULA et al., 2017).

Para calcular a constante observada (Kobs) € Kg, 0S sensorgramas obtidos
podem ser ajustados as equacoes 6 e 7.

RU () = RUpx(too)[1 — e Kobs®)] (6)
RU (t) = RU (t,,) e ¥a(t=tm) (7)

em que RU(t) é a resposta ressonante no tempo t, RUmax € a resposta ressonante
maxima, tm € 0 tempo de ressonancia (tempo no qual a resposta ressonante é
maxima), to € o tempo correspondente ao momento da injecao, Kobs € a constante
observada e Kq € a constante cinética de dissociacao

Em concentragdes baixas de ligante, o valor de Kobs € linearmente dependente
da concentragao do ligante ([L]), permitindo o calculo de Ka pela inclinagdo da curva
do grafico de Kobs versus ([L]), por meio da equagao 8.

Kops = Ko [L] + Kq4 (8)

E possivel a construir o grafico de Arrhenius, plotando-se In Ka ou In Kqg versus
1/T, realizando-se este experimento em varias temperaturas. Por meio dele é
determinada a energia de ativacdo (Ea) de associacdo ou dissociagdo, para o
processo de formacéo de complexo ativado (equacao 9).
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Ea(T) = —R () (9)

em que “y” subscrito pode significar a fase de associagéo ou de dissociagéo. Eay) (T)
€ a energia de ativacao (kd/mol), R € a constante universal dos gases (8,3145 J/mol.K)
e Ky é a constante de associacéo (Ka) (M.s™") ou dissociagao (Kaq) (s™).

A partir da determinacédo do valor da Eay) sdo determinados os valores da

variagdo da energia livre de Gibbs de ativagao, AG;‘,E(T), a variacao da entalpia de
ativacao AHjE(T) e a variacao da entropia de ativacao o TASj,“ para formacao de

complexo ativado a partir da associagdo de moléculas livres ou da dissociagao do
complexo, por meio das equacdes 10, 11 e 12, respectivamente.

AGH(T) = —RTin(kyh/ksT) (10)
AH3(T) = Eqyy(T) — RT (11)
TASH(T) = AHJ(T) — AGH(T) (12)

[

em que “y” subscrito pode significar a fase de associagdo ou de dissociagao, h € a
constante de Planck (6,62608 x 10-3* J s) e ks é a constante de Boltzmann (1,38066 x
1023 J K1).

Os parametros termodinamicos também podem ser determinados. A constante

de interacao (Kb) é obtida por meio da equacao 13:

Kq
Ky =3 (13)

A variacao da energia livre de Gibbs padrao (AG°®), da entalpia padrao (AH®), e
da entropia padrao (TAS®) de formagao de complexo, pode ser calculada através das

equacgoes 3,4 e 5.

6.3. Calorimetria de Titulacao Isotérmica (ITC)

A ITC é uma das técnicas mais utilizadas para obter informagdes sobre a
termodinamica de formacéao de complexos pois ela permite obter diretamente a AH°

de formacéo de complexo, eliminando o uso da equacgao de Van’t Hoff que poderia
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gerar incertezas no valor deste parametro (COELHO et al., 2019). Além disso, uma
das principais caracteristicas dos instrumentos modernos usados nesta técnica € a
capacidade de medir fluxos de energia muito baixos, na ordem de 0,1 pJ.s™
(BURNOUF et al., 2012). Assim, a ITC pode ser considerado uma técnica sensivel e
confiavel para descrever a termodinamica de interag6es intermoleculares. A ITC &
frequentemente utilizada para estudar as interagées entre proteinas e ligantes mas
pode ser utilizada também para o estudo de interagdes de diversos compostos
bioguimicos como acidos nucleicos, lipidios, carboidratos e outros compostos
organicos (LINKUVIENE et al., 2016).

O experimento de ITC ocorre em duas etapas. Primeiramente uma solugéo
aquosa contendo a molécula carreadora é preparada, degaseificada e adicionada a
cela de amostra. A solucéo titulante, que contém o ligante, também é degaseificada e
entdo carregada na seringa de injecdo. Aliquotas desta solucao sado adicionadas a
solucdo que esta na cela de amostra. A cada injecéo realizada, um pico é obtido, e a
integracao de todos os picos obtidos fornece a variacdo da entalpia observada (4H, ).
Na segunda etapa, é realizado um experimento de diluicao substituindo a solucao que
contém o carreador pelo tampéao que foi utilizado em seu preparo. A integracdo dos
picos obtidos nesta etapa resulta na variacdo da entalpia de diluicdo (4Hg;). A
variagdo da entalpia de interagdo aparente (4H,,_;n;) € entdo calculada de acordo
com a equacao 14 (HUDSON et al., 2018):

(14)

o1
ap—int=—(4Hops—AHg;1)
l

em que n; € o numero de mols de ligante adicionado a cela de amostra em cada
injecao.

Os valores de 4H,,_;,; s80 plotados em fungéo da razdo molar entre carreador
e ligante e os dados sdo entdo ajustados a um modelo matematico, descrito pela
equacao 15, para obter a constante de interagdo (K,), a estequiometria (n) e a

variagdo da entalpia padrédo calorimétrica (AH,,;) de formagéo do complexo.

— VcAH, cal

ol 1 + K, [CAF]; + K, [BLG], —
b

Q

JA+K,[CAF]; + nK,[BLGI)? — 4nKZ[CAFI;[BLG];] (15)
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Os demais parametros termodindmicos podem ser obtidos usando as equagdes
3eb.

Além do fato de nao utilizar a equagao de Van't Hoff, outra vantagem da ITC
em relacao técnica de espectroscopia de fluorescéncia é o fato de que a supressao
da fluorescéncia expressa apenas a interacdo entre um ligante e uma molécula
carreadora ocorrendo proxima a regiao do fluoréforo, enquanto que a técnica de ITC
contempla todas as interagcdes que ocorrem nos sitios de interagdo da molécula
carreadora. No caso de interacdo com proteinas, a supressao da fluorescéncia ira
ocorrer apenas na presenca de interacées que ocorrem na regidao dos aminoacidos

fluoréforos, como o triptofano (LELIS et al., 2017).

6.4. Docking Molecular

As técnicas de ITC, SPR e FS nao oferecem informacdes a respeito de qual
sitio de interacdo da proteina o ligante interage. Esse tipo de informagéo pode ser
obtido através de predicdes moleculares, entre as quais se destaca o docking
molecular (MD). Outra vantagem dessa simulagdo € a possibilidade de se obter
parametros termodindmicos sem a necessidade de realizar a interacdo, evitando os
custos com reagentes e realizacao experimental da interacdo (MOBLEY; GILSON,
2017).

O MD se baseia na geragcao de milhares de possiveis posicbes em que pode
ocorrer a interacao entre carreador e ligante que sao avaliadas por funcdes de scoring,
responsaveis por guiar e determinar a posicdo do ligante. Isto é feito a partir da
estrutura tridimensional da proteina e do ligante, que pode ser encontrada em banco
de dados. Além de determinar o modo e local de ligagdo de um ligante a uma proteina,
outro objetivo das fungdes de scoring é prever a afinidade de interagdo entre a
proteina e o ligante (LI; FU; ZHANG, 2019).

Essas simulacdes podem ser realizadas por diferentes softwares, sendo os
mais comuns o AutoDock, DOCK, FlexX, ICM, Sluflex, Affinity e o AutoDock Vina. Eles
séo baseados em diferentes métodos de avaliacdo e velocidade. Para interacdes
entre proteinas e pequenos ligantes, o software AutoDock Vina se destaca por possuir
elevada acuracia (78 %), alta velocidade de execucao e isso gratuito. Este software é
indicado para docking semiflexivel, um dos trés tipos de MD.
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A flexibilidade do carreador é crucial durante o processo de MD, assim o MD
pode ser dividido em trés tipos de acordo com o grau de flexibilidade: docking rigido,
docking semiflexivel e docking flexivel. O docking rigido significa que a conformacao
do sistema de docking (carreador e ligante) ndo muda. E adequado para grandes
sistemas, como proteina-proteina e nao requer calculos mudltiplos, tornando-o o
meétodo mais simples. No docking semiflexivel, a conformagcdo do carreador
permanece fixa enquanto a conformac&o do ligante é alterada. E adequado para o
docking de pequenas moléculas com macromoléculas, como proteinas. Ja o docking
flexivel permite que a conformacdo do sistema de docking (receptor e ligante) seja
prontamente modificada. Dado que as variaveis do receptor e do ligante aumentam
em conjunto com o numero de atomos, € necessario considerar varios fatores
adicionais, assim o calculo é substancial e o processo de encaixe é muito complicado
(TAO et al., 2020).

Por ser uma técnica preditiva, o0 MD nao substitui técnicas experimentais,
devendo ser realizado em conjunto com estas técnicas para obter dados confiaveis

sobre a localizacdo e modo em que as interacdes intermoleculares ocorrem.
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ARTICLE 1

B-lactoglobulin conformation influences its interaction with caffeine

Article submitted to the journal Food Bioscience

Abstract

Caffeine is a molecule with bioactive properties related to increased mental
performance. Its use in food products is limited by its bitterness and self-association
behavior. The complex formed by B-lactoglobulin and caffeine was characterized by
fluorescence spectroscopy, isothermal titration calorimetry, and molecular docking.
Fluorescence spectroscopy revealed that (-lactoglobulin interacted with caffeine to
form a 1:1 stoichiometric complex. Isothermal titration calorimetry characterization of
B-lactoglobulin-caffeine binding revealed a different stoichiometry (1:3). Molecular
docking analysis confirmed the information obtained by the two thermodynamic
evaluation techniques, showing that the best interaction occurred in the hydrophobic
cavity of B-lactoglobulin. The effect of protein conformation was also evaluated by
fluorescence spectroscopy. The complex stoichiometry and binding constants were
from the same order as those obtained for native B-lactoglobulin. However, in contrast
to the complex formation with native protein, the flexibility increase observed in the
thermal unfolded protein promoted a great temperature effect on the standard enthalpy
and entropy changes of interaction, indicating the presence of a balance between

hydrophobic and hydrophilic forces.
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Introduction

Demand for natural and functional ingredients that contribute to increased mind
alertness has increased recently. Caffeine (CAF, Figure S1), a methylated derivative
of xanthine, is a small molecule (molar mass = 194.2 g.mol"") with weak hydrophilic
and lipophilic properties. It is one of the most consumed bioactive agents in the world
and is renowned for its ability increase mental performance (Seyedabadi et al., 2021;

Yoon & Danesh-Meyer, 2019).
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Figure S1. Chemical structure of caffeine.

Although CAF is soluble in aqueous systems, its solubility is limited due to the
self-association of CAF monomers via hydrophobic interactions at high concentrations
(between 2.0x10* and 1.0x10°3mol.L") (Iza et al., 1988; Mejri et al., 2009). In addition,
CAF has a bitter taste and excessive consumption may have adverse health effects
on the nervous and cardiovascular systems (Seyedabadi et al., 2021). One way to
overcome solubility problems, reduce the intensity of bitter taste perception, and
promote slow release of CAF involves the formation of complexes with biomolecules,

such as proteins. Nunes et al., (2020) evaluated the complex formed between bovine
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lactoferrin and naringenin, a molecule with limited solubility in water and has a bitter
taste, and found that the formation of the complex is capable of reducing bitterness
and improving the solubility of naringenin.

B-lactoglobulin (BLG) is a protein found naturally in milk. The molar mass of
BLG is approximately 18,300 g.mol'. It is comprised of antiparallel B-sheets and an
internal core called the calyx (Ers6z & Dudak, 2020). BLG is a lipocalin. This class of
proteins has transport functions. BLG can interacts with and transports various
hydrophobic and amphiphilic ligands, such as polyphenols, phospholipids, curcumin,
cholesterol, folic acid, retinol, fatty acids, and quercetin (Ers6z & Dudak, 2020; Lefevre
& Subirade, 2000; Liang & Subirade, 2010; Mohammadi et al., 2009; Zhang et al.,
2021).

Several techniques can be used to study the interactions between proteins and
bioactive small molecules, such as the interaction between BLG and CAF.
Fluorescence spectroscopy (FS) is a technique widely used to study the interactions
that influence the fluorescence emission of a protein, thus allowing the determination
of thermodynamic parameters of complex formation between molecules. However, its
specificity can be a limiting factor, because it only assesses interactions that occur in
the fluorophore region. For a broader binding analysis, it is important to compare the
results obtained by FS with those obtained by other less restrictive techniques, such
as isothermal titration calorimetry (ITC). Unfortunately, none of these techniques
provide specific information about the binding site, such as the amino acid involved in
the binding. Computational methods, such as molecular docking (MD), can provide this
information very accurately (Nunes et al., 2020).

To the best of our knowledge, only one study to date has addressed the binding

between BLG nanoparticles and CAF using FS (Guo et al., 2017). However, the study
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did not evaluate the interaction thermodynamics or the effect of protein conformation
on the BLF/CAF interaction.

Since knowledge of binding thermodynamics is fundamental to the development
of efficient bioactive complexes, the aim of this study was to investigate the BLG/CAF
binding process at pH 7.0. The BLG/CAF interaction was also evaluated using ITC and
MD. We also evaluated the effect of conformational changes in BLG on its interaction
with CAF by FS because protein conformation can play an important role in complex
formation. Paiva et al. (2020) studied the binding of lutein with bovine serum albumin
(BSA) and concluded that the conformation of BSA affected the interaction because,
with protein denaturation, there was a greater exposure of hydrophobic groups, which
allowed BSA to carry more lutein when compared to the native protein. Nunes et al.
(2017), studied the interaction between cinnamic acid and methyl cinnamate with
bovine serum albumin and found that the protein conformation can affect interactions
as the formation of the complex became less favorable after the BSA denaturation.
Hudson et al (2018), investigated the BSA/curcumin binding process. The enthalpy
change values were more negative for the unfolded BSA/curcumin complex. This result
can be attributed to the greater availability of OH groups in the protein when it is
unfolded, as these groups can bind to the OH groups of curcumin by hydrogen bonds,
and/or to a lower degree of desolvation associated with unfolded BSA/curcumin

compared to the BSA/native curcumin interaction.
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Methods

Materials
To prepare CAF and BLG solutions, a buffer solution (pH 7.0) was prepared
with dibasic sodium phosphate and mono-hydrated sodium phosphate. BLG (=90

wt.%) and CAF (=99 wt.%) were purchased from Sigma-Aldrich (St. Louis, MO, USA).

Fluorescence Spectroscopy (FS)

The fluorescence measurements were carried out on an LS55 fluorescence
spectrophotometer (Perkin Elmer Inc., Waltham, MA, USA) equipped with a thermostat
bath, using quartz cells with a path length of 1 cm. In each cell, 2 mL of the BLG solution
(5 x 10 mol.L") at pH 7.0 was titrated by the addition of successive CAF aliquots to
achieve CAF concentrations between 0 and 7.25 x 10 mol.L'. Fluorescence spectra
were obtained over a temperature range of 293-313 K. The excitation wavelength was
295 nm, and the emission spectra were recorded in the wavelength range of 296-500
nm. All experiments were performed in triplicate; the data were analyzed using the
Stern-Volmer, van’t Hoff, and Gibbs equations. The results are expressed as the mean

+ standard deviation (Hudson et al., 2018; Paiva et al., 2020).

Isothermal Titration Calorimetry (ITC)

ITC experiments were performed at 298 K using a TAM IIl microcalorimeter
controlled by ITCRun software (TA Instruments, New Castle, DE, USA). All ITC
experiments used the same buffer solutions (pH 7.0) previously used in fluorescence
experiments. An aqueous BLG solution (pH 7.0, 1 x 10° mol.L"") was prepared,

degassed, and placed into the sample cell. The titration solution (CAF, 1 x 103 mol.L-
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') was loaded into the injection syringe. Fifty 10-uL aliquots of CAF were added, at 30
min intervals, to the BLG solution (2.7 mL), with constant stirring at 180 rpm during
addition of the aliquots. A similar procedure was performed for the dilution experiment.
However, in this case, BLG was titrated with a pH 7.0 buffer lacking CAF. In addition,
the buffer was titrated into the CAF solution to verify the thermal effect of the CAF
dilution process.

The raw data obtained from a plot of heat flow vs. injection number were
transformed using the instrument software to construct a plot of enthalpy change
(4H,ps) vs. molar ratio. A similar curve was obtained in the dilution experiment, from
which the dilution enthalpy change (4H,;;) was derived. Applying the AH,,sand AHg;

values to Equation 1, it was possible to obtain the apparent interaction enthalpy change

(AHap—int):

AHap_intZ%(AHobs_AHdil) (1)

where n; is the number of moles of CAF added to the sample cell during each injection.

All experiments were carried out in triplicate and the relative errors were smaller than

3%.

Molecular Docking (MD) analysis

The X-ray diffraction structure of bovine BLG at a resolution of 2.50 A (Wu et
al., 1999) was retrieved from the RCSB Protein Data Bank (Burley et al., 2021) under
accession number 1B0O. The mol2 file containing the three-dimensional structure of

CAF with accession number ZINC1084 was recovered from the ZINC 15 database
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(https://zinc.docking.org/) (Sterling & lrwin, 2015). The protein receptor and ligand
were prepared using the AutoDockTools program (Morris et al., 2009) from the
MGLTools release 1.5.6 package (http://mgltools.scripps.edu/) implemented in the
PyRx-Virtual Screening Platform (Dallakyan & Olson, 2015). In this step, hydrogen
atoms were added and the molecular charges were computed. The AutoGrid program
from MGLTools was used to compute the grid maps based on the total structure of the
protein. MD was performed using the AutoDock Vina program (Trott & Olson, 2009)
with default parameters. Nine predicted binding models were produced and analyzed
using Pymol version 2.4 (Rigsby & Parker, 2016). The electrostatic potential of BLG
was calculated using the eF-surf web service (https://pdbj.org/eF-surf/top.do)

(Kinoshita & Nakamura, 2004).

Results and Discussion

Thermodynamic binding parameters for BLG-CAF complex formation determined by
FS

Proteins are biopolymers that mostly show intrinsic fluorescence due to the
presence of amino acid fluorophores in their structure, such as tryptophan (Trp),
tyrosine, and phenylalanine (Zhang et al., 2014). FS enables the acquisition of
information about the thermodynamic parameters of the interaction between molecules
and the region of the protein in which the fluorophore is located. This occurs because
the interaction can suppress the protein fluorescence intensity in a process called
fluorescence quenching (Shahabadi & Hadidi, 2014). We observed that the

fluorescence intensity of BLG decreased with the gradual addition of CAF (Figure 1).
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Figure 1. Fluorescence emission spectra of BLG titrated with CAF (0-7.25 x 10

mol.L-") at pH 7.0 and 298 K.

BLG fluorescence occurs mainly because of Trp-19 (Albani et al., 2014). When
excited at 295 nm, the fluorescence maximum emission peak (Aem-max) Was
approximately 333 nm at all CAF concentrations, indicating that the BLG-CAF
interactions did not affect the microenvironment around Trp-19.

The process of fluorescence quenching can be classified according to its
guenching mechanism. Dynamic quenching occurs due to collisions between the
fluorophore and the quencher. In contrast, static quenching occurs via the formation of
a non-fluorescent complex (Lakowicz, 2006). To elucidate the quenching mechanism,

fluorescence data were analyzed using the Stern-Volmer equation (Equation 2):

2 =1+ Kg[Q] =1+ K,1o[Q] (2)
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where F, and F are the fluorescence intensities of BLG before and after the addition of
CAF, respectively, [Q] is the CAF concentration (mol-L"), Kg, is the Stern-Volmer
constant, 7, is the average fluorescence lifetime of the quencher, and K, is the
biomolecular quenching constant.

The Ks, were determined by linear regression of the fluorescence intensities
(Fo/F vs.[Q]). Because t, for biopolymers is ~108 s, the K, values obtained were
higher than 2.0 x 10'" L.mol.s™" at all the temperatures studied. For biopolymers, the
maximum K, value of various dynamic quenchers was 2.0 x 10" L.mol.s™ (Chen et
al., 2008), indicating that fluorescence quenching occurs via complexation between
BLG and CAF. This conclusion is supported by the temperature dependence of Ky, .
For static quenching, the Stern-Volmer constant decreases with increasing
temperature (Lelis et al., 2017). The K, and K, values for all the temperatures are

listed in Table S1.

Table S1. K,y and K, values obtained by fluorescence studies for the formation of

BLG-CAF complexes at five different temperatures and pH 7.0

T (K) Ksy (x 10°L.mol") K, (x 10" L.mol.s") R2

293 2.97 2.97 0.99
298 2.74 2.74 0.98
303 2.74 2.74 0.99
308 2.37 2.37 0.97

313 2.06 2.06 0.98
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Considering that a BLG-CAF complex was formed, the binding constants (K},)
and stoichiometry (n) of the complex were determined using the modified Stern-Volmer
model (Equation 3):

Fo—F

log -

1
= nlog Kb —-—n logm (3)

Fo

where F, and F are the fluorescence intensities of BLG before and after the addition of

CAF, respectively, [Q,] is the total CAF concentration (mol-L-'), and [P] is the BLG

Fo—F
F

concentration (mol mol-L"). From the slope and intercept of the curve log versus

nlog%, the n and K,, values, respectively, were obtained.
(loc]- (*%7)tp1)

From the K, values, the standard Gibbs free energy change (4Gy) values were

determined as follows (Equation 4):
AGp = —RTInK, (4)

The K,, n and AGy values are listed in Table 1. K, values ranged from 3.3 to
2.45 x 103 L-mol" as the temperature increased from 293 to 313 K. These findings
indicated that the BLG-CAF complex formation was an exothermic process and that
fewer complexes were formed at higher temperatures. The complex stoichiometry for
BLG-CAF was ~1.0 for all temperatures studied, indicating that one CAF molecule
bound to each BLG. The negative 4G showed that, in the equilibrium, there were more

complexes than the free CAF and BLG molecules. In addition, it was possible to affirm
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that BLG-CAF complex formation improves the stability of both molecules (Rezende et

al., 2019).

Table 1. Thermodynamic parameters obtained by FS for the formation of BLG-CAF

complex at five different temperatures and pH 7.0

T K,? n R2 AGp®  AHp®  TASp® AC, R2

293 3.30 0.99 0.98 -19.74  -14.79 4.94 -0.21
298 2.90 0.98 0.99 -19.76  -15.06 4.70 0.22
303 2.78 0.99 0.99 -19.97  -12.78 7.19 0.64 0.94
308 2.46 0.97 0.97 -20.00 -8.21 11.79 1.07

313 2.45 0.98 0.98 -20.31 -1.56 18.75 1.50

a 103 L-mol

b kJ-mol

Several types of intermolecular forces are involved in complex formation
between proteins and small ligands. These include hydrophobic, van der Waals,
hydrogen bonds, and electrostatic interactions (Shahabadi & Hadidi, 2014). An
understanding of the main forces driving the BLG-CAF complex formation can help to
optimize the conditions for the use of the complex in food, cosmetic, and
pharmaceutical formulations. To determine the driving forces for the BLG-CAF
complex formation, the AG, components of standard enthalpy change (4Hy), and
standard entropy change (AS;) were determined.

The standard enthalpy change for complex formation was calculated at each

studied temperature using the non-linear van’'t Hoff approach (Equation 5). The

experimental data of InkK, vs.1/T were fit in Equation 6 to obtain the parameters a, b,
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¢, and d. These parameters were used to determine the AH" values using Equation 7.
Finally, the standard entropy change was calculated using the fundamental Gibbs

equation (Equation 8):

AH® = —R "’;?/KT” (5)
InK, =a+b(1/T)+c(1/T)> +d(1/T)3+--+1ng (6)
A" = —R[b+2¢(3) +3d (%) (7)
AGp = AHp° — TAS (8)

where a, b, ¢, d and In¢ are constants graphically determined by polynomial
adjustment, AH; (kJ.mol") is the standard enthalpy change, AS. (kJ.mol") is the
standard entropy change, K;, (L.mol ") is the binding constant, and T is the temperature.

The negative values of AH, and positive values of TAS° indicated that complex
formation was entropically and enthalpically driven, respectively. Both AH, and ASy
can be described as the result of the contribution of three molecular processes:
desolvation of interacting molecules, conformational change of the protein, and
interaction between protein and ligand (Lelis et al., 2020). Negative AH; values indicate
that more energy was released during the BLG-CAF interaction process than was
absorbed during breaking of H2O-BLG and H20O-CAF interactions and during BLG and
CAF conformational changes. However, with increasing temperature, the AHy values

became less negative, indicating that desolvation and/or conformational changes may
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overcome BLG-CAF interactions. Since the fluorescence spectra indicate that
conformational changes were negligible, we could conclude that water desolvation
from the BLG and CAF layers became relevant at higher temperatures.

The entropic gain can be explained by the increased degree of freedom of water
molecules that were released from the solvation of protein and CAF molecules during
the interaction. Interestingly, the TAS; values increased with increasing temperature,
corroborating the fact that the desolvating effect increased with increasing
temperature.

Although AH, and TAS; values changed at approximately the same rate as the
temperature increased, the AG, values were almost independent of temperature,
suggesting the existence of an enthalpy-entropy compensation (EEC) for BLG-CAF
complexes. EEC is a way to optimize the thermodynamic process by minimizing the
Gibbs free energy. The plot of TAS; vs. AH, (Figure S2) provided a slope close to
unity (a = 1.039; R? = 0.9999), indicating the occurrence of the EEC phenomenon.
EEC in a complex formation process is generally related to the desolvation of free
molecules and conformational changes induced by intermolecular interactions (Nunes
et al.,, 2019). In this study, there was no evident conformational change in the

microenvironment around Trp-19, because no displacement was found in the Aem-max

(333 nm). The increasing AH, and the TAS; values indicated the role of desolvation in
the BLG-CAF complex formation. Therefore, in this case, EEC was caused by
desolvation instead of conformational changes. The binding between water molecules
and BLG and CAF was broken, consuming energy. However, the released water
molecules gained a high degree of freedom, increasing the entropy (Coelho et al.,

2019). Hence, for the BLG-CAF complex formation, the entropic term becomes more
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positive, while the enthalpic term becomes less negative, with a compensation that

guarantees the lowest Gibbs free energy for the process.

20

AH° (kJ.mol™)

Figure S2. Plot of TAS® vs. AH® for the formation of BLG-CAF complexes.

From the slope of the AH; versus T plot (Figure S3), the standard heat capacity
change (AC,) values for the process of BLG-CAF complex formation were calculated,
and the values are listed in Table 2. AC,, is the difference between the C, values of the
free molecules and the BLG-CAF complex (Equation 9):

o o

ACy = Cp (pL-car) — (Cz; @#L6) T Cp (carm) )

The AC,‘; values arise from the contribution of two molecular processes: the
desolvation of BLG and uncomplexed CAF and the new intermolecular interaction
present in the complex. The negative values of AC£ at 293 K indicated that the intensity

and number of intermolecular interactions resulting from BLF-CAF complex formation
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are lower than those of the intermolecular interactions present in the free interacting
molecules. This decrease in intermolecular interaction potential energy could be
attributed to the domination of the desolvation process. At low temperatures, water
molecules solvating free interacting molecules are more structured than water
molecules in the bulk, producing H20-H20 intense H bonds on the solvation shell. The
difference in the structuration of water molecules in the solvation shell of the interacting
molecules and in the bulk was greater than at higher temperatures. In contrast, above
298 K, new intermolecular interactions formed in the BLG-CAF complex dominated the

potential energy of the system, making the AC; values positive.

AH° (kJ.mol™)

14 4 ///////
] — .
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Figure S3. Relationship between AH" and T for the BLG-CAF complex at pH 7.0.

Influence of protein conformation on BLG/CAF binding
Thermal treatment, which is extensively used in the food industry, can cause
loss of tertiary and secondary structures (Croguennec et al., 2004). The protein

structure is responsible for the functional properties of biopolymers. Hence, it is
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fundamentally important to study the binding properties of unfolded BLG (BLGgen) and
bioactive molecules, such as CAF.

The fluorescence maximum emission peak of the pure denatured BLG solution,
as well as in the BLG-CAF mixture, was ~334 nm (Figure S4), similar to that of the
native protein Aem-max. This finding indicated that the Trp-19 microenvironment was not

changed, despite protein unfolding or interaction with CAF.
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Figure S4. Fluorescence emission spectra of unfolded BLG titrated with CAF (0-7.25

x 10° mol.L") at pH 7.0 and 298 K.

The intrinsic fluorescence intensity of BLGden Was quenched by the progressive
addition of CAF (Fig. S4). The K, values obtained were 12—13 times higher than 2.0
x 10"° L.mol.s™, indicating that the fluorescence quenching was due to BLGden-CAF
complex formation. The K, values were of the same order as those obtained for the
interaction between BLG-CAF, ranging from 2.86 to 2.12 x 103 L.mol"". The BLGden-

CAF complex stoichiometry was also maintained at ~1.0 at all the studied
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temperatures, indicating that the influence of protein conformation on the stoichiometry
was almost negligible.

The negative AG,, ¢ values indicate that equilibrium BLGgen + CAF < BLGiden-
CAF favored complex formation. However, unlike the formation of BLG-CAF
complexes, which was enthalpically and entropically driven at all the studied
temperature ranges, the BLGden-CAF complex formation showed a second-order
polynomial behavior in terms of AHg,,, » and TAS,,,  values (Figure S5). This finding
indicated that there was a balance between the hydrophobic and hydrophilic forces as

the temperature changed.
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Figure S5. Relationship of (a) AHg,,, rversus T and (b) TAS g, rversus T for the BLGden-

CAF complex at pH 7.0.

At low temperatures up to 294.2 K, the system contains less energy. Hence, the
flexible unfolded protein tended to organize itself in a linear manner (Figure S6a)
because most of its C-C bonds are in the trans conformation (da Silva & Loh, 2000).
As a result of this linear form, there was more exposure to hydrophobic amino acids.

Additionally, at low temperatures, the water molecules are more structured in the bulk
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and the solvation layers of the interacting molecules. Therefore, under these
conditions, CAF interacted with the hydrophobic regions of BLGagen (Figure S6a),
increasing the AHg,, » and TAS,,,  values. This allowed the hydrophobic forces to
overcome the hydrophilic forces.

When the temperature increased from 294.3 to 310.6 K, many C-C bonds were
converted from the trans to cis form. Thus, the hydrophobic BLGgen region was partially
folded via intramolecular interactions, making hydrophobic sites unavailable for
interaction with CAF. Therefore, CAF interacted with the BLGden hydrophilic sites
(Figure S6b; negative AHg,,r and TASg.,» values). Consequently, the hydrophilic
forces dominated the hydrophobic forces.

Finally, at T > 310.7 K, more C-C was converted to the cis form, resulting in
partial folding that also comprises the hydrophilic part of the protein. In the hydrophilic
regions, intramolecular H-bonds were formed. In the hydrophobic regions, a
hydrophobic cavity capable of binding CAF was formed (Figure Séc). Therefore, the

hydrophobic forces prevailed again.

Temperature increasing

(a) (b) (c)

~—~—— BLG — Hydrophilic part A, BLG — Hydrophobic part . Caffeine
Figure S6. Schematic of the interaction of the CAF molecule with the BLG molecule in
(a) the hydrophobic region of the protein, (b) the hydrophilic region of the protein, and

(c) in the hydrophobic cavity formed in the protein.
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As observed for BLG-CAF complex, ECC for the BLGgen-CAF complex
formation was evident (Figure S7). This finding indicated that for each gain/release
enthalpic there was a gain/release of entropy in the same magnitude in order to

minimize the thermodynamic potential (Pan et al., 2015).
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Figure S7. Plot of TAS® versus for the formation of AH° BLGden-CAF complexes.

The AC, obtained when the protein was unfolded (AC,, 4.n)) ranged from -16.37
to 19.68 kJ.K'.mol! (Figure S5a). At temperatures below 302 K, the AC{; (aem) Values
were negative because (C, (srcaen) + Cp (car)) > Cp (car—preaeny- THiS is because of the
desolvation effect induced by hydrophobic interactions occurring at low temperatures
(Rezende et al., 2020). However, AC{; (@eny ECame less negative with increasing
temperature because more hydrophilic interactions occurred. At 302 K, AC; (den)

became positive because more BLG intramolecular interactions occurred, changing
the protein conformation, and consequently, providing more potential energy to the

system (Rezende et al., 2020).
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Thermodynamic binding parameters for BLG-CAF complex formation studied by ITC

ITC is the most sensitive and reliable technique that can be used to study the
thermodynamic parameters of the interaction between proteins and small molecules.
This is because calorimetry is the only technique capable of measuring the standard
enthalpy change, eliminating the use of the van't Hoff equation, which generates
uncertainties in the value of this parameter (Coelho et al., 2019). Another advantage
of this method over FS is that calorimetry evaluates the interactions that occur in all
the regions of the protein, as well as those that occur in the fluorophore amino acid
regions (Lelis et al., 2017). Due to these advantages and differences between both
techniques, the interaction between BLG and CAF was also elucidated by ITC.

In Figure 2, the apparent molar enthalpy change (AH,p,-in:) Values for the
interaction of BLG-CAF at 298 K and pH 7.0 are plotted as a function of the molar ratio
r = CAF/BLG. K, n, and standard enthalpy change (AH.,;) values given by the ITC
were calculated by fitting the AH,,,,_i,: versus r curve with the mathematical model

described by Equation 10).

0 = Veblicar [1 + K, [CAF]y + nK,[BLG]7 —
2Kp
JA + K,[CAFT; + nK,[BLGI)? — 4nKZ[CAF],[BLG] | (10)

where Q is the total heat content, V, is the cell volume, AH,,; the standard enthalpy
change, K, is the binding constant, [CAF]; and [BLG]; are the total CAF and BLG

concentrations, and n is the complex formation stoichiometry.
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Figure 2. AH;pp_int versus molar ratio plot for the BLG-CAF complex at pH 7.0, and

298 K. Data points reflect the experimental injection heat, while the solid line

represents the calculated fit of the data.

The K, values obtained by ITC analysis for the interaction (1.51x10° L-mol')
was almost 52 times greater than the value obtained by FS at 298 K. The stoichiometry
of the BLG-CAF complex formation determined by calorimetry was three times greater
than that determined by FS. As mentioned before, these differences arise because the
fluorescence technique can only analyze the interactions that occur near the Trp
region, neglecting other interaction sites in the BLG molecule. Therefore, ITC results
showed that BLG can carry CAF molecules other than the Trp region.

Through the K, and AH_,; (-15.17 kJ.mol ") values, AG.,; (-29.54 kJ.mol ") and
TAS,,; (14.37 kd.mol') were obtained using Equations 4 and 8, respectively. The AH,
(298 K) and AH_,; values were almost the same, indicating that there was an enthalpic
predominance of the Trp site or that the enthalpic energy of the other two sites for CAF

on BLG canceled themselves out. The AG,, value is more negative than AGrp,
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indicating that the two more molecules present in other sites of BLG played an
important role in increasing the entropic term of the complex. This result was verified

by the TAS,,;, which is three-fold greater than that found by fluorescence.

Prediction of BLG-CAF interaction by MD

To predict the binding mode between BLG-CAF, a total of 9 models were
generated by MD using AutoDock Vina program (Figure 6), with the predicted docking
binding affinity ranging from —20.38 to —11.80 kJ.mol"' and root mean square deviation
(RMSD) ranging from 1.478 to 23.974 A. The six models with lower energies (ranging
from -20.38 to —18.59 kJ.mol!) showed that ligand was predicted to bind in same
protein site (RMSD from 1.478 to 1.849). The protein surface close to the predicted
binding site showed variable electrostatic potential with predominance of hydrophobic
regions in the protein cavity with ligand interaction and positively charged regions
around the best binding site (Figure 6a).

The best model of interaction suggested that CAF binds to a hydrophobic site
of the protein with a docking binding affinity of —20.38 kJ.mol" (Figure 6B). The binding
affinities predicted by MD were almost identical to those obtained using the AG° values
obtained by FS. This site is enriched by hydrophobic amino acids, including aliphatic
non-polar amino acids, such as glycine, valine, and leucine, as well as aromatic amino
acids, such as tyrosine and tryptophan 19, which are hypothesized to produce
fluorescence (Figure 6C). Therefore, the presence of this tryptophan residue in the
predicted binding site indicates that FS is a suitable technique for studying the
interactions between these molecules. On the other hand, the predicted models

suggest that interaction with low affinity (predicted energy ranges from -13.26 to
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-11.80 kJ.mol'') may occur in other sites of the protein in accordance with the results

obtained by ITC analysis.

Electrostatic ﬁotential Predicted AG® = -20.38 kJ mol™

+0.1V -0.1Vv

TYR-20

(c) LEU-156

Q TRP-19
)

Y ) R-18
VAL-43
GLN-159
GLU-15 ‘él? LU-44

GLN-59

Figure 3. Predicted binding model for BLG-CAF complex by molecular docking. A)
Surface electrostatic potential of BGL. B) The best binding mode of BLG (beige
surface) and CAF (carbon in green, nitrogen in blue and oxygen in red). C) BLG amino

acids in the interaction interface with CAF.
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Conclusion

The self-association of monomers and bitterness of CAF can hinder its
incorporation into food systems. Complex formation with BLG could overcome these
problems. When evaluated using FS, BLG interacted with CAF to form a complex with
1:1 stoichiometry. The formation of this complex was demonstrated to be entropically
and enthalpically directed, in which enthalpic-entropic compensation occurs.
Characterization of BLG-CAF binding by ITC presented different results (1:3
stoichiometry), showing that CAF can interact with BLG at interaction sites away from
the fluorophore. MD analysis confirmed the information obtained by the two
thermodynamic evaluation techniques, showing that the best interaction model
occurred in the hydrophobic cavity of the BLG where the fluorophore was located.
Other prediction models showed interaction with low affinity of CAF in other interaction
sites of the protein. Comparing the results obtained for native and denatured BLG
evaluated by FS, we can conclude that the protein structure affects the
thermodynamics of interaction with CAF.

The results presented in this paper help elucidate the mechanism of BLG-CAF
complex formation. This information is useful for a better understanding of the binding
process between proteins and bioactive molecules and for improving the application of

the BLG-CAF complex in food systems.
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ARTICLE 2

Surface plasmon resonance (SPR) studies on the interactions of carotenoids
and a modified B-cyclodextrin

Abstract

B-carotene (BCR) and lutein (LUT) are bioactive molecules of interest in food and
pharmaceutical industry due to their benefits on human health, but these bioactive
compounds are sensitive to light, high temperature and other oxidizing agents. One
strategy to overcome these limitations is the formation of complexes with (3-
cyclodextrin (BCD). In order to have a complete understanding of the interactions that
allow the complexation of these molecules, it is necessary to perform the
thermodynamic and kinetic characterization, which can be done using the surface
plasmonic resonance (SPR) technique. The formation of the BCD-BCR complex is
spontaneous and entropically driven (AG° < 0; AS°® = 51.825 to 54.746 kdJ.mol "), while
the formation of the BCD-LT complex, despite being spontaneous (AG° < 0), is
enthalpically driven (AH° = -24.33 to 41.40 kd.mol"). The kinetic parameters showed
that the reaction occurs through an activated complex and that the BCD-BCR complex
formation is approximately 4.7- to 20.8-fold faster than the BCD-LT complex. Both
kinetic parameters and activation energy (Ey(q) scp-scr = +40.77 kJ.mol' and
Eaw), Bep—1r = -25.57 kJ.mol') are affected by structural differences between

molecules.

Keywords

Bioactive compounds; protein thermodynamic binding; surface plasmon resonance.

1. Introduction

Carotenoids are bioactive molecules of interest in food and pharmaceutical
industry due to their benefits on human health. The positive impacts of carotenoids are

related to their antioxidant activity, which has a protective effect against cancer, heart



62

disease and degenerative eye diseases (Fernandez-Garcia & Pérez-Galvez, 2017;
Zsila et al., 2001).

Carotenoids can be classified into two classes: carotenes, consisting of a chain
of carbons and hydrogens, and xanthophylls, that have hydroxyl groups in their chain.
Lutein (LT) is a carotenoid that is part of the xanthophyll class, known for filtering blue
light, which has been effective at retarding the development of age-related macular
degeneration (Kijlstra et al., 2012; Steiner et al., 2018). B-carotene (BCR) is a carotene
that acts as a vitamin A precursor and enhances the immune system (Fernandez-
Garcia & Pérez-Gélvez, 2017; Grune et al., 2010). The molecular structure of the two

carotenoids is shown in Figure 1.

(A)

Figure 1. Structure of: (A) BCR and (B) LT.

These bioactive compounds are sensitive to light, high temperature and other
oxidizing agents. Carotenoids degradation implies the loss of their functions.
Furthermore, their application may be limited due to its low solubility in aqueous
systems. To increase the stability of these molecules and facilitate their incorporation
into hydrophilic matrices, the formation of complexes with cyclodextrins can be a
strategy (Fernandez-Garcia & Pérez-Gélvez, 2017).

B-cyclodextrin (BCD) is a product of bacterial enzymatic digestion of starch,
discovered in 1891 by the French scientist A. Villiers. It is a cyclic oligosaccharide
containing seven (a-1,4)-linked a-D-glucopyranose units. Due to the chair

conformation of the glucopyranose chair, BCD has the shape of a truncated cone. The
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hydroxyl groups oriented to the outside of the cone confer hydrophilic characteristics
to the BCD, while the central cavity constituted by CH groups and a ring of oxygen
atoms, has lipophilic characteristics (Brewster & Loftsson, 2007). This hydrophobic
cavity provides to BCD the ability to receive host molecules, forming inclusion
complexes. These molecules are hydrophobic and their size must be small enough to
fit inside the cavity (Li et al., 2014; Varan et al., 2017). BCD can be used to carry
hydrophobic substances, drugs that need controlled release in the body and bioactive
compounds sensitive to degradation caused by the action of oxygen and light (Vyas et
al., 2008).

In order to optimize the industrial application of nanocarrier systems, it is
important to understand the interaction mechanisms through the thermodynamic and
kinetic parameters of complex formation. These parameters can be investigated using
surface plasmon resonance (SPR). SPR is a label-free technique that presents real-
time data. Its principle is related to the detection of changes in the refractive index
close to metal surfaces (Sharifi et al., 2017).

To the best of our knowledge, the interaction of BCD with BCR and LT using the
SPR technique has not been reported. In the current study, kinetic and thermodynamic

of complex formation of these two carotenoids with BCD were investigated by SPR.

2. Materials and methods

2.1. Materials

B-cyclodextrin. Lutein was provided by DSM. B-carotene. Dibasic sodium
phosphate (Na2HPO4) and monohydrated sodium phosphate (NaH2PO4-H20) (both
analytical grade) were purchased from Sigma-Aldrich (USA) to prepare buffer pH 7.4.
Dimethyl sulfoxide (4%) was added to the buffer to improve the carotenoids solubility.
CM5 sensor chips and coupling reagents (N-ethyl-N',N'-
dimethylaminopropylcarbodiimide, EDC; N-hydroxysuccinimide, NHS; and 1-M
ethanolamine hydrochloride, pH = 8.5) were purchased from GE Healthcare (USA).

2.2. Surface plasmon resonance (SPR) analysis

The study of the kinetic and thermodynamic parameters of the interaction
between BCD and BCR and the interaction BCD and LT was performed using the SPR
technique with a Biacore X100 instrument (GE Healthcare, Pittsburgh, PA, USA).
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A modified BCD was immobilized on a CM5 sensor chip (GE Healthcare
Company) by amine coupling. First the CM5 chip was activated for 7 minutes with EDC
and NHS. Subsequently, BCD was immobilized on the chip, at a pH of 4.0, resulting in
low-density BCD immobilization (2000 RU), which decreases mass transport and
crowding artifacts (de Paula et al., 2017).

After the chip preparation, the BCR or LT solutions prepared in potassium
phosphate buffer with 4% DMSO at pH 7.4 flowed over the channel with immobilized
BCD (sample) and the channel without BCD (reference). The BCR concentration
ranged from 10 to 35 uM and the LT concentration ranged from 10 to 80 uM. After
each BCD-analyte binding cycle, buffer was injected to determine the baseline. The
experiments were carried out at six temperatures (from 285.15 K to 301.15 K).

3. Results and discussion

For kinetics studies it is necessary to obtain a physical signal which depends on
the time with value modification in the time scale much lower than the half-time of the
phenomena. Surface plasmon resonance (SPR) is a technique that measures
temporal changes in refractive index near to metal surfaces in a time which is enough
to determine the interaction kinetics of the majority of supramolecular systems. This
real-time response generally expressed as resonance unit (RU) as a function of time
in a graph called sensorgram. Figure 2 shows the sensorgram of 3-cyclodextrin-lutein
(BCD-LT) interaction at concentrations ranging from 10-80 uM in a CM5-chip surface
at 298.15 K.
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Figure 2. Sensorgram for BCD-LT. 10-80 uM LT solutions flowing over a CM5 low-
density (1200 RU) BCD - immobilized sensor-chip surface at 298.15 K. The arrow

indicates increasing LT concentration.

Based on sensorgram data it is possible to conclude that lutein interacts with
adsorbed BCD because as the contact time of the LT solution flowing over CM5-chip
surface increase the RU values increases exponentially until a pathamar was obtained.
This RU signal increase occurs because time increase promotes more BCD-LT
complex formation generating an enhancement of LT concentration close to the chip
surface causing refraction index change which results in a RU signal enhancement.
Until the pathamar is formed the association rate is larger than the dissociation rate
and in the pathamar the association and the dissociation occur at the same rate. The
RU values of the pathamar increase with the increasing concentrations of LT solutions
because more lutein molecules are near to the surface chip changing the refraction
index. After the pathamar the RU values decrease exponentially because of the LT
solution flow stop and a flow of buffer across the chip surface causes the dissociation
of the BCD-LT complex formed.

Kinetic parameters of complex formation provide information about the rate of
association and dissociation of molecules. The reversible association and dissociation
occurring in a chemical equilibrium can be described according to the equation (Fathi
et al., 2016):
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A+B S AB (1)
kq
where A is the immobilized B-cyclodextrin, B is the analyte, ka is the association rate
constant and kq is the dissociation constant. Table 1 shows values of kinetics
parameters at six different temperatures for complexes BCD-BCR and BCD-LT. These
parameters are obtained through the treatment of data explained in Rezende et al.
(2020) study.

Table 1. Rate constants for the association (k,) and dissociation (k;) of BCD-BCR or
BCD-LT.

BCD-BCR BCR-LT
T k, ky k, kq
K 104 M-1s! s 103 M 's™ s
285.15 0.50 0.307 1.06 0.308
289.15 0.65 0.331 0.90 0.302
293.15 0.78 0.356 0.78 0.300
297.15 1.00 0.378 0.68 0.307
298.15 1.08 0.386 0.65 0.313
301.15 1.25 0.400 0.60 0.332

k, and k,; values were different for BCD-BCR and BCD-LT complexes. The
BCD-BCR complex formation is approximately 4.7- to 20.8-fold faster than the BCD-
LT complex formation. This difference in the rate constant of complex formation can be
explained by the presence of two hydroxyl groups in the LT structure. It is possible that
these groups initially interact with hydroxyl groups on the surface of the BCD and these
interactions would need to be broken before the inclusion of the analyte in the cavity
of the BCD, reducing the association rate when compared to the BCD-BCR interaction
(Hudson et al., 2022). k,; values are similar at 285.15 K. For temperatures above
285.15 K the rate constants for the dissociation are about 1.1- to 1.3-fold higher for the
BCD-BCR complex. This result indicates that the kinetics of the interaction is
dependent on the chemical structure of the carotenoid.

There are few kinetic data on carotenoids-macromolecules interactions in the

literature. To the best of our knowledge there are no studies reporting the kinetic
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parameters of complex formation between carotenoids and polysaccharides. Vachali
et al. (2013) obtained k, and k,; for BCR and LT interacting with interphotoreceptor
retinoid-binding protein (IRBP) at 298,15 K. The k, values for IRBP-BCR and IRBP-LT
were 1.22 x 105 M' s" and 4.9 x 10* M s respectively. The IRBP-BCR complex
formation is 11.3-fold faster than BCD-BCR interaction process, while the IRBP-LT
association is 75.4-fold faster than the formation of BCD-LT complexes. The
dissociation of the IRBP-BCR complex (0.11 + 0.8 s™') is about 3.5-fold slower than
the BCD-BCR and the IRBP-LT complex dissociation (0.05 + 0.4 s') is about 6.3-fold
slower than the BCD-LT complex. The difference in magnitude between k, and k,
values for these complexes can be attributed to differences in the chemical structure
of macromolecules immobilized (IRBP is a protein that can have conformational
changes and BCD is a rigid cyclic polysaccharide).

For BCD-BCR complex k, and k; values increased with increasing values of
temperature. These values indicate that with the increase in the average molecular
Kinetic energy, a greater number of complexes is formed per second and a greater
fraction of complexes is dissociated, respectively. For BCD-LT complex k, and kg4
values decreased and increased respectively with increasing values of temperature.
These values indicate that with the increase in the average molecular kinetic energy,
a lower number of complexes is formed per second and a greater fraction of complexes
is dissociated, respectively.

The dependence of k, and k; on temperature provides information about
energetic parameters of association and dissociation of activated complexes. These
activation parameters can be obtained using the Arrhenius plots. Figure 3 shows the
Arrhenius plots of In k, and In k; associated with BCD-BCR and BCD-LT interactions.
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Figure 3. Arrhenius plots of In k, (m) and In k; (o) associated with BCD-BCR and BCD-
LT interactions as functions of reciprocal temperature. (A) BCD-BCR and (B) BCD-LT.

The curves of Arrhenius plots for BCD-BCR shows linearity. This indicates that
both the complex association process and the dissociation process occur in a single
stage. The same is true for the BCD-LT complex association process. For the BCD-LT
dissociation process, the curve is non-linear. This implies that the dissociation of the
complex occurs through multiple steps, at least one of which is faster than the others
(Wang & Roberts, 2013).

The activation energy (Eac(y)) of association or dissociation were obtained using
the equation 2. From the determination of the value of Eac(y) the values of the activation

free energy, AG; (T), the activation enthalpy, AHA(T), and the activation entropy, TAS},

changes for the formation of an activated complex from the association of free
molecules or from the dissociation of the complex were calculated using equations 3,

4 and 5, respectively. These values are presented in the Table 2 and Table 3.

Ea(T) = —R (2 (2)
AGH(T) = —RTIn(kyh/kT) (3)
AH(T) = Eq)(T) — RT (4)

TASH(T) = AHF(T) — AGH(T) (5)
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subscribed means the association or dissociation phase, h is the Planck

constant (6.62608 x 1034 J s) and ke is the Boltzmann constant (1.38066 x 1022 J K-

.

Table 2. Energetic parameters related to BCD-BCR activated complex formation.

Table 3. Energetic parameters related to BCD-LT activated complex formation.

BCD - BCR
T Association phase (a) Dissociation phase (d)
Eact AH* AGF TAS* Eax AH* AGH TASH
K kd.mol !
285.15 38.40 49.54 -11.13 9.57 72.53 -62.96
289.15 38.37 49.63 -11.27 9.53 73.40 -63.86
293.15 4077 38.33 49.91 -11.57 11.94 9.50 74.27 -64.77
297.15  38.30 50.01 -11.71 " 9.47 75.17 -65.70
298.15 38.29 50.00 -11.70 9.46 75.38 -65.92
301.15 38.27 50.16 -11.89 9.44 76.07 -66.64

BCD - LT
T Association phase (a) Dissociation phase (d)

Eat AH* AGY TAS* Eax AH¥ AGY TASH

K kJ.mol !
285.15 -27.94 53.21 -81.15 -3.12 -5.50 72.52 -78.02
289.15 -27.97 54.39 -82.36 -2.91 -5.31 73.62 -78.93
293.15 05 57 -28.00 55.52 -83.52 1.21 -1.22 74.69 -75.91
297.15 7 -28.04 56.65 -84.69 8.93 6.46 75.68 -69.22
298.15 -28.04 56.96 -85.01 11.39 8.91 75.90 -66.99
301.15 -28.07 57.76 -85.83 19.95 17.45 76.54 -59.09

The activation energy is

interpreted as

an energy barrier that needs to be

overcome to occur any chemical process. The association of free ligands or the

dissociation of thermodynamically stable complexes implies overcoming this barrier,

producing the activated complex (Smith, 2008). The activation energy for the

association can be attributed to two factors: a) desolvation of the ligands; b) BCD-

analyte interaction. The first process needs to absorb energy to happen and the

interaction release energy (Nunes et al., 2019). The BCD-BCR complex shows Ea)

(+40.77 kJ.mol"). This indicates that the energy released during the interaction

process is lower than the energy absorbed in desolvation. The opposite is true for the

system BCD-LT, which showed a negative value for activation energy in the
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association phase (-25.57 kJ.mol""). The positive activation energy positive for the
association process for the BCD-BCR complex and negative for the BCD-LT complex
can be explained through a hypothesis based on structural differences between BCR
and LT. The structure of LT has two hydroxyl groups and, due to the presence of these
groups, the intermediate complex can occur through hydrogen bonds between these
hydroxyl groups with those present on the external surface of the BCD.

In the case of dissociation phase, the activation energy is related to: a) solvation
of BCD and the analyte after becoming a stable complex; b) BCD-analyte interactions
involved in the formation of the activated complex. The Ea@) was positive for BCD-BCR
complex (+11.94 kd.mol") indicating that the energy resulting from intermolecular
interactions between BCD and BCR is bigger than the energy released in the solvation
process. The Eaq) is temperature dependent for BCD-LT complex. The activation
energy values increased with temperature increase. At low temperatures, Ea@) was
negative because of the solvating energy and with the increase in the temperature
became positive because the intermolecular interactions between B-cyclodextrin and
lutein involved in activated complex formation.

The activation free energy was higher in the association phase than in the
dissociation for the BDC-BCR complex. This suggests that the formation of activated
complex was faster for the dissociation of the thermodynamic stable complex than for
the association of free molecules. The opposite occurs for BCD-LT complex formation.

For the BCD-BCR complex, the activation enthalpy values were positive for
association and dissociation processes, suggesting that the formation of the activated
complex is enthalpically unfavorable. As the activation entropy values were negative,
the formation of the intermediate complex was an entropically unfavorable process.
Both, activation enthalpy and entropy, contributed to the positive free energy.

The BCD-LT complex showed activation enthalpy and entropy values positive
for association process, implying that the free molecules association was an
entropically favored process. The dissociation process of the stable complex resulted
in an activation enthalpy temperature dependent and a negative activation entropy. At
low temperatures, AHj was negative and with the increase in the temperature became
positive. This behavior can be explained with the same arguments proposed for the
activation energy. The activated complex formation by dissociation of the
thermodynamically stable complex was enthalpically favorable at low temperatures

and entropically unfavorable over the entire temperature range studied.
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In addition to the kinetic parameters, it is important to study the thermodynamic
parameters. While the kinetic parameters provide information about how fast the
complex association or the dissociation occur, the thermodynamic parameters can
inform about the types of interactions that govern the complex formation between the
BCD and the analyte.

From the relationship between the kinetic rate constants, the binding constant
(K,) was obtained (eq. 6). The relationship presented in equation 7 determined the
standard Gibbs free energy change (AG°). The standard entropy change (AS®) for the
formation of the stable complex was obtained (eq. 8). The standard enthalpy change
(AH®) was obtained using the linear and non-linear van’t Hoff approach (eq. 9 and
eq.10). These parameters are presented in Table 4.

Ky = ka/kd (6)
AG® = —RT InK, (7)
AG® = AH® — TAS® (8)
Inkpp _ _4HO(1 1

=t 7 ©)

InK, =a+b(1/T) +c(1/T)* +d(1/T)’ +In¢ (10)

where a, b, ¢, d and In ¢ are constants graphically determined by the polynomial adjust

of van’t Hoff approach.

Table 4. Thermodynamic parameters of interaction between BCD and BCR or LT at

pH 7.4 and different temperatures.

N BCD - BCR BCD - LT
K, AH°  AG°  TAS® K, AH°  AG° TAS°
4 N

Kk 10°Lmol kJ.mol 10° L.mol kJ.mol

28515  1.63 2009 51825 344 2433 1931 -5.02

289.15  1.96 2376 52597 298  -24.09 -19.23 -4.86

20315 219 ... 2436 53193 260  -27.03 -19.16 -7.86

20715  2.65 83 o516 53991 221  -32.87 -19.03 -13.84

208.15  2.80 2538 54214 208 3476 -18.93 -15.83

301.15 3.13 -25.91 54.746 1.81 -41.40 -18.78 -22.62
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The K,, values were in the order of 10 for the BCD-BCR complexes and 103 for
BCD-LT complexes. The temperature dependence of K, indicates that at higher
temperatures the formation of a complex between BCD and BCR was favored. The
opposite is observed for the BCD-LT complex. The negative AG° values for both
complexes indicates that equilibrium favors the complex formation.

Liu & Guo (2002) says that the interactions of Van der Waals, hydrophobic
interactions and hydrogen bonds are responsible for keeping the CD complexed with
its guest molecules. The process of BCD-BCR complex formation was entropically
driven. The entropic gain due to the desolvation of both molecules and the consequent
release of water molecules probably contributes more to the positive values of TAS®
than the reduction in entropy caused by the loss of translational entropy of these
molecules when interacting with each other. The positive values for AH° and
AS° suggest that the interaction of BCR with BCR occurs mostly by hydrophobic forces.
The process of BCD-LT binding was enthalpically driven, as shown by the negative
values obtained for AH° and AS®, probably due to the formation of hydrogen bonds.
The value of AH® is the result of the enthalpic change of different processes, such as:
desolvation of BCR and LT molecules, BCR-LT interaction and water-water interaction.
Thus, it can be considered that the change in the enthalpy of desolvation is less than
the change in the enthalpy of BCR-LT and water-water interactions.

4. Conclusion

Through the SPR technique, the formation of a thermodynamically stable
complex was verified between the BCD and the BCR and LT carotenoids, with
predominance of the complexed form over the free forms.

The association rate for BCD-BCR was faster than the BCD-LT complex. The
number of BCD-BCR complexes dissociated per second was higher than the BCD-LT
complexes at temperatures above 285.15 K. This result indicates that the kinetics of
the interaction was dependent on the chemical structure of the carotenoid.

The BCD-BCR complex formation was entropically driven suggesting that the
interaction of BCD with BCR occurs by hydrophobic forces while the BCD-LT complex
formation was enthalpically driven mainly due to the formation of hydrogen bonds. An
intermediate complex is formed from association of free ligands or dissociation of
stable complex for both complexes. The intermediate complex formation was a single-
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step process for BCD-BCR complex. The intermediate complex formation occurred in
multiple-steps for the dissociation of BCD-LT stable complex.

From our results, we can conclude that BCD can be used as a vehicle for BCR
and LT and the kinetic and thermodynamic parameters presented in this study can
contribute to optimize future applications.
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CONCLUSOES GERAIS

O presente trabalho tratou do estudo das interacdes intermoleculares presentes
em diferentes complexos supramoleculares.

A auto associagdo de mondémeros de cafeina e seu amargor podem dificultar
sua incorporacao em diversos alimentos e a formacdo de complexos com a [3-
lactoglobulina, uma proteina do soro do leite, pode superar esses problemas. Quando
avaliadas usando a técnica de fluorescéncia, estas moléculas interagiram e formaram
um complexo de estequiometria 1:1, através de uma compensacao entalpico-
entrépica, sendo a formacdo deste complexo entropicamente e entalpicamente
dirigida. A caracterizagdo da interacdo pela técnica de calorimetria de titulacao
isotérmica apresentou estequiometria 1:3, mostrando que a cafeina pode interagir em
regides da proteina distantes do fluoréforo. O docking molecular confirmou as
informagdes obtidas pelas duas técnicas de avaliagdo termodinamica, mostrando que
o melhor modelo de interagdo ocorreu na cavidade hidrofébica da proteina onde o
fluoroforo se localiza. A estrutura da B-lactoglobulina afeta a termodindmica da
interacdo com a cafeina.

Carotenoides como o [B-caroteno e a luteina sdo sensiveis a luz, alta
temperatura e outros agentes oxidantes e sua degradacao implica na perda de suas
funcdes. Para aumentar a estabilidade dessas moléculas e facilitar sua incorporacao
em sistemas alimentares, a formacao de complexos com ciclodextrinas pode ser uma
estratégia. Por meio da técnica de SPR, foi verificada a formac¢do de um complexo
termodinamicamente estavel entre a 3-ciclodextrinas e estes carotendides. A taxa de
associacao para o complexo formado com o B-caroteno foi mais rapida do que o
complexo formado com a luteina. Um complexo intermediario é formado pela
associacao de ligantes livres ou dissociacdo do complexo estavel para ambos os
complexos. A formacao do complexo intermediario foi um processo de etapa unica
para o complexo contendo o [-caroteno e ocorreu em etapas mdultiplas para a
dissociacao do complexo estavel contendo luteina. Estes resultados indicam que a
cinética e a energética da interacao foram dependentes da estrutura quimica do
carotenoide.

Portanto, pode-se concluir que estes complexos possuem potencial para serem
aplicados em alimentos ou em outras &reas de interesse, como as industrias

farmacéutica e de cosméticos. Os parametros energéticos e termodindmicos de
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interacdo intermolecular apresentados neste trabalho constituem uma base
fundamental para a definicdo posterior de parametros de incorporacado destes
complexos em diferentes matrizes.



