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RESUMO

DE OLIVEIRA, Thomas Valente, D.Sc., Universidade Federal de Vigosa, dezembro de
2020. Estudos in silico e in vitro sobre bases estruturais de propriedades
tecnoldgicas de proteinas e peptideos do leite bovino. Orientador: Eduardo Basilio
de Oliveira. Coorientadores: Jane Sélia dos Reis Coimbra e Marcelo Depd6lo Poléto.

Algumas proteinas alimentares, além de suas fungbes nutricionais, possuem
propriedades tecnologicas de grande interesse na composigdo e formulagdo de
alimentos, como, por exemplo, propriedades biofuncionais, com agéo anti-hipertensiva,
e de interface, com acao espumante e emulsificante. Para se estudar a origem de tais
propriedades tecnoldgicas, é necessario estabelecer de forma clara uma relagéo entre
a funcéo tecnolégica e sua estrutura molecular e como essa se comporta na matriz
alimentar. Em Ciéncia e Tecnologia de Alimentos (CTA), algumas técnicas
experimentais in vitro bastante criteriosas tém sido utilizadas com esse objetivo, como,
por exemplo, difracdo de raios X, dicroismo circular, espectroscopias de fluorescéncia,
e microcalorimetrias, porém esses métodos possuem limitacdes intrinsecas quanto a
caracterizacao da dinamica destas biomoléculas. Assim, abordagens alternativas para
um estudo estrutural mais refinado da relacdo “estrutura-funcido” se fazem
necessarias, e as simulacées de docking e dinamica molecular, métodos com
reconhecida validade cientifica nas areas de farmacologia, medicina e ciéncia dos
materiais, mas ainda raramente utilizadas em CTA no Brasil, despontam como
ferramentas para um estudo mais racional e menos empirico das aplicacées
tecnologicas das proteinas alimentares. O objetivo desta tese foi aplicar métodos in
silico, especificamente simulagbes de docking e de dinamica molecular, para
compreender as bases moleculares de propriedades biofuncionais e tecnolégicas de
biomoléculas alimentares. As propriedades estudadas foram a atividade anti-
hipertensiva de peptideos obtidos da hidrolise da caseina do leite bovino e
propriedades espumantes da a-lactoalbumina do soro de leite bovino, como sua
capacidade espumante e estabilidade da espuma. A utilizagdo dessas ferramentas nos
permitiu atingir um nivel de detalhamento e refinamento raramente encontrados em
trabalhos de CTA, esclarecendo, em suma, que: i) a atividade anti-hipertensiva dos
peptideos obtidos da hidrélise da caseina esta correlacionada a uma maior
desestruturacao dos trés residuos (His383, His387 e Glu411) coordenados ao ion de
Zn** da enzima conversora de angiotensina-l, desde que também estabelecam
interagdes do tipo ligagao de hidrogénio como os residuos do sitio S1 (Ala354, Glu384
e Tyr523); ii) & temperatura de 75 °C o ion de Ca® ndo se mantém complexado a
estrutura da a-lactoalbumina, e que apo6s ser depletado, uma série de eventos de

desestabilizacdo estrutural sdo iniciados, resultando na perda completa das estruturas



2% h2b, h3c, S1, S2 e S3, e a desestruturagdo parcial das a-hélices H1, H2 e H3,
aumentando sua capacidade de recobrir a interface e, consequentemente,
aumentando sua capacidade espumante. A insercao gradual e a consolidagcao de tais
ferramentas de modelagem molecular em pesquisas relacionadas a CTA nos permitira
esclarecer uma série de outros questionamentos acerca da relagdo “estrutura-fungao”
de diversas biomoléculas alimentares, que foram empiricamente reportadas na

literatura, mas que ainda nao se foi capaz de esclarecer a nivel molecular.

Palavras-chave: Modelagem molecular. Dindmica molecular. Docking molecular. a-

lactoalbumina. Enzima conversora de angiotensina.



ABSTRACT

DE OLIVEIRA, Thomas Valente, D.Sc., Universidade Federal de Vigosa, December,
2020. In silico and in vitro studies about structural bases of technological
properties of bovine milk proteins and peptides. Adviser: Eduardo Basilio de
Oliveira. Co-advisers: Jane Selia dos Reis Coimbra and Marcelo Depdlo Poléto.

Some food proteins, farther to their nutritional functions, have technological properties
of interest in food formulations, such as foaming and emulsifying actions, and
biofunctional properties, such as the antihypertensive capacity. To study the origin of
these technological properties, it is necessary to set up a clear relationship between
the technological function and its native structure, comprising how it behaves in the
food matrix. In food science and technology (FST), some in vitro techniques have been
used for this purpose, such as X-ray diffraction, circular dichroism spectroscopy,
fluorescence spectroscopies, and microcalorimetry, however, these methods have
limitations concerning the characterization of these biomolecules dynamics. Thus,
alternative approaches for a refined “structure-function” study are necessary, and
docking and molecular dynamics simulations, tools with recognized scientific validity in
pharmacology, medicine and material science, but still uncommon at FST researches
in Brazil, appear as alternatives for a more rational and less empirical study of the food
proteins technological applications. This thesis aimed to apply in silico method, such as
docking and molecular dynamics simulations, to understand the molecular bases of
biofunctional and technological properties of food biomolecules, such as the
antihypertensive activity of peptides obtained from bovine milk casein hydrolysis, and
the foamability of bovine a-lactalbumin. These tools allowed us to reach a level of detail
and refinement rarely found in FST works, clarifying, briefly, that: i) the antihypertensive
activity from peptides obtained of casein hydrolysis is increased with the destabilization
increasing of the three residues coordinated with the Zn** ion (His383, His387 and
Glu411) from angiotensin-I converting enzyme (ACE), whereas it also establishes h-
bonds with ACE S1 active site residues (Ala354, Glu384 and Tyr523); ii) at 75 °C the
Ca®" ion does not remain stable to the a-lactalbumin structure, and, after to be
depleted, a sequence of de-structural events are initiated, resulting in the complete loss
of the 2as structures h2b, h3c , S1, S2 and S3, and the partial de-structuring of the a-
helices H1, H2 and H3, with the four disulfide bridges avoiding the complete protein
unfolding. The gradual introduction and consolidation of molecular modeling tools in
FST researches will allow us to clarify a wide range of other questions about the
“structure-function” of several food biomolecules, which are observed empirically, but

which we have not able to (yet) clarify at a molecular level.



Keywords: Molecular modeling. Molecular dynamics. Molecular docking. a-

lactoalbumin. Angiotensin converting enzyme.
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1. INTRODUCAO

As proteinas desempenham papel fundamental na nutricdo dos seres vivos,
provendo aminodcidos essenciais para o crescimento e manutengdo da vida (LI-
CHAN; LACROIX, 2018). Além de sua funcéao biolégica, algumas proteinas possuem
propriedades tecnoldgicas desejaveis em uma ampla gama de alimentos, podendo
agir como emulsificantes, gelificantes, espumantes e espessantes (ZHANG et al.,
2015). Essas propriedades de cunho tecnolégico, também conhecidas como
propriedades técnico-funcionais, dependem diretamente da sequéncia e dos tipos de
aminodcidos, além da conformacao tridimensional da proteina, sendo que, esta ultima,
sofre influéncia direta da composicao e das propriedades fisico-quimicas dos demais
componentes da matriz em que esta inserida, além de ser diretamente impactada
pelas condigbes de processamento ao qual o alimento serd submetido (FOEGEDING;
DAVIS, 2011).

As proteinas lacteas e peptideos derivados de sua hidrélise merecem destaque
neste contexto, pois varias delas possuem propriedades biologicas e técnico-
funcionais ja experimentalmente constatadas e consolidadas em décadas de estudos
e de aplicagdo industrial. Por exemplo, a a-lactoalbumina ja é utilizada como
ingrediente alimenticio devido as suas propriedades espumantes, gelificantes e
emulsificantes (ELLOUZE et al., 2020; JIANG, ZHANMEI et al., 2020; QAYUM et al.,
2020). Cabe ainda mencionar os peptideos derivados da hidrélise de caseinas, que
tém sido amplamente estudados devido as suas diferentes biofuncionalidades, como
acao anti-inflamatéria (PURUP et al., 2019; SOWMYA et al., 2019; GU; WU, 2016)
antioxidante (BUENO-GAVILA et al., 2019; IBRAHIM; ISONO; MIYATA, 2018; GU;
WU, 2016) e anti-hipertensiva (CHEN et al., 2020; GIROMINI et al., 2019; XUE et al.,
2018).

A compreenséao estrutural dessas biomoléculas € a chave para o entendimento
de suas propriedades fisico-quimicas e, consequentemente, funcoes fisioldgicas e
tecnologicas (HOSPITAL et al, 2015). Atualmente, informagbes estruturais
experimentais de proteinas podem ser obtidas experimentalmente por meio de
técnicas como difracdo de raios-X, ressonadncia magnética nuclear (RMN) e
espectroscopia dicroismo circular (DC). Todavia, apesar de bastante criteriosas, essas
técnicas possuem limitagbes intrinsecas, notadamente no que se refere a
caracterizacao da dinamica dessas biomoléculas, além de demandarem equipamentos
de dificil acesso e possuirem elevado custo operacional. Neste contexto, abordagens
alternativas para um estudo estrutural mais refinado das proteinas se fazem
necessdrias, e os metodos in silico, como as simulagbes dindmica e o docking

moleculares, tém se revelado ferramentas poderosas e de reconhecida validade
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cientifica (ZHANG et al. 2020; DAVIS et al., 2010; HUMPHREY; DALKE; SCHULTEN,
1996; BROOKS et al., 1983).

O cientista Richard Feynman, ganhador do Prémio Nobel de Fisica em 1965,
em sua obra “Feynman Lectures on Physics” publicada em 1963, 14 anos antes do
primeiro estudo de simulacdo de modelagem molecular (MCCAMMON; GELIN;
KARPLUS, 1977), ja preconizava que:

“.. se n6s nomeassemos a suposicdo mais poderosa de
todas, que nos leva adiante na tentativa de entender a
vida, é que todas as coisas sdo feitas de atomos, e,
portanto, que todas as coisas vivas podem ser
compreendidas a partir do “chacoalhar” de seus
atomos...”

(Feynman, 1963 apud Karplus & McCammon, 2002)

Com o aumento do numero de estruturas cristalogréficas proteicas
disponibilizadas no PDB (Protein Data Bank — www.pdb.org) a partir das décadas de
80 e 90, foi possivel conhecer as posigdes espaciais de cada atomo em uma estrutura
proteica, que s&o o ponto de partida para as simulagées de modelagem molecular
computacional. Adicionalmente, devido ao aprimoramento das ferramentas
computacionais, o desenvolvimento de novos campos de forgcas e a otimizagao
daqueles ja existentes, tem sido possivel, por meio da modelagem molecular
computacional, compreender profundamente a estrutura, a dindmica e as interagées
intra e intermoleculares de proteinas e outras biomoléculas. Desta forma, pode-se
predizer, em nivel atbmico, o0 comportamento de uma proteina imersa em um solvente,
estimar energias médias envolvidas em cada interacdo entre esta proteina e outras
biomoléculas e, por fim, explorar esses resultados para explicar a origem molecular de
suas propriedades biolégicas e técnico-funcionais (SALSBURY; LEMKUL, 2019;
MENEKSEDAG-EROL; TANG; ULUDAG, 2014).

Pode-se considerar que este tipo de abordagem ja esta consolidada em trés
areas classicas da ciéncia, sendo elas: o estudo de propriedades dos materiais
(HABASAKI; NGAI, 2018; KRISHNA; VAN BATEN, 2018); a busca pela compreensao
dos mecanismos de acao enzimatica (GISSINGER; JENSEN; WISE, 2017) e o
desenvolvimento de farmacos (ONO et al., 2020; PANDEY et al., 2020). A recente
pandemia da Covid-19, considerada o maior problema de saude publica do mundo dos
ultimos 100 anos, pode nos exemplificar como as metodologias de modelagem
molecular estao consolidadas na ciéncia moderna e quao rapidas e precisas elas sao.
Em fevereiro de 2020, ha pouco mais de um més apés a identificagcdo do primeiro caso
em dezembro de 2019 na China, a estrutura da endoribonuclease do SARS-Cov-2
teve sua estrutura publicada no Protein Data Bank (KIM et al., 2020). Logo em
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seguida, no inicio de margo de 2020, o perioddico Cell (impact fator > 36) publicava um
estudo completo de modelagem da “spike glycoprotein” do SARS-CoV-2, em que
discutia sua estrutura, suas funcdes e sua antigenicidade (WALLS et al., 2020). Com
tais informagbes disponiveis a comunidade cientifica, milhares de pesquisas
envolvendo modelagem molecular ao redor do mundo foram iniciadas em busca de
possiveis ligantes que poderiam agir como farmaco contra a Covid-19 (GRIFONI et al.,
2020; JIANG; YIN; XU, 2020). Tudo isso em um intervalo de trés meses. Tomando
conhecimento do potencial dessas ferramentas, no dia 24 de mar¢co de 2020, o
governo americano criou o maior “Consorcio de Computacao de Alto Desempenho” do
mundo, reunindo instituicbes académicas, como o Instituto de Tecnologia de
Massachusetts (MIT) e o Instituto Politécnico Rensselaer; empresas privadas, como a
IBM, Amazon, Hewlett Packard, Google e Microsoft; e agéncias federais, como o
Departamento de Energia dos EUA e a Nasa, que cederam seus supercomputadores
para execugcdo de uma quantidade macigca de célculos de bioinformatica para
pesquisadores do mundo inteiro.

Porém, apesar de sua utilizagdo exaustiva nas ciéncias bioldgicas e
bioquimicas, nas areas de CTA as ferramentas in silico de DM e docking ainda nao
estdo bem difundidas e, consequentemente, o numero de estudos envolvendo
modelagem computacional € relativamente baixo, principalmente no Brasil. Apenas
recentemente, pesquisadores de diferentes ramos dentro da CTA vém aplicando
ferramentas de modelagem molecular com grande éxito, discutindo a nivel atémico a
origem de algumas propriedades tecnologicas e as alteracdes estruturais de algumas
moléculas alimentares, como as propriedades gelificantes da ramnose da casca de
maca (PIECZYWEK et al., 2020), as propriedades espessantes da goma xantana apés
degradagao enzimatica (JENSEN et al, 2019) e a toxicidade de 26 possiveis
substitutos para o bisfenol A em embalagens (CAVALIERE; LORENZETTI; COZZINI,
2020). Esses exemplos mostram que, ainda que de forma timida, as metodologias in
silico de docking e de dinamica moleculares estdo comeg¢ando a ser utilizadas em
diferentes linhas de pesquisa dentro da area da CTA. A qualidade desses trabalhos
impressiona quanto a riqueza de informagdes extraidas e a profundidade das
discussbes geradas. Acredita-se, portanto, que a promog¢ao de estudos que visem a
aplicacdo destas poderosas ferramentas cientificas na area de CTA seja essencial
para que se compreenda de forma racional e menos empirica a origem molecular de
propriedades tecnoldgicas e biofuncionais de biomoléculas alimentares.

Esta tese teve como finalidade, portanto, apresentar aos pesquisadores
brasileiros em CTA o enorme potencial de aplicagao das simulagdes de docking e de
dindmica moleculares na investigagdo cientifica do comportamento tecnolégico de

biomoléculas alimentares, assim como promover a utilizagao de tais ferramentas para
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a geragao e divulgacao de conhecimento refinado nessa area de conhecimento. Para
tal, dois estudos de caso foram empreendidos (Figura 1). O primeiro consistiu no
estudo de mecanismos promotores da inibicdo da enzima conversora de angiotensina
| por peptideos hidrolisados de caseina; e, o segundo, teve como objetivo investigar
como a estrutura da a-lactalbumina do soro de leite bovino se altera em funcéo da
temperatura e como isso afeta suas propriedades espumantes. Pragmaticamente,
buscou-se responder as seguintes questdes: i) “Quais os mecanismos de atuagao de
peptideos bioativos de caseina do leite bovino na inibicdo ou reducado da atividade da
enzima conversora de angiotensina e consequente reducao da pressao arterial?”; e ii)
“Como a estrutura da a-lactoalbumina do leite bovino, com e sem o ion calcio
complexado se correlaciona com sua termoestabilidade e suas propriedades
espumantes?”. Os resultados deste estudo nos permitiram elucidar tais
questionamentos e correlacionar caracteristicas estruturais destas biomoléculas
alimentares a suas fungbes tecnoldgicas. Além disso, foi possivel dar o primeiro passo
para a estruturacdo de uma nova linha de pesquisa no Programa de Pés-Graduacao
em Ciéncia e Tecnologia de Alimentos da UFV, com o foco na aplicagdo de
simulacdes moleculares computacionais para a elucidacao da relacao estrutura-funcéao

de diferentes biomoléculas alimentares.
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2. OBJETIVOS
2.1. Objetivo Geral

Aplicar metodologias in silico, como simulacdes de docking e de dinamica
molecular, para compreender as bases moleculares de propriedades biofuncionais e
tecnologicas de biomoléculas alimentares, como, por exemplo, a atividade anti-
hipertensiva de peptideos obtidos da hidrolise da caseina do leite bovino e a
capacidade espumante da a-lactoalbumina do soro de leite bovino.

2.2. Objetivos Especificos

. Obter por meio de um processo de tripsindlise controlado da caseina do
leite bovino, peptideos com capacidade de inibir a enzima conversora de angiotensina,
assim como fraciona-los e identifica-los.

o Modelar in silico possiveis interagbes intermoleculares formadas entre a
enzima conversora de angiotensina (ECA) e os diferentes peptideos utilizando-se
docking (ancoragem) molecular.

o Elucidar os mecanismos de inibicdo da ECA por esses peptideos por
meio de simulagbes de dindmica molecular, avaliando-se o comportamento das
interacbes peptideos-enzima ao longo do tempo, a orientagdo dos peptideos
complexados ao sitio ativo da enzima e possiveis alteracbes conformacionais geradas
durante a formagao dos complexos.

. Avaliar experimentalmente a capacidade espumante da a-lactoalbumina
(a-La) em diferentes temperaturas as quais o leite e/ou soro sdo normalmente
expostos durante seu processamento e armazenamento (4 °C, 25 °C e 75 °C), com e
sem o cation Ca®* complexados a sua estrutura, assim como a estabilidade da espuma
e a variagao na tenséao interfacial promovida pela proteina.

o Avaliar in silico, por meio de simulagdées de dinamica molecular, a
estabilidade conformacional da a-La nas condi¢des de temperatura avaliadas in vitro.

o Correlacionar os resultados obtidos por meio das analises in silico com
dados experimentais obtidos in vitro, a fim de esclarecer racionalmente, em escala
molecular, a relagdo entre a estrutura conformacional da a-La e suas propriedades

técnico-funcionais, principalmente, espumante.
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3. REVISAO BIBLIOGRAFICA
3.1. Abordagens in silico para analise de estruturas proteicas

E sabido que as propriedades técnico-funcionais das proteinas sdo uma
expressao macroscoépica dos eventos que ocorrem em nivel molecular, envolvendo as
moléculas proteicas e as demais espécies quimicas presentes no meio, em particular
as moléculas de agua e os contra ions (LI-CHAN; LACROIX, 2018). Desta forma,
importantes correlacdes entre estrutura e funcionalidade tecnolégica podem ser
estabelecidas com base (i) na organizagéo espacial dos residuos de aminoacido, (ii)
nas interagdes que eles estabelecem entre si no interior da molécula de proteina e (iii)
em sua acessibilidade a superficie para interagir com outras moléculas e ions
presentes no meio. Além disso, como as moléculas ndao sao entidades estéticas, a
compreensao da dinamica das proteinas é imprescindivel para a obtencdo de
informagdes sobre como a flexibilidade de suas cadeias, em diferentes temperaturas,
pHs ou solventes, afetam a estabilidade das intera¢cdes intramoleculares e
intermoleculares que elas podem formar. Com estas informagdes em maos é possivel
propor modifica¢gdes estruturais que permitam alterar de forma controlada suas
propriedades técnico-funcionais.

Informagdes sobre a estrutura tridimensional das proteinas podem ser obtidas
por meio de algumas técnicas experimentais, como difragdo de raios X, ressonancia
magnética nuclear (RMN) e dicroismo circular (DC). Todavia, apesar de bastante
criteriosas, estas técnicas possuem limitagées intrinsecas, notadamente no que se
refere a caracterizagdo da dindmica destas biomoléculas (JEGASOTHY; BENNETT;
STOCKMANN, 2015). Neste contexto, novas abordagens complementares para um
estudo mais afinado dos detalhes estruturais das proteinas se fazem necessarias.

Associada a técnicas experimentais, a modelagem molecular computacional
tem sido aplicada cada vez mais para explorar de maneira mais detalhada as bases
moleculares das propriedades fisicas macroscopicas das proteinas (PIECZYWEK et
al., 2020; JENSEN et al., 2019; PERAMO, 2018). Nestes estudos, criam-se modelos
simplificados de um sistema fisico real a fim de reproduzir as caracteristicas
estruturais e o comportamento dindmico dessas biomoléculas, por meio de simulagées
embasadas em sélidos conceitos da fisico-quimica tedrica.

Em suma, as simulagbes de dindmica molecular envolvendo proteinas
compreendem as seguintes etapas: inicialmente, obtém-se a estrutura tridimensional
da proteina ja determinada por difracdo de raios-X, RMN ou por modelagem
comparativa. Em seguida, escolhe-se um campo de forgas para que seja criada a
topologia do sistema, fornecendo as informacdes referentes aos parametros
estruturais de equilibrio de cada molécula como comprimento das ligagdes covalentes,
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angulos de valéncia, intensidade das interagdes entre atomos nao ligados, etc., assim
como as cargas elétricas, tamanho e massas de cada atomo. Posteriormente, define-
se o0 tamanho e a forma do sistema (“cela de simulagao”), assim como o solvente em
que a molécula sera simulada. Procede-se, entdo, com as etapas de minimizacao,
equilibracao da temperatura e pressao do sistema, e retirada gradual das restricdes de
movimento para que a proteina ndo perca sua memoria cristalogréfica. Por fim, sdo
definidos os algoritmos de integracao e os passos de integracao (intervalos de tempo
At em que o sistema fara os célculos das novas posi¢des x,y e z de cada atomo do
sistema). Feito isso, é possivel iniciar a simulacdo da dindmica da proteina, e o
resultado obtido serd um conjunto de configuragdes do sistema que, quando
analisadas sequencialmente, mostrarao as flutuacdes da molécula (e do sistema como
um todo) durante o tempo da simulacdo. A analise destas flutuacdes nos permite fazer
inferéncias qualitativas e quantitativas sobre as interagdes intramoleculares e
intermoleculares, a flexibilidade e a estabilidade temporal da estrutura da proteina.
Estas informacbes representam a base para a compreensido — e consequentemente
para a manipulacdo e o controle — das propriedades tecnologicas destas
macromoléculas.

Apesar das estruturas tridimensionais de diversas proteinas alimentares como,
por exemplo, a ECA (NATESH et al., 2003) e a a-La (PIKE; BREW; ACHARYA, 1996),
terem sido determinadas em alta resolugcdo e estarem disponiveis no Protein Data
Bank ha quase 15 e 22 anos, respectivamente, a analise da literatura cientifica nesta
area revela que sao poucos os estudos em que simulagdes de dinamica molecular
foram aplicadas especificamente a essas proteinas, sendo mais raros ainda, estudos
envolvendo as propriedades técnico-funcionais da a-La em alimentos. Sabe-se, no
entanto, que a utilizacdo de técnicas de docking e dindmica molecular tém sua
aplicacdo majoritaria nos setores de desenvolvimento de farmacos, e tém levado a
elucidacdo de aspectos moleculares que dirigem a seletividade das proteinas ao
carrear compostos, assim como as principais interacées responsaveis por estabilizar
os complexos formados ao longo do tempo (ZAREI; ABIDIN; et al., 2019; MIRZAEI;
MIRDAMADI; EHSANI, 2018; Ql et al., 2018).

3.1.1. Mecanica Molecular

Do ponto de vista fisico e matematico o comportamento dindmico das
moléculas e dos atomos que as compdem pode ser abordado por meio da mecéanica
quantica ou mecanica molecular. A mecanica quantica representa explicitamente os
elétrons de um atomo durante o célculo, sendo possivel determinar propriedades que
dependam de sua distribuicao eletrénica ou, até mesmo, investigar reacdes quimicas

em que ligacdes covalentes sdo quebradas e formadas (DE OLIVEIRA et al., 2009;
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LEACH, 2001). Desta forma, muitos dos problemas que gostariamos de abordar na
modelagem computacional sdo grandes demais para serem considerados pela
mecanica quantica, pois demandariam grande poder computacional € consumiriam
muito tempo, mesmo para moléculas pequenas.

Por outro lado, a descricdo molecular conformacional oferecida pela mecénica
molecular, baseia-se na 22 Lei de Newton (ALLINGER, 2011) e, por este motivo,
apresenta simplificacbes da mecéanica quantica permitindo determinar a energia
potencial de um sistema molecular em fungéo, apenas, de suas posigdes nucleares,
ignorando os movimentos eletronicos. Neste caso, a influéncia dos elétrons é expressa
por parametros empiricos baseados em dados experimentais ou em resultados de
calculos de quimica quantica de alto nivel. Eles sao validos para o estado fundamental
de uma determinada estrutura covalente, e a aproximagado por mecanica molecular é,
geralmente, suficientemente precisa para processos no estado fundamental nos quais
a conectividade geral entre os atomos no sistema permanece inalterada (ABRAHAM et
al., 2005).

Para tal, a mecanica molecular assume alguns conceitos da mecanica classica
a fim de permitir a modelizacao do sistema molecular, sendo eles (ALLINGER; YUH;
LIl, 1989; KARPLUS; MCCAMMON, 2002; OOSTENBRINK et al., 2004):

- nucleos e elétrons sdo agrupados em particulas Unicas semelhantes a
atomos;

- essas particulas semelhantes aos atomos sao esféricas, dotadas de um raio e
de uma carga elétrica constante;

- cada ligacao covalente é considerada como uma mola;

- 0s atomos nao ligados covalentemente podem interagir entre si por meio de
interacdes eletrostaticas e de van der Waals;

- as propriedades dos atomos dentro das moléculas sao transferiveis a outras
moléculas quimicamente correlacionadas.

A partir destas considerag¢des, a mecanica molecular, por meio das equagoes
de campo de forgas, é utilizada para calcular sistemas com elevado numeros de
atomos, sendo que, em alguns casos, 0os campos de forgcas fornecem respostas tao
precisas quanto os célculos da mecénica quantica de mais alto nivel, em uma fragéo

do tempo muito menor.
3.1.2. Campos de Forcas

Um campo de forgas consiste em uma expressao matematica capaz expressar
a energia potencial total do sistema em fungao da posi¢ao de todos os atomos que o
compoe e das interacdes que ocorrem entre eles (ALLINGER, 2011; DE VIVO et al.,

2016). Assim, por meio do campo de forgas, durante as simulagdes de dinamica
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molecular as integracdes das leis de Newton geram configuragdes sucessivas do
sistema em evolucao, fornecendo trajetérias que especificam posicoes e velocidades
das particulas ao longo do tempo.

Na expressdao matematica de um campo de forca classico, a energia potencial
total do sistema V é expressa como a soma das componentes das forcas de interacao
entre os termos ligados e, também, entre os termos nao ligados (Equacgéao 1).

Viotar = Viigados t Vnao ligados Equacao 1

Na Figura 1 é apresentado de forma esquematica esses termos. Os termos
ligados correspondem as ligacdes covalentes entre os atomos, angulos de valéncia,
angulos de torcao e diedros improprios, enquanto os termos nao ligados
correspondem as interacoes eletrostaticas e interagcbes de Van der Waals (Equacéao
2).

Vtotal = Vligacées covalentes + Véngulos de valéncia + Véngulos de torgao Equagéo

+ Vdiedros improéprios + Veletrostéticas + Vvan der Waals 2

q; q] Q< >4 W”Nm J
+/- +/-

Figura 1 - Representacao esquematica dos termos ligados e nao ligados que comp6em um campo
de forgas: estiramento de uma ligacao covalente (A), desvio angular (B), angulo diedral ou de
torcao (C), diedro improprio (D), interagdo eletrostatica (E) e interagcdao de van der Waals (F).
Elaborado pelo autor.

A energia proveniente da ligagdo covalente entre os atomos é expressa pelo
potencial de Morse. No entanto, é raro nos calculos de mecénica molecular que as
ligacdes covalentes desviem significativamente de seus valores de equilibrio. Desta
forma, uma expressao mais simples como a lei de Hooke (Equagédo 3) é comumente

utilizada para exprimir a contribuicdo das ligagbes covalentes, em que a energia varia
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com o quadrado do deslocamento em relagdo a posicao inicial [, (JORGENSEN;
MAXWELL; TIRADO-RIVES, 1996; LIFSON; WAESHEL, 1968):

N
1
Vligagéo covalente = Ez ky (L- lO)Z Equagéo 3

n=1

em que N representa 0 numero total de pares de atomos ligados, k; representa a
constante de forca de cada um dos pares, [ representa a distancia entre os atomos
que constituem cada par e [, representa o comprimento de equilibrio da ligacao entre
0s pares.

Os desvios entre os angulos formados pelos atomos sdo descritos, também,
pela lei de Hooke ou potencial harménico, em que a contribuicdo de cada angulo é
caracterizada por uma forga constante e um valor de referéncia (Equacgéo 4). Testes
empiricos ja demonstraram que é necessaria muito menos energia para distorcer um
angulo em relacao sua posicao de equilibrio do que para esticar ou comprimir uma
ligacdo covalente (JORGENSEN; MAXWELL; TIRADO-RIVES, 1996; LIFSON;
WAESHEL, 1968):

megulo =

N
Z ko (6 — 6,)? Equagéo
n=1

N| =

em que N representa a quantidade total de trios de atomos, ky representa a constante
de forga do angulo, 8 representa o angulo entre o cada trio de atomos e 6, representa

Os termos de alongamento ou compressdo da ligacao covalente e flexao
angular, geralmente, sdo considerados como “graus rigidos de liberdade”, uma vez
que € necessaria quantidade de energia substancial para causar deformagdes
significativas em seus valores de referéncia. Desta forma, as maiores alteragdes na
dindmica de uma molécula sdo provenientes das contribuicbes torcionais e de
interagdes eletrostaticas e de van der Waals entre &tomos néao ligados (LEACH, 2001).
O potencial de tor¢cao ou diedral é expresso pela Equacao 5, em que w representa o
angulo de torséo:

N
V ~
Vaiearal = Z ?n + cos(mw — y)] Equagao

n=1
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em que N representa o numero de diedros préprios, V, representa a constante diedral,
m representa a multiplicidade de minimos, w representa a variagdo angular do diedro
e y representa o angulo de diferenca de fase.

Algumas moléculas como o ciclobutano possuem arranjo geométrico
diferenciado, em que ha a possibilidade de que o atomo de oxigénio ligado ao anel
altere sua angulagédo em relagédo ao plano do anel de carbonos. Desta forma, €
necessario incorporar um termo adicional ao campo de forcas correspondente aos

diedros impréprios, como descrito na Equacgéao 6 (LEACH, 2001).

N
— kn 2 ~
Vdiedros improéprios — 7 (wn - (‘)on) Equagao 6
n=1

em que N representa o numero total de diedros impréprios, k,, € representa a
constante de forca angular do diedro improprio, w, representa o angulo do diedro
improéprio e w,, representa o angulo de equilibrio.

Os termos nao-ligados sao separados em dois grupos: interacdes eletrostaticas
e interagcdes de van der Waals. As interacdes eletrostaticas sdo provenientes da
diferenca de eletronegatividade entre atomos, resultando em uma distribuicao desigual
de cargas no interior da molécula. Essas cargas conferem propriedades eletrostaticas
a molécula sendo a interacao eletrostatica entre duas moléculas (ou entre diferentes
partes de uma mesma molécula) calculada como a soma das interacdes entre cada
par de atomos carregados, de acordo com a lei de Coulomb (Equagédo 7)
(JORGENSEN; MAXWELL; TIRADO-RIVES, 1996; LIFSON; WAESHEL, 1968):

Equacéo 7

Veletrostatica =

em que N, e Ng séo o numero de pontos com carga entre as duas moléculas, r; a
distancia entre elas, q; e q; representam as cargas para 0s atomos i e j, € &
representa a constante dielétrica do meio.

As interagdes de van der Waals, por sua vez, sao representadas pela equacao
de potencial de Lennard-Jones 12-6 (Equacao 8), em que a distancia entre os dois
atomos i e j é representada por rj, e 0s termos ¢ e o representam, respectivamente, a
amplitude do minimo energético e a distancia interatémica (finita) para o qual potencial
interparticula é zero (JORGENSEN; MAXWELL; TIRADO-RIVES, 1996; LIFSON;
WAESHEL, 1968):
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12 6
Vvan der waals = 4€ <_> - <_> Equacgéo 8
T'i]' Ti]'

De forma geral, portanto, a funcdo da energia potencial simplificada para um
campo de forgas pode ser descrita pela Equagéo 9.

k k
Vi = ) A=+ ) 20 60

ligagbes angulos
N

+ Z Z% 1 + cos(nw — y)]

diedral n=0

N i Equacéo 9
n 2 qiq;
Y R en et L
. 2 (@n = @on) .. Amegry;
diedros improprios eletrostatica

N )

van der Waals

Os softwares computacionais utilizados em estudos de dindmica molecular
possuem diferentes campos de forgas implementados, cada um com suas vantagens e
limitacGes e, portanto, ao se iniciar um estudo por dindmica molecular, deve-se ter em
mente qual o tipo de molécula com o qual pretende-se trabalhar e qual o melhor
campo de forca para descrevé-la. Outros aspectos também devem ser levados em
consideragao nesta escolha, como o nivel de simplificagdo dos atomos, caracteristica
que reflete diretamente na necessidade computacional da simulagao. Alguns campos
de forgas descrevem todos os atomos do sistema (all atom), demandando elevada
capacidade computacional para o célculo; ja outros simplificam o calculo, agrupando
os atomos de hidrogénio aos atomos de carbono, dando origem a um pseudo atomo,
sendo estes campos de forgas classificados como sendo de “atomo unido” (united
atom); por fim, temos um terceiro nivel de simplificacdo, denominado “coarse grained”
(CG), em que varios atomos sao agregados em uma Unica particula (em alguns casos
aminoacidos inteiros sao agrupados), resultando em uma grande reducado no custo
computacional em relagdo ao modelo all atom (FRIEDMAN; BOYE; FLATMARK,
2013).

Estas simplificagbes, infelizmente, trazem consigo algumas limitagbes como
perda na capacidade de descrever o elementos da estrutura secundaria, mantendo-se
apenas a forma global da molécula em estudo. Por outro lado, sdo analises
computacionais rapidas, podendo ser utilizados quando o objetivo é apenas descrever

movimentos entre diferentes dominios de uma data proteina.
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Embora os principais campos de forcas empregados atualmente (AMBER,
CHARMM GROMOS e OPLS) sejam compostos por equacdes bastante semelhantes,
eles diferem consideravelmente em sua filosofia de parametrizacao e nos valores dos
parametros. Como se sabe, os valores dos parametros podem ser obtidos de varias
maneiras, por meio do ajuste de uma variedade de propriedades moleculares de
pequenas moléculas (geométricas, energéticas, dinamicas, dielétricas, etc.) contra
diferentes conjuntos de dados quantico-mecéanicos e experimentais sobre essas
mesmas moléculas. Portando, diferentes conjuntos de parametros podem produzir
resultados significativamente diferentes quando aplicados a sistemas biomoleculares
complexos (OOSTENBRINK et al., 2004).

Além das diferencas nos valores dos parametros, outras diferencas na
construcdo da funcdo de potencial entre esses campos de forgas podem ser
observadas na Tabela 1. Dentre elas, observa-se que campo de forcas CHARMM
emprega uma equagao adicional na descricao dos angulos de ligagdo, chamada Urey-
Bradley, que busca preservar a distancia entre o primeiro e o terceiro atomos de um
angulo (ZHU; LOPES; MACKERELL, 2012). Outra diferenca se refere aos termos que
descrevem os diedros impréprios, pois, enquanto o campo de forcas AMBER descreve
os diedros impréprios da mesma forma que os demais diedros, os campos de forcas
CHARMM e GROMOS aplicam uma equacéao diferente, que se assemelha aquela
empregada para distancias e angulos. Além disso, enquanto os campos de forcas
AMBER, CHARMM e OPLS sao do tipo all atom, os campos de forcas GROMOS séao
do tipo united atom.

Tabela 1 - Equacdes de potencial de energia para os campos de forcas CHARMM, GROMOS e
AMBER.

Campo
de Equacao do potencial de energia Referéncia
Forcas
V@O = Y k(=1 + ) ko0 65
ligagdes angulos
+ 2 ko[1+ +6
diedral ¢[ cosing )] (WANG’
AMBER JUNMEI et al.,
+ Z (Ayjr;'? = Byr;® 2004)
nao ligados
+ Cqiq;7i;")
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CHARMM
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ligagdes angulos
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diedral
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GROMOS

1
VO = Y gk U= 1)

ligagdes
1
T Z Ekg(COSQ — c0s 6)?
angulos
+ Z ky[1+ cos(8) cos(me)]

diedral
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(OOSTENBRINK
et al., 2004)
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3.1.2.1. Campo de Forcas GROMOS53A6

A GROMOS €& um acrénimo do pacote de programas de computador
GROningen MOlecular Simulation, que vem sendo aprimorado desde 1978 para a
modelagem dindmica de biomoléculas, por equipes de pesquisas holandesas
(Universidade de Groningen), suicas (Instituto Federal de Tecnologia, em Zurique),
austriacas (Universidade de Recursos Naturais e Ciéncias da Vida em Viena) e
alemas (Universidade de Stuttgart) (VAN GUNSTEREN, 2020).

A familia de campos de forgas GROMOS foi projetada para a simulacao de
uma ampla gama de biomoléculas, incluindo proteinas, acidos nucléicos, lipidios e
carboidratos. Os dados para esta familia de campos de forcas ndo sao obtidos por
modelagem ab initio, mas a partir dos dados cristalograficos e das polarizabilidades
atdbmicas. A primeira versado deste campo de forca, GROMOS96, usou o conjunto de
parametros 43A1, o que significa que essa abordagem utilizou 1 conjunto de
parametros com 43 tipos de atomos na fase condensada. Seguindo a mesma
abordagem, posteriormente foram publicadas novas versdes, projetadas com os
parametros 53A5 e 53A6. Essas versbes mais recentes ja estdo consolidadas e
validadas pela comunidade cientifica, e possuem elevada confianga para reproduzir
interacdes e a dindmica de proteinas, complexos proteina-ligante, e também proteinas
em membrana (VLACHAKIS et al., 2014).

Em contraste com a parametrizagdo de outros campos de forgas
biomoleculares, a parametrizacdo do campo de forca GROMOSS53A6 é baseada
principalmente na reprodugéo das entalpias livres de hidratagéo e solvatagéo apolar

para uma variedade de compostos. Essa otimizacdo € um marco importante na
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evolugdo dos campos de forgas, pois a entalpia livre de solvatacao relativa entre
ambientes polares e apolares € uma propriedade essencial em muitos processos
biomoleculares, como o enovelamento de proteinas, a formacdo de complexos
biomoleculares, e a formacéao e transporte através de membranas (OOSTENBRINK et
al., 2004).

Em uma simulagdo de dindmica molecular classica, todos os graus de
liberdade tratados explicitamente sdo propagados no tempo, de acordo com as leis
fisicas apropriadas. Para isso, é necesséria uma descricao Hamiltoniana do sistema,
em que se todas as contribuicdes energéticas nas quais esses graus de liberdade
participam sdo compreendidas. No campo de forca GROMOS53A6, todo sistema
molecular é tratado em nivel atdmico, todo atomo tem trés graus de liberdade e o
momentum conjugado associado. Além disso, os atomos de carbono alifaticos séo
tratados como united atoms, ou seja, o carbono e os hidrogénios que estado ligados a
ele sdo tratados como um unico atomo, reduzindo assim os graus de liberdade que
sado simulados explicitamente (OOSTENBRINK et al., 2004). Com essa simplificagdo
reduz-se o esforgco computacional significativamente (em até nove vezes), a custa de
se negligenciar os leves efeitos direcionais e de volume da presenca desses
hidrogénios (OOSTENBRINK et al., 2005). Alguns pesquisadores de renome na area
de simulacdo de dinamica molecular, como Justin Lemkul, um dos membros da equipe
de desenvolvimento do software GROMACS, acredita que essa é uma grande
vantagem do GROMOS53A6 em relagdo aos campos de forcas CHARMM, AMBER e
OPLS, sendo extremamente recomendado para simulacées temporalmente longas e
para grandes conjuntos de simulacdes, que sdo rotineiramente empregadas para
anadlises in silico de novos farmacos (LEMKUL, JUSTIN A; ALLEN; BEVAN, 2010).

3.1.3. Simulacao de Dinamica Molecular

De acordo com a IUPAC, a “dindmica molecular” € um procedimento de
simulagdo que consiste na computacao do movimento dos atomos em uma molécula
ou de atomos individuais ou moléculas em sdélidos, liquidos e gases de acordo com as
leis de movimento de Newton, ou seja, a dinamica molecular (DM) descreve a variagao
do comportamento molecular como fun¢cdo do tempo (VERLI, 2014). Em outras
palavras, simulagbes de dindmica molecular podem ser utilizadas para estudar o
comportamento atomistico de qualquer sistema molecular, baseado na relagao entre
uma determinada configuracdo de atomos e sua energia para propagar a dinamica
(LEMKUL, JUSTIN, 2018).

A base tedrica da dindmica molecular é a equagdo de movimento de Newton
(Equacao 10) em que V é a funcao de energia potencial (nesse caso, de um campo de

forca), m é a massa do atomo, e r; representa a posicao espacial (x;,y;, z;) de cada
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atomo i do sistema. Esta equacgao deixa claro que as alteragcdes na energia potencial
de um sistema estao correlacionadas as alteracdes nas posi¢cdes dos atomos ao longo
do tempo (LEACH, 2001).

dv d?(@) }
_d_rl- =Moo Equacéo 10

A escolha do campo de forca € apenas uma das etapas de preparo de uma
simulacdo de dindmica molecular, devendo esta considerar alguns aspectos
metodoldgicos importantes como a escolha da cela de simulagdo, a solvatacao da
molécula, a adicdo de ions ao sistema, as condigdes peridédicas de contorno, a
equilibracao da temperatura e pressao, o tamanho do passo de integracao, a distancia
de corte para as interacdes nao ligadas (cut-off) e, por fim, o tempo total de simulagao.
A escolha inadequada destas propriedades pode resultar em um aumento
desnecessario do custo computacional ou, até mesmo, a obtencao de resultados muito
distantes da realidade dos sistemas que se buscou simular.

Como se sabe, a simulagdo de proteinas no vacuo (Figura 2a) ndo é de
interesse bioldgico e, dessa forma, o proximo passo na construgdo do sistema
consiste na definicdo de um volume ao redor da proteina que sera preenchida com
agua ou outro solvente. Para se reduzir o custo computacional, busca-se sempre
adicionar ao sistema o menor numero de moléculas possivel, desde que este sistema
seja capaz de descrever as condicées experimentais ou fisioldgicas de referéncia.
Normalmente, a proteina ndo costuma ser a parte mais cara no célculo computacional,
mas sim o solvente. Portanto, a otimizagdo do numero de moléculas de agua (ou de
outro solvente) pode representar uma grande redugdo no tempo de maquina para a
conclusdo da simulacdo, permitindo aumentar o tamanho da amostragem do estudo
(VERLI, 2014). Uma das formas de controlar a quantidade de atomos no sistema, €
dimensionando a “caixa” onde a simulagao ocorrera de forma otimizada, ou seja, que
tenha um tamanho suficiente para a mobilidade e flexibilidade da proteina, sem que
seja necessario numero excessivo de moléculas de solvente para preenché-la.

Sistemas bioldgicos e in vitro, geralmente, contém certa quantidade de sal e,
além disso, as simulagbes de dindmica molecular sdo tipicamente realizadas em
condigcbes eletroneutras, ou seja, o sistema nao deve possuir carga liquida (LEMKUL,
JUSTIN, 2018). Por esse motivo, o ultimo passo na construgdo do sistema de
coordenadas (topologia) consiste na adicdo de ions monoatdmicos ao sistema (Figura
2b).
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Figura 2 — Demonstracao de uma cela de simulacao cubica: a) com a proteina sob vacuo, e b) com
a proteina solvatada e com ions (representados esquematicamente por esferas verdes)
adicionados ao sistema. Molécula: lisozima do ovo. Fonte: Lemkul (2018).

Uma situagao possivel, independente do tamanho da “caixa”, € que uma das
moléculas ultrapasse o limite previamente estabelecido e, assim, saisse do sistema,
alterando o numero de moléculas inicial e interrompendo a continuidade da simulagéo.
Uma forma de contornar este problema é a aplicagdo das condi¢des periddicas de
contorno, em que a “caixa” de simulacao é replicada identicamente e periodicamente
em todas as suas dimensodes (Figura 3), de forma que o movimento molecular em uma
sera idéntico ao movimento da mesma molécula na outra, e, caso uma molécula
escape da caixa central, uma de suas imagens entrara pela face oposta, mantendo-se
constante o numero de moléculas do sistema (DE VIVO et al., 2016).
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Figura 3 - Representacao das condigoes periodicas de contorno em uma simulagdao de DM. Fonte:
Verli, (2014).

Outra etapa importante se trata da equilibragdo de uma simulagédo, que se
refere a estabilizacdo de suas propriedades de temperatura e pressao, ou seja, que
estas alcancem um estado de equilibrio. Para isso, € necessario que o tempo de
simulacao seja suficientemente longo, para que as propriedades em estudo estejam

adequadamente equilibradas. A busca por tempos de simulagédo “suficiente longos”
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para a equilibracdo das propriedades de interesse pode ser desafiadora, pois nem
todas as propriedades moleculares equilibram a mesma velocidade (VERLI, 2014).

O passo de integracao consiste no intervalo de tempo entre as integracdes de
célculo, uma vez que a simulacao de dinamica molecular ndo € continua. A sucessao
destes passos, normalmente na escala de fentossegundos (fs), da origem ao nosso
entendimento da trajetéria da molécula de forma que, quanto maior o passo de
integracdo, menor custo computacional. A desvantagem de passos de integracao
longos é a possibilidade de que sejam perdidas informagdes importantes para o
pesquisador. Os tempos de integragdo comumente utilizados em campos de forcas
atomisticos sao de 1 fs, 2 fs e 5 fs. Utiliza-se 1 fs quando se pretende tratar as
moléculas e suas ligagées como flexiveis durante a simulagao; 2 fs quando pretende-
se tratar as ligagbes quimicas como rigidas; e 5 fs quando pretende-se tratar toda a
molécula como rigida, ou seja, sem modificagdo em angulos e diedros, sendo uma
alternativa pouco utilizada em sistemas biologicos (VERLI, 2014).

Por fim, uma das partes mais custosas computacionalmente em simulagées por
dindmica molecular envolve o calculo das interagées nao ligadas (Figura 4a), uma vez
que elas aumentam em fungdo do quadrado do numero de atomos do sistema. Ao
mesmo tempo, a intensidade destas interacdes decresce em fungdo do quadrado da
distancia entre os atomos. Desta forma, para se economizar esforgo computacional,
sao procedidos nestas interacdes, ou seja, define-se uma distancia chamada cut-off
em que, a partir dela, nenhuma interagdo nao ligada sera calculada (Figura 4b) (DE
VIVO et al., 2016).

Figura 4 — Representacdo esquematica do numero de interacGes nao-ligadas (setas vermelhas)
estabelecidas por um atomo em um sistema complexo: a) sem a implementagcao de uma distancia
de corte (cut-off), e b) com a implementacao de uma distancia de corte representada pelo circulo
azul. Fonte: elaborada pelo autor.
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3.1.4. Minimizacao de energia / otimizagcao geométrica da estrutura

As estruturas utilizadas durante uma simulagédo de dindmica molecular podem
ser obtidas por modelos teoricos, por experimentos de cristalografia de raios-X, RMN
ou de modelagem comparativa. Independentemente de sua origem, ao serem
solvatadas, essas estruturas criam interagdes soluto-solvente até entdo inexistentes e
o solvente precisa se adaptar ao redor de seu soluto, sendo necessaria uma correcao
antes que a simulacao ocorra, de fato (VERLI, 2014). Esta correcéo visa encontrar o
conjunto de coordenadas otimizadas para cada atomo em que o sistema apresente
menor nivel energético e é chamada de etapa de “minimizacdo energética” ou
“otimizagdo geométrica” (LEACH, 2001; DE OLIVEIRA, 2009). Se a minimiza¢do
energética nao for executada previamente a simulacdo de dindmica, a liberacao
instantanea da estrutura cristalografica no ambiente de simulacdo podera promover
uma série de alteracdes conformacionais na proteina ao ponto de desnatura-la ou, em
outras palavras, perder sua “meméaria” cristalografica irreversivelmente.

De maneira mais clara, podemos entender o problema da minimizacdo da
seguinte forma: dada uma funcdo f que depende de uma ou mais variaveis
independentes x4, x,, ..., x;, encontre seus valores de forma que f apresente seu valor
minimo. Do ponto de vista matematico, este problema pode ser resolvido calculando-
se e a primeira derivada da funcdo f em relacdo a cada uma das variaveis e
igualando-a a zero e, posteriormente, calculando-se as segundas derivadas positivas
de cada uma dessas fungdes (Equacéo 11) (LEACH, 2001).

of _ 0; s >0 5
o  ax2 Equacao 11

7

Como um sistema real € composto por um elevado numero de atomos
(variaveis) que ocupam diferentes posicdes no espago (coordenadas), para a solu¢ao
da Equagédo 11 utilizamos os chamados “algoritmos de minimizagao”, algoritmos
numeéricos que executam o calculo de forma interativa iniciando pela conformagéao de
maior energia em diregdo aquela de menor energia mais proxima, sem identificar se
esse minimo € local ou global, como pode ser observado, esquematicamente, na

Figura 5.
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Trajetoria

Superficie de Energia
Potencial

Figura 5 — Representacao esquematica da superficie de energia potencial de uma proteina em
funcao das conformacGes possiveis. Fonte: adaptado de Guizado (2008).

Dois algoritmos de primeira ordem sdo comumente utilizados para se obter
uma conformacao otimizada da proteina, sdo eles: steepest descent e conjugate
gradient. Ambos alteram de forma gradual as coordenadas de cada atomo de forma
gue o sistema se aproxime cada vez mais de um estado de menor energia. O ponto de
partida de cada interacdo (k) é a configuracdo molecular obtida no passo
imediatamente anterior, que pode ser representado por um vetor multidimensional
Xr_1, Sendo a primeira configuragdo informada pelo usuario.

O algoritmo steepest descent (descida ingreme, em portugués) altera as
configuracées do sistema em direcdo paralela a forca resultante, que em nossa
analogia grafica corresponde a passar perto de um ponto estacionario (ponto de sela)
de menor energia (LEACH, 2001). Decidido o ponto de partida e a direcdo a ser
tomada, é, entdo, necessario decidir o quao longe se mover ao longo do gradiente, ou
seja, quando o sistema devera entender que estamos pertos o suficiente da solugéao
(SHEWCHUK, 1994).

Por outro lado, o método de minimizacao de energia conjugate gradient € um
algoritmo de otimizacao iterativa com foco em encontrar o minimo da fungéo por meio
de passos iterativos proporcionais ao gradiente negativo da fungdo. Assim como no
steepest descent, no método conjugate gradient o gradiente em cada ponto é
ortogonal, porém a direcdo é conjugada (AVIAT; LAGARDERE; PIQUEMAL, 2017).
Em outras palavras, enquanto as integragcdes do steepest descent produzem um
conjunto de diregdes oscilatérias em torno de um minimo local de energia de forma
rapida, as integragdes do conjugate gradient direcionam os calculos de forma
conjugada em direcdo a um minimo local de energia da fungao (Figura 6).
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Optimum Contour lines

Steepest descent = === Conjugate gradient

Figura 6 - Representacao esquematica dos métodos de minimizacao de energia Steepest descent e
Conjugate gradient em uma mesma funcao. Fonte: Chan & Ewins, 2010

Para melhorar a eficiéncia da otimizacao da estrutura, de modo a encontrar um
“bom minimo local de energia”, ou seja, que se aproxime do minimo global da fungao e
reduzir o custo computacional, em simula¢cdes de dindmica molecular usualmente
utiliza-se os dois métodos. O steepest descent, normalmente, € utilizado primeiro a fim
de se encontrar um “po¢o” de energia e o conjugate gradient € utilizado, em seguida,

para encontrar o minimo de energia dentro deste pogo.

3.1.5. Equilibracao do sistema

Apoés atingirem seu estado de menor energia, inicia-se a etapa de equilibracao
do sistema, que tem como objetivo principal a estabilizacdo de suas propriedades
como temperatura e pressao, além da solvatacdo gradual e lenta da estrutura proteica,
de modo que nao seja perdida sua meméria cristalografica. Considera-se, portanto,
que, antes de estarem equilibradas, as propriedades em estudo apresentam
comportamentos nao representativos das situacdes de interesse, sendo necessario
que o tempo de simulacdo seja suficientemente longo para que as propriedades em
estudo estejam adequadamente equilibradas (VERLI, 2014).

Como a maioria das estruturas proteicas 3D utilizadas sdo obtidas em
ambientes com elevada concentracdo de proteinas, muito maior do que aquela
observada em condi¢cdes biolégicas, ou, até mesmo, em estados oligoméricos, a
remocao destes contatos e sua substituicdo por moléculas de agua, pode acarretar
uma grande instabilidade inicial na simulacdo, envolvendo: i) a perda dos contatos
cristalograficos, e ii) a formacgao de interagdes com moléculas de agua (VERLI, 2014).

A maioria dos protocolos de equilibragdo encontrados na literatura, como, por
exemplo, aquele demonstrado por Poléto et al. (2019), seguem uma sequéncia de
passos lentos e com imposicdo de restricbes ao movimento dos 4tomos da proteina
gue sao retiradas gradualmente, na seguinte ordem:

i) adicAo de temperatura e pressdo ao sistema, elevada restricdo de

movimento em todos os atomos da proteina, controlando ou nao o volume

da cela de simulacéo;
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i) manutencao das restricoes de movimento em toda a proteina com excegao
dos hidrogénios;

i) manutencdo das restricbes de movimento na cadeia principal e nos
carbonos-f dos residuos de aminoacidos;

iv) manutencao das restricoes de movimento apenas na cadeia principal da
proteina;

v) manutengao das restricdes de movimento apenas nos carbonos-q;

vi) redugéo gradual da energia de restricao imposta;

vii) proteina livre para simulagao.

3.1.6. Producao

A etapa de producao consiste na dinamica molecular em si, em que os atomos
do sistema poderédo se movimentar livremente nas condi¢cdes propostas para o estudo.
Para cada simulacdo de dinamica molecular, deve ser estabelecido o chamado
“Ensemble Estatistico”, que consiste no conjunto de configuracbes e propriedades
mantidas constantes durante a integracdo das equacdes de Newton, sendo trés os
mais importantes (SORIN; PANDE, 2005):

i) Ensemble Microcanénico (NVE): em que sdo mantidos constantes o
namero de atomos do sistema (N), o volume (V) e a energia (E). Dessa forma, o
sistema em estudo é considerado adiabatico, sem trocas sob a forma de calor. Além
disso, esse tipo de trajetéria pode ser enxergado como uma troca de potencial e de
energia cinética entre os atomos, mas a energia total do sistema € conservada.

ii) Ensemble Canénico (NVT): em que sdo mantidos constantes a
quantidade de atomos (N), o volume (V) e a temperatura do sistema (T). Em uma
simulagdo em NVT, a energia envolvida nos processos endotérmicos e exotérmicos é
trocada com um termostato. Algumas alternativas para o controle da temperatura
incluem a utilizagdo de termostatos como, por exemplo, o terméstato de Nosé-Hoover,
o termostato de Berendsen e o termostato de Andersen.

iii) Ensemble Isotérmico-lsobarico (NPT): em que sdo mantidos
constantes o numero de atomos do sistema (N), a pressao (P) e a temperatura (T).
Dessa forma, além de um termostato para controle de temperatura, também é
necessaria a adicao de um barostato, como, por exemplo, o barostato de Berendsen e
Parrinello-Rahaman. Estas condicdes sdo as que mais correspondem as condi¢des

laboratoriais de um recipiente aberto a temperatura e pressdo ambiente.



46

3.1.6.1.  Algoritmo de Integracao de Verlet e Verlet
Leap-Frog

Como mencionado anteriormente, as simulacées de dinamica molecular sao
regidas pela Lei de Movimento de Newton para cada atomo (Equacéao 12), em que ﬁi é
dado pelo gradiente da fungdo de potencial, ou campo de forgas, V(#) em relagdo a
coordenada do atomo 7; (Equacéo 13).

@) - S -
.2 L = ma; Equacao 12
F = —V,V(#, 75 0 Ty) Equacéo 13

Independente do campo de forcas a ser escolhido, existem diferentes
algoritmos de integracdo numérica disponiveis para resolver a Equacédo 12, com
diferentes precisdées e custos computacionais. Um dos procedimentos de integracao
mais utilizados é o Algoritmo de Verlet (Equacao 14), em que a equacao diferencial é

discretizada em um passo de tempo At e a; = (1/mi)ﬁ corresponde a aceleracao
“sofrida” pelo atomo i (VERLET, 1967).

7i(t + At) = 27,(t) — 7(t — At) + d;(t)At? + 0(At?) Equacao 14

7;(t + At) — 7;(t — At)

76 = 20t

+ 0(At?) Equacéo 15

Interessante observar que, neste momento, as velocidades (Equagédo 15) ndo
sd0 necessarias para calcular a trajetéria, mas sao imprescindiveis para calcular a
energia cinética do sistema. No entanto, no algoritmo de Verlet, as velocidades podem
ser calculadas uma vez que 7;(t + At) estiver sido calculado, por exemplo, em um
instante de tempo anterior. Além disso, a atualizacao das posigdes de acordo com a
Equacao 14 da origem a imprecisdo numérica, pois um termo de pequena ordem At? é
adicionado a uma diferenga de termos O (SCHILLER, 2008).

Para minimizar a imprecisdo numérica do algoritmo de Verlet, podemos utilizar
o algoritmo “leapfrog” (pulo do sapo) associado ao algoritmo de Verlet, desde que
tenhamos uma velocidade e posicao para iniciar as interagées. No algoritmo de Verlet
Leapfrog as posi¢des (Equacao 16) e as velocidades (Equagao 17) sdo atualizadas
em intervalos iguais a metade do passo de tempo At (YOUNG, 2013).
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- - - At
ri(t + At) = 7;(t) — Aty (t + 7) Equacéo 16

S A S A
B;(6) = Vi (t _ 7t) T (t * 7t) Equagéo 17

Um esboco da estrutura do método leapfrog € mostrado na Figura 7, onde
pode ser observado que, uma vez iniciado a integragdo com r, e UO/Z, podemos

continuar com r e v ultrapassando um ao outro ao longo da integragéo.

Figura 7 - Esboco da estrutura do algoritmo leapfrog. Fonte: Young, 2013

Além de combinar simplicidade com precisdo em uma equacao de segunda
ordem, o algoritmo de Verlet leapfrog possui outros recursos desejaveis como:
e inversdo de tempo invariante: as equagdes de movimento de Newton
sdo invariantes durante a reversdo do tempo;
e conservacdo do momento angular: em um campo de forca
esfericamente simétrico, 0 momento angular é conservado exatamente
pelo algoritmo.

3.1.6.2. Estratégias de analise

Como resultados, a simulacdo de dinamica molecular nos fornece dados
suficientes para analisar o comportamento da estrutura proteica ao longo da
simulacdo. As ferramentas mais comumente empregadas com esta finalidade séo o
desvio médio quadratico (RMSD), a flutuagdo média quadratica (RMSF), o raio de giro
(Rg), superficie acessivel ao solvente (SASA), além de possibilitar uma gama de outras
andlises mais especificas, como, por exemplo, a medida de distancias entre atomos

ou grupos especificos ao longo do tempo.
i. Desvio Médio Quadratico (RMSD)

O RMSD (Equacao 18), desvio médio quadratico, € uma das principais
estratégias de andlise empregada no estudo de proteinas por dindmica molecular.
Esta medida indica o quanto a estrutura da proteina ou do complexo se modifica ao
longo de uma simulacdo em relagdo a estrutura de partida (normalmente a estrutura
cristalografica). Neste momento, ndo é considerada a difusdo da molécula, mas

apenas as altera¢cdes em sua conformagédo (LEACH, 2001).
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n Ai_i2+ ",_,2+"_ 2
I Jzt_lar )2 + (7 = 1) + (eri)?) cquaco 18

n

Em que n é o nimero de atomos do sistema e r € a posi¢cao de cada atomo
nas coordenadas i, j, k.

ii. Flutuacdo Méedia Quadratica (RMSF)

O RMSF (Equacéo 19), flutuacdo média quadratica, representa o quanto cada
atomo da molécula de interesse se move ao longo da andlise em relagdo a estrutura

de referéncia. Como € uma média, ndo é uma fung¢édo temporal (LEACH, 2001). E
possivel proceder este tipo de analise da molécula inteira ou apenas de parte dela.

1 Equacéo 19
RMSF = TZ(T" — r;ref)2
t=1

Em que T é o tempo total da andlise e ;"¢ é a posicao de referéncia da
particula i.

iii. Raio de Giro (Rg)

O raio de giro (Equacao 20) mede a compactacdo de um determinado sistema
globular, ou seja, avalia em coordenadas x,y e z a distancia do centro geométrico da
sua molécula até a ponto mais distante na mesma molécula (borda da proteina)
(FIXMAN, 1962). Esta medida, normalmente, pode sofrer alteragbes consideraveis
quando ha alteragdao no pH. Durante uma simulacao de dindmica de uma proteina, é
importante observar se o raio de giro aumentou ou diminuiu, pois, se o raio aumenta, é
possivel que a proteina esteja se desenovelando e, se esta diminui, conclui-se que ela
esta se compactando a partir da formacéo de novas interacdes.

n 2.\
Ry = <M> Equacéo 20

Em que m; representa a massa do atomo i e r; representa a posi¢cao do atomo

i em relagdo ao centro de massa da molécula

iv. Andlise de Superficie Acessivel ao Solvente (SASA)
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A superficie acessivel ao solvente (SASA), como o préprio nome indica, é a
area de superficie de uma biomolécula que é acessivel ao solvente ao qual esta
inserida (Figura 8) (LEE; RICHARDS, 1971). Para se calcular a SASA, a molécula de
solvente € modelada como uma esfera. Essa esfera é, entdo, “rolada” sobre a
molécula para gerar um contorno suave da superficie externa, sendo esse contorno
constituido por pedacos de esferas que se juntam formando arcos circulares. Por esse
motivo, o algoritmo é conhecido como “rolling ball’. As esferas e os arcos séo definidos
por expressdes analiticas em termos de coordenadas atdmicas, raios de van der
Waals e o raio de “exploragdo” do solvente (CONNOLLY, 1983). A area de cada
fragmento de esfera da superficie pode ser calculada analiticamente e a superficie
gerada graficamente € chamada “Superficie de Connolly”, levando o nome do

pesquisador que programou o algoritmo computacional capaz de calcular e gerar as
imagens automaticamente (Figura 9).
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Figura 8 — Primeiro proposta grafica publicada para calculo de superficie acessivel ao solvente
(molécula: enzima Ribonuclease Pancreatica-S). Fonte: LEE; RICHARDS, 1971.
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Figura 9 - Primeira Superficie de Connolly gerada computacionalmente publicada (molécula:
insulina): a) representacao grafica vetorial; b) representacao grafica como superficie. Fonte:
CONNOLLY (1983).

3.2. Simulacao de Docking Molecular

As simulagdes de docking molecular (ancoragem molecular, em portugués) tém
como objetivo predizer a estrutura (ou estruturas) de um complexo intermolecular
formado entre duas ou mais moléculas (KITCHEN et al, 2004), sendo uma
metodologia amplamente utilizada na compreensao de interagcdes entre proteinas e
inibidores, principalmente, para o desenvolvimento de farmacos (SLEDZ; CAFLISCH,
2018).

Na maioria das pesquisas utilizando essa metodologia, 0 pesquisador possui
uma macromolécula receptora (alvo do docking), normalmente uma proteina, em que
a estrutura tridimensional ja € conhecida e uma pequena molécula (ligante), sendo
esse sistema, eventualmente, chamado de docking proteina-ligante (KUNTZ et al.,
1982). Em outros casos, conhece-se apenas a macromolécula receptora e busca-se
um possivel ligante em bancos de dados (RYDZEWSKI; NOWAK, 2017). Com a
macromolécula receptora e o possivel ligante definidos, uma combinacdo de efeitos
entélpicos e entrépicos entra em cena no processo de reconhecimento proteina-
ligante, estimando o quanto esta interacdo é favoravel por meio do calculo da “energia
livre de ligagao”.

Assim, de forma geral, podemos dividir uma simulagdo de docking em duas
partes principais:

i.  Investigagao e predicao da conformagéo e orientagdo de uma molécula
ligante no seu sitio de complexacéo, procedida por meio de algoritmos
de busca;

i. Predicdo da afinidade em um complexo receptor-ligante em razédo de

sua energia livre de ligacéo, calculado por meio das funcdes de score.
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Desde a primeira aplicacdo de docking (LEVINTHAL et al., 1976), ha 45 anos,
enormes avancos foram feitos tanto em algoritmos de busca quanto em fungdes de
score, aumentando as possibilidades de se aplicar tal ferramenta e confiabilidade dos
resultados. O desenvolvimento dos algoritmos de busca e das fung¢des de score, assim
como das simulagbes de dindmica molecular, também foi favorecido pela
modernizacdo dos computadores e pela possibilidade de paralelizacdo de maquinas,
implicando em melhorias de alto nivel na velocidade dos célculos. Para Tessaro &
Scapozza (2020), a complexidade dos algoritmos pode ser classificada de acordo com
o numero de graus de liberdade que eles negligenciam (Figura 1).

RIGID SEMI-FLEXIBLI FLEXIBLE
DOCKING DOCKING DOCKING
i ' I 1 i i o
1982 1990 1994 1997 2000 2010 2020
Matching 1986 Stocastic Rotamer Average Machine
Algorithms Systaiiati Algorithms  Library Grid Learning e
Algorithms 1991 Le i
Soft dncking CAITIng

Figura 10 - Linha do tempo evolutiva com destaque para os principais eventos que contribuiram
para o desenvolvimento dos algoritmos de busca, desde o docking rigido até o docking flexivel.
Fonte: Tessaro & Scapozza (2020).

3.2.1. Algoritmos de busca

Os métodos de docking molecular envolvem grandes desafios tedrico-
computacionais, e se dividem em duas classes de métodos distintos: receptor-ligante e
receptor-proteina (VERLI, 2014). A maioria dos algoritmos possui a capacidade de
gerar um grande numero de possiveis estruturas entre as moléculas que estao sendo
avaliadas, identificando as mais energeticamente favoraveis (LEACH, 2001).

Atualmente, existem diversos programas de docking molecular disponiveis,
distinguindo-se, principalmente, pelo método de busca e pela fungdo de avaliagdo de
afinidade empregada. Podem ainda, diferir quanto a possibilidade de serem utilizados
através de portais ou localmente, de serem gratuitos ou pagos e na integragcdo com
bancos de ligantes e proteinas.

Com relagdo ao sitio de ligagdo em uma proteina alvo, é necessario
primeiramente que se tenha a informacgao da localizagdo do mesmo. Em um segundo
momento, € muito importante estudar as caracteristicas fisico-quimicas e estruturais
deste sitio. Como a localizacdo do sitio receptor de uma proteina nem sempre é
conhecida, métodos computacionais podem ser utilizados para prever 0s possiveis
sitios de ligagdo. Estes métodos podem se basear em analises geométricas e de
volume para identificar cavidades (tais como FINDSITE, SURFNET e LIGSITE), em
energias de interacao (Q-SITEFINDER e GRID) e no uso de propriedades de sitios de
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ligacdo conhecidos para efetuar uma busca por padrdes (webPDBinder). Um segundo
aspecto de grande relevancia na preparagao do sitio receptor é estabelecer o estado
de protonacao correto dos residuos que participam da interacdo com o ligante
(PROPKA) (RYDZEWSKI; NOWAK, 2017).

Em seguida, com a ajuda de algoritmos computacionais de docking, altera-se
diversas vezes as conformacgdes, posicdes e orientacbes (poses) do ligante (ou
ligantes) a fim de se obter as configuracdes em que a interacao proteina-ligante é mais
favoravel (OLIVEIRA, EDUARDO BASILIO DE, 2009). A geragcdo de varias
conformagdes para o ligante € importante no caso de metodologias de docking que
nao levam em conta a flexibilidade do mesmo e fazem o encaixe do ligante rigido para
cada conformacao representativa (VERLI, 2014). O LIGPREP e o eHiTS sédo exemplos
de programas baseados em algoritmos que geram tautémeros, diferentes
conformagdes de estruturas ciclicas, diferentes estados de protonagao de acordo com
o pH e diferentes estereoisémeros para um determinado ligante.

Os diferentes algoritmos de docking consideram a flexibilidade das moléculas
interagentes de forma diferente. Trés principais estratégias sao utilizadas: i) a proteina
€ considerada rigida, e apenas os graus de liberdade translacionais e rotacionais do
ligante sdo considerados; ii) a proteina é considerada rigida, mas todos os graus de
liberdade do ligante (translacionais, rotacionais e conformacionais) sado levados em
conta; iii) a proteina é considerada totalmente ou parcialmente flexivel, e todos os
graus de liberdade do ligante também sao considerados (VERLI, 2014). A estratégia “i”
€ classificada como docking de corpo rigido, pois ndo levam em consideracdo a
flexibilidade nem do ligante nem do receptor, limitando a especificidade e a precisdo
dos resultados, considerando complementaridades essencialmente geométricas entre
duas moléculas. No entanto, mesmo sem levar em consideragao a flexibilidade, essa
estratégia é capaz de identificar de forma satisfatéria sitios de ligagéo para ligantes em
diferentes proteinas (DIAS; AZEVEDO JR., 2008). Ja as estratégias namero “ii” e “iii”,
sdo classificadas como docking flexivel, e tém sido utilizadas para refinamento e
otimizacao dos resultados obtidos por procedimento inicial de docking de corpo rigido,
pois tais estratégias exigem elevado custo computacional. Os métodos de docking
flexivel podem considerar varias conformagdes possiveis de ligante ou do receptor,
bem como para ambas as moléculas ao mesmo tempo.

Os algoritmos de busca nos programas de docking ligante-receptor podem ser
classificados basicamente em trés categorias:

e métodos de busca sistematica, em que se objetiva explorar de forma
combinatéria todos os graus de liberdade — DOCK, FLExX, Glide, EUDOC e Surflex
(ALLEN et al., 2015);
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e métodos de busca deterministica, em que se simula a dinamica do
complexo ligante-receptor - CDOCKER (VERLI, 2014);

e métodos de busca estocéastica, que envolve movimento aleatérios
associados aos graus de liberdade, possibilitando a obtengdo de resultados como
saida para um mesmo estado inicial de entrada — Glide, ICM, Prodock, AutoDock e
LigantFit (MORRIS et al., 2009).

3.2.2. Funcoes de Score

Como mencionado, os algoritmos de docking simulam uma grande quantidade
de conformacgdes do ligante e, também, diferentes formas de “atracamento” a proteina.
Com estas informacbes em maos, € necessario, entao, selecionar os complexos
gerados na etapa anterior quanto a afinidade ligante-proteina, identificando, assim, as
poses em que 0s complexos apresentaram menor energia livre, ou seja, em que as
interacdes sdo mais provaveis de acontecer. Para isso, utilizam-se as “fun¢des de
Score” que, segundo Li et al. (2020), continuam sendo a principal limitacdo para a
aplicacéo dos procedimentos de docking com elevada confiabilidade.

Uma funcdo de score deve ser capaz de distinguir o modo de ligagéo
experimental dos outros encontrados pelo algoritmo de busca, ordenar corretamente
uma lista de ligantes com relacdo as suas afinidades pela macromolécula receptora e
prever as respectivas energias livres de ligacdo. Estas fungbes s&o modelos
matematicos, geralmente lineares, formados por diferentes termos relacionados as
propriedades fisico-quimicas envolvidas na interacdo de uma pequena molécula
ligante com seu sitio de ligagdo a um receptor (VERLI, 2014).

Atualmente, as fungdes de score sao divididas em dois grandes grupos, as
classicas e aquelas que envolvem aprendizado de maquina (ou inteligéncia artificial)
(LI et al., 2020). Dentre as funcdes de score classicas, pode-se estratifica-las em trés
tipos (FERREIRA et al., 2015): i) baseadas em campo de forca: que se constituem em
uma soma de termos advindos de algum campo de forca molecular classico, cuja
parametrizacdo pode ser feita utilizando dados experimentais ou provenientes de
calculos quanticos (podendo também ser a combinagdo de ambos); ii) empiricas: que
sdo desenvolvidas utilizando complexos receptor-ligante com estruturas
tridimensionais e afinidades conhecidas, sendo seus termos automaticamente
ajustados de forma a reproduzir os dados experimentais de afinidade de ligacdo com a
maior acuracia possivel; e iii) baseadas em conhecimento: que sao construidas a partir
de anadlises estatisticas entre os pares de atomos dos complexos receptor-ligante
resolvidos experimentalmente.

Em contraste as fungbes de score classicas, as abordagens baseadas em

aprendizado de maquina (ou inteligéncia artificial) contornam a limitacdo de se impor
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uma forma fixa para a fungao de score, sendo capazes de, por meio de redes neurais,
capturar implicitamente as interagdes de ligacao intermoleculares que sao dificeis de
modelar explicitamente, e aprimorar os modelos para calculo da “afinidade” entre a
proteina e o ligante. No entanto, o aperfeicoamento das funcdes de score baseadas
em aprendizado de maquina depende de grandes conjuntos de dados para
alcancarem previsdes cada vez melhores em todas as possibilidades de receptores.

Portanto, o verdadeiro desafio das ferramentas de simulacdo de docking
molecular, € conseguir calcular as energias de ligacao/interagcdo entre as moléculas
em estudo com boa precisdo, de modo que seja possivel selecionar um pequeno
conjunto de moléculas que apresentaram resultados positivos para testes in vitro. Por
outro lado, o sucesso do estudo depende diretamente de uma boa previsao inicial do
modo de ligagédo entre as moléculas escolhidas.

3.3. Hipertensao Arterial e a Enzima Conversora de Angiotensina

A hipertensdo, comumente chamada de “pressao alta” € um grande problema
de salde publica global. E uma enfermidade associada a alteragdes funcionais e/ou
estruturais de vasos sanguineos, sendo uma das grandes responsaveis pela
ocorréncia de ataques cardiacos e derrames. A Associacdo Americana do Coracgao e a
Organizacdo Mundial da Saude estimam que aproximadamente 40% da populacao
mundial tenha tido sua presséo arterial aumentada, sendo que em 2015, 3,47 bilhdes
de adultos possuiam indicios de pressao alta (pressao sistélica superior a 115 mmHg)
e 874 mihGes ja poderiam ser considerados individuos hipertensivos (pressao sistélica
superior a 140 mmHg) (AMERICAN HEART ASSOCIATION et al., 2018; NCD RISK,
2017), sendo a hipertensdo responsavel por maior numero de ébitos que doencgas
como o cancer e diabetes. Um dos mecanismos de controlar a presséo arterial é pelo
sistema renina-angiotensina em que a renina, uma pequena enzima, € liberada pelos
rins quando a pressao cai a valores muito baixos, sendo sua fungéo ajudar a corrigir
esta queda por meio da elevagédo da pressao arterial (PATEL et al., 2017). Na Figura
11 esta representado o mecanismo vasoconstritor renina-angiotensina-aldosterona

para o controle da pressao arterial.
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| Queda da presséo sanguinea |

- Glandula adrenal

Angiotensinogénio Renina {’

Enzima Conversora de Angiotensina (ECA) >

Angiotensina I

A\

I Aumento da presséo sanguinea | —— | Retencdo salina

Figura 11 - Sistema renina-angiotensina-aldosterona para controle da pressao arterial. Fonte:
Elaborado pelo autor.

O angiotensinogénio é produzido pelo figado e esta presente no sangue, sendo
precursor da angiotensina |. Essa conversdo € catalisada pela enzima renina,
sintetizada e armazenada na forma inativa de pré-renina nos rins. Quando a pressao
arterial cai, reagoes intrinsecas nos rins liberam a renina que atua enzimaticamente
sobre outra proteina plasmatica, uma globulina, chamada de substrato da renina e
assim libera o peptideo de 10 residuos de aminoacidos a angiotensina |. Apos
formagdo da angiotensina |, dois aminoacidos sao separados desta para formar a
angiotensina Il, peptideo de oito residuos de aminoacidos. A enzima de converséao
(ECA) presente no endotélio dos vasos pulmonares que executa essa conversao.
Angiotensinases (enzimas sanguineas e teciduais) inativam a angiotensina I,
persistindo esta por poucos segundos no sangue. Neste tempo em que esta no
sangue, a angiotensina Il pode elevar a pressédo arterial por vasoconstricdo, que
consiste na constricdo das arteriolas com o aumento da resisténcia periférica. A
angiotensina Il pode também atuar sobre os rins para diminuir a excre¢ao do sal e da
agua. Assim aumenta levemente o volume do liquido extracelular, o que entdo
aumenta a pressao arterial ao longo de periodo de horas e dias. Portanto, a inibicao
da enzima conversora de angiotensina pode exercer efeito anti-hipertensivo impedindo
a conversao da angiotensina | em angiotensina Il (CAREY, 2015).

A enzima conversora de angiotensina (ECA) € uma dipeptidil carboxipeptidase
ancorada a membrana do tipo |, essencial para a regulagdo da pressao arterial e
homeostase dos eletrolitos atraves do sistema renina-angiotensina-aldosterona (Figura
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12). Existem duas isoformas da ECA que sao transcritas do mesmo gene de uma
maneira especifica em cada tecido: nos tecidos somaticos a ECA corresponde a uma
glicoproteina composta por uma cadeia polipeptidica Unica de 1.277 aminoacidos,
enquanto que nos espermatozoides a ECA apresenta baixa massa molecular sendo
composta por 701 aminoacidos (NATESH et al., 2003). A forma soméatica consiste em
dois dominios homdlogos (dominio N e C), cada um contendo um sitio ativo com um
motivo de ligacdo de zinco conservado, sendo complexado por dois residuos de
histidina e um de glutamato. Os dois dominios diferem em suas especificidades em
relacdo ao substrato, perfis de inibigao e ativagdo e fungdes fisioldégicas (WEI et al.,
1992), sendo o dominio C o responsavel pelo controle da pressao arterial e da fungao
cardiovascular, ou seja, o dominio C é o local dominante para conversdao da
angiotensina. O ion de zinco € um importante componente catalitico da ECA, pois esta
ligado de forma extremamente ordenada ao seu sitio ativo de inibicdo. Sua
estabilizagao é proveniente de duas fortes interagées com as histidinas 383 e 387, no
motivo estrutural HEXXH da a-hélice 13, sendo complementada pelas interagées com
o glutamato 411 da a-hélice 14 (NATESH et al., 2003; WEI et al., 1992).

Lezenda:
Q@
o

Figura 12 - Estrutura tridimensional da enzima conversora de angiotensina (codigo PDB: 1086),
obtida por difracao de raios X. Fonte: Protein Data Bank (PDB, www.pdb.org)

Para se controlar a “pressao alta” recomenda-se uma alimentacdo saudavel,
consumo controlado de sbédio e élcool, além do combate ao sedentarismo e ao
tabagismo. Todavia, uma vez que o problema tenha surgido, na maioria das vezes é
necessario recorrer ao uso de medicamentos (captopril, benazepril, enalapril,
quinapril), que possuem efeitos colaterais indesejaveis variados como, por exemplo:
fadiga, dor no peito, infeccao viral, diarreia, dor abdominal, dor muscular, cefaleia,
tosse, tontura, fadiga, secura da boca, amarelecimento dos olhos ou da pele e urina
escura (PATEL et al., 2017).
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A preocupacao com os efeitos colaterais que esses medicamentos apresentam
tem motivado pesquisadores de diferentes regides do mundo a investigarem fontes de
substancias anti-hipertensivos naturais. Neste contexto, proteinas e peptideos
alimentares com capacidades funcionais ou neutracéuticos vem crescendo, pois sao

considerados mais seguros para a saude humana.
3.4. Fenomenos de superficie e espumas em alimentos

A maioria dos alimentos € composta por mais de uma fase e, portanto,
apresentam um grande limite entre tais fases, ou, area interfacial. Podem existir
diversos tipos de interfaces entre duas fases, sendo que as principais sdo: gas-solido,
géas-liquido, liquido sdlido e liquido-liquido. Tais interfaces contém um excesso de
energia livre que é proporcional a sua area e, portanto, a interface “procurara” tornar-
se a menor possivel para minimizar essa energia livre interfacial, por meio de forcas
atrativas exercidas sobre as moléculas da superficie pelas moléculas do interior. Essa
forgca (N) por unidade de comprimento (m~!) pode ser mensurada, e ¢ denominada
tensdo interfacial (y) (DAMODARAN; PARKIN, 2017). A magnitude da tenséo
interfacial depende da composicdo de ambas as fases e da temperatura (MURRAY,
2002).

Algumas moléculas de uma suspensao ou dispersao alimentar, chamadas de
surfactantes, em contato com a superficie de uma fase podem se adsorver nessa
superficie formando uma monocamada. Isso acontece, porque depois de adsorvidas
na interface, a energia livre dessas moléculas se torna menor do que quando
dispersas livremente na fase. Ao mesmo, esse fendbmeno de adsorgao também diminui
a energia livre presente entre as fases, diminuindo, consequentemente, a tenséo
superficial (ou interfacial) entre elas (DAMODARAN; PARKIN, 2017). Os surfactantes
sdo, normalmente, de dois tipos: moléculas anfifilicas, ou seja, possuem parte
hidrofébica e hidrofilica, podendo ser aniénicos (MEINHART et al., 2011), catibnicos
(ZHANG, HUI et al., 2016), nao idénicos (RHEINBERGER; WOLF; WURM, 2020) e
zwitteridnicos (FISCHER; WU, 2008); e os poliméricos, sendo as proteinas as
principais desse tipo para alimentos (BOS; VLIET, 2001; DE OLIVEIRA, ANA PAULA
HANKE et al., 2020; IBANOGLU; IBANOGLU, 1999).

Em alimentos, encontramos com frequéncia dispersées com alta tensao entre
as fases, como emulsées, que séo dispersdes de um liquido em outro (normalmente
6leo em agua ou agua em 6leo) e espumas, que sao dispersdes de um fluido gasoso
hidrofébico em um liquido hidrofilico (normalmente ar N,O ou CO, em &gua)
(DAMODARAN; PARKIN, 2017). Em outras palavras, espumas e emulsdes sao
sistemas formados por duas fases imisciveis, gas/liquido e liquido/liquido,

respectivamente, elaboradas, normalmente, por meio de operacdes unitarias de
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agitacdo mecénica, em que uma fase (fase movel) se dispersa na forma de pequenas
goticulas na outra (fase continua) (MCCLEMENTS, 2007).

Em muitos alimentos, por exemplo, chantilly, mousses, suflés, sorvetes, paes,
bolos e bebidas carbonatadas, as espumas sdo de essenciais para conferir suas
caracteristicas sensoriais como textura e cor. Além disso, do ponto de vista industrial,
para alimentos com bolhas de ar, pode-se considerar que o material, ar, é
notoriamente barato, leve para transportar e é improvavel que resulte em reacdes
alérgicas, pelo menos para ar limpo. Por outro lado, espumas sdo extremamente
dificeis de produzir, estabilizar e controlar em grandes quantidades (MURRAY, 2020),
pois se trata de um sistema termodinamicamente instavel e, portanto, tende a se
desfazer com o tempo devido eventos fisico-quimicos como (DAMODARAN; PARKIN,
2017; LIANG et al., 2017):

i. a separacao gravitacional ou escoamento, em que o liquido da fase
mével escoa a partir e ao longo da camada de espuma em decorréncia
da gravidade;

ii. a coalescéncia das goticulas, em que uma ou mais goticulas se unem
devido a instabilidade posterior rompimento do filme entre elas, e;

iil. a Maturacao de Ostwald ou desproporcionalidade, em que ha a
difusdo de gas de bolhas pequenas para bolhas maiores (ou para a
atmosfera) devido ao fato da pressdo em bolhas menores ser maior do
que em bolhas grandes.

3.5. Proteinas do leite bovino e suas aplicacoes tecnolégicas

O leite possui aproximadamente 32 g de proteina/L, que pode variar em funcao
da espécie, raga, alimentacao, estagbes do ano, doengas e do periodo de lactagédo.
Desta forma, é considerado um alimento fonte de proteinas, pois, além da elevada
concentracdo proteica, varios aminoacidos essenciais séo biodisponibilizados por este
rico alimento. Dentre as proteinas do leite bovino, as caseinas compreendem a maior
parte, respondendo por cerca de 80% das proteinas totais. Sdo divididas em a-
caseina, B-caseina e k-caseina, e sdo comumente estruturadas em micelas, sendo
essas particulas coloidais de 50-600 nm de didametro. Em relagdo as suas fungdes
bioldgicas, a micela de caseina é responsavel por: assegurar a excre¢ao segura de
elevadas concentracdes de calcio, fosfato e proteinas da caseina para que a glandula
mamaria nao se torne calcificada; reter micelas no estbmago de recém-nascidos para
que os nutrientes sejam digeridos e absorvidos; transportar o calcio facilitando o
processo de digestao (HOLT et al., 2013; PEREIRA, 2014).

As caseinas se agrupam em estruturas Unicas conhecidas como micelas de

caseina, que sao essencialmente entidades coloidais esféricas que incluem todas as
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quatro espécies de caseina e sdo mantidas juntas e estabilizadas por propriedades
fisico-quimicas Unicas, como a capacidade de residuos de serina fosforilados de se
ligarem ao calcio, e a presenga da k-caseina parcialmente glicosilada que age como
uma camada estabilizadora, devido a seu carater relativamente anfifilico (HUPPERTZ;
FOX; KELLY, 2018; LUCEY; HORNE, 2018).

A caseina ast representa 40% do total de caseinas do leite bovino. Contém
uma cadeia polipeptidica com 199 residuos de aminoacidos, em que se encontram 16
residuos de serina, sendo 8 deles fosforilados. Sua massa molecular € de
aproximadamente 23 kDa, antes de ser fosforilada, chegando a 23.6 kDa apés
fosforilacdo. Possui seis residuos carregados positivamente (Lys, Arg, His), oito
residuos carregados negativamente (Tyr, Phe, Thr) e 7 residuos aromaticos (Tyr, Phe,
Thr), sendo seu ponto isoelétrico (pl) igual a 4,91 (ou 4,42 considerando a proteina
fosforilada) (HUPPERTZ; FOX; KELLY, 2018).

Ja a caseina asz representa cerca de 10% das caseinas do leite bovino e é
constituida por uma cadeia polipeptidica com 207 residuos de aminodcidos. Algumas
de suas particularidades sao seu nivel heterogéneo de fosforilagdo e a presenca de
ligacdes dissulfeto intermoleculares. Possui seis residuos positivamente carregados
(Lys, Arg, His), 14 negativamente carregados (Glu, Asp, Ser) e quatro residuos
aromaticos. Sua massa molar é de 24.3 kDa quando nao fosforilada e 25.2 kDa apos
fosforilagdo, porém o maior impacto da fosforilacdo € no seu ponto isoelétrico, que
varia de 8.34 para 4.95 apés a fosforilagcao (HUPPERTZ; FOX; KELLY, 2018).

A B-caseina representa 35% das caseinas do leite bovino e é constituida por
uma cadeia polipeptidica de 209 residuos de aminoacidos. Sua massa molar é 23.6
kDa, chegando a 24.0 kDa apds fosforilacdo de cinco residuos de serina. Possui
quatro residuos de aminodcidos positivamente carregados (Lys, Arg, His), cinco
negativamente carregados (Glu, Asp, Ser) e quatro residuos aromaticos (Tyr, Phe,
Thr). Seu ponto isoelétrico também sofre influéncia da fosforilagdo, passando de 5.13
para 4.65 apoés esta modificagcdo (HUPPERTZ; FOX; KELLY, 2018).

Por fim, tem-se a k caseina que, ao ser comparada com as demais, possui
caracteristicas uUnicas como: é a menor das fracbes de caseina, € muito pouco
fosforilada, possui baixa sensibilidade ao célcio e € a unica das fragdes que pode ser
glicosilada. Sua sequéncia primdria consiste em 169 aminoacidos, sendo cinco
residuos positivamente carregados, oito residuos negativamente carregados, quatro
residuos aroméaticos e pode conter até seis grupos glicosilados em diferentes residuos
de treonina. Sua massa € de 19 kDa e seu ponto isoelétrico é de 5.93 (HUPPERTZ;
FOX; KELLY, 2018).

Além das caseinas, o leite possui outra classe de proteinas chamadas

“proteinas do soro” (CASTRO et al., 2017), que correspondem por até 20% das
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proteinas totais do leite (BRANDELLI; DAROIT; CORREA, 2015). Na ultima década,
as proteinas do soro de leite tém recebido atencdo especial em razdo de suas
propriedades nutricionais (contetudo e biodisponibilidade de aminoacidos essenciais)
(BRANDELLI; DAROIT; CORREA, 2015) e técnico-funcionais (atividades
emulsificante, espumante, espessante e gelificante) (SCHRODER et al., 2017). As
principais proteinas do soro sdo: B-lactoglobulina, a-lactoalbumina, imunoglobulina,
albumina do soro, lactoferrina, lactoperoxidase, lisozima e protease peptona. Dentre
essas, a B-lactoglobulina e a a-lactaloumina sdo as que existem em maior proporgéao,
representando 51% e 22%, respectivamente do total de proteina de soro de leite.
Acredita-se que a fungéo biolégica da B-lactoglobulina seja o armazenamento e
transporte de substancias hidrofébicas pelo trato gastrico de bezerros. Por essa razao,
a B-lactoglobulina é considerada uma lipocaina, grupo de proteinas relativamente
pequenas com grande habilidade de interagir com pequenas moléculas lipofilicas em
suas cavidades centrais, e tem despertado o interesse de pesquisadores para atuar
como carreadora de compostos hidrofobicos em farmacos e alimentos (SWAIN et al.,
2020; FAN et al., 2019; GHEONEA et al., 2018). A a-lactaoalbumina, por sua vez, esta
associada a biossintese de lactose e também é considerada uma proteina com
elevada capacidade nutritiva e técnico-funcional, podendo ser utilizada como
ingrediente alimenticio devido as suas propriedades espumantes, gelificantes e
emulsificantes (QAYUM et al., 2020; SANTOS et al., 2019; PERMYAKOV et al., 2016).
Apesar das outras proteinas do soro de leite estarem presentes em menor proporcao,
suas funcodes bioldgicas principais estdo associadas, principalmente, a amamentacao
e desenvolvimento de filhotes mamiferos. As imunoglobulinas sao anticorpos
sintetizados em resposta a estimulacao de antigenos especificos. A lactoferrina € um
inibidor de algumas bactérias, incluindo Bacillus stearothermophilus e Bacillus subtilis,
através da remocdo de ifons de ferro, Fe*. A lactoperoxidase possui funcdo
antibacteriana, inibindo o crescimento viral e € um agente antineoplasico e a
transferrina € uma glicoproteina semelhante a lactoglobulina e possui a capacidade de
ligagdo ao ferro. As proteases peptonas sdo as que estdo presentes em menores
quantidades e sao produtos da degradacdo enzimatica de caseina (PEREIRA, 2014;
THOMPSON; BOLAND; SINGH, 2009).

3.5.1. Peptideos de caseina e a Hipertensao Arterial

Dentre as proteinas alimentares, as caseinas sdo consideradas uma das mais
importantes fontes de peptideos bioativos, que sédo fragmentos especificos de
proteinas capazes de conferir beneficios fisiolégicos a sadde humana. Esses
peptideos ficam latentes em proteinas alimentares intactas, mas podem ser libertadas

durante o processamento convencional do alimento, tais como a fermentagcéo, o
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tratamento térmico e modificagdo do pH, ou de forma controlada e planejada, como,
por exemplo, por meio de hidrélise enzimatica in vitro ou in vivo (WU, JIANPING;
LIAO; UDENIGWE, 2017). Estudos a cerca da hidrolise controlada de caseinas ja
resultaram em peptideos com diferentes atividades biofuncionais, como anti-
inflamatéria (DADAR et al., 2019; HU et al., 2019; GU; WU, 2016), antioxidante
(BUENO-GAVILA et al., 2019; IBRAHIM; ISONO; MIYATA, 2018; GU; WU, 2016) e
anti-hipertensiva (CHEN et al., 2020; GIROMINI et al., 2019; XUE et al., 2018).

Uma das caracteristicas chave que favorece o uso da caseina como fonte
desses peptideos bioativos € o fato dela possuir uma grande regido hidrofébica e de
baixo peso molecular, e, além disso, sua sequéncia aminoacidica permite que a
hidrolise em diferentes pontos da proteina obtenha como produto conjuntos de
peptideos com diferentes agdes bioativas (HOLT et al., 2013). Sua principal vantagem
frente a farmacos sintéticos € sua segurancga toxicoldgica, o que resulta em efeitos
colaterais mais brandos (WU, JIANPING; LIAO; UDENIGWE, 2017). Alguns peptideos
como o IPP (lle-Pro-Pro) e o VPP (Val-Pro-Pro), obtidos da hidrélise enzimatica de
caseina, ja sdo muito conhecidos por sua atividade anti-hipertensiva comprovada que,
por meio da inibicado da ECA, promovem o relaxamento dos vasos sanguineos
(HIROTA et al., 2011), no entanto, estudos recentes tém realcado novos peptideos
obtidos de caseina com atividade anti-hipertensiva (Tabela 2).

Tabela 2 - Estudos envolvendo a obtencao e caracterizacao de peptideos bioativos derivados de
caseinas com atividade anti-hipertensiva in vitro ou in vivo

Componente ativo  Técnicas usadas

Caseina Enzima e condiges reacionais identificado para identificagao Referéncia
=  Enzima: protease (alcalase) de
Caseina Bacillus licheniformis T
bovina T=50°C =VLPVPQ raiitragao. (CHEN ot
= Espectrometria de
(Fonterra & Tempo =6 h = VAPFPE al., 2020)
massa
Anchor) pH=8,0
E:S =6,5:100 (m/m)
Case Enzima: extrato enzimatico = Nano
b:\ii:a obtido de flores de (C. scolymus) = FFVAPFPEVFG  Cromatografia (BUENO-
. T=50 °C K Liquida GAVILA et
(Calbiochem, .
CA) Tempo=2,4e16h = RPKHPIKHQ = Espectrometria de  al., 2019)
pH =62 massa Tandem
Enzima: pancreatina e bile o araf
_ (digestao in vitro) = TPEVDDEALEK  ~oreod@i@  GIRoMINI
Caseinato de T=37°C = TPEVDDEALEK Liquida of al
célcio (90%) ue = Espectrometria de N
Tempo=3h FDK 2019)

pH=7,0

massa Tandem



Enzima: pepsina e tripsina

62

Caseina
T=37°C
bovina _ . = Ultrafiltragdo (XUE et al.,
(Haihe Co, Tempo =3h YOKFPQYLQY = Cromatografia 2018)
CN) pH =3,0
E:S=1:100 (m/m)
Enzima: extrato proteolpitico "
) extraido de latex ) Qromatogra 'a
Caseina T=45°C = YQEPVLGPVRG liquida de alto (CORRON
bovina ~ PFPIIV desempenho Setal,
(Sigma, EUA) Tempo=10,30,60,90€ 180 . prryAPFPE = Espectrometria de  2017)
min massa
pH=9,0
Enzima: papaina, pepsina ou c fa d
tripsina « EPGPIPK ronjatogra ia de
, a7 o excluséo (ABDEL-
Caseina de T=37°C = |PPK .
. , = Espectrometria de  HAMID et
leite de bufalo Tempo=3h = [VPN
massa al., 2017)
pH=30 = QPPQ

»  E:S=1:100 (m/m)

Sabe-se que, normalmente, peptideos com atividade anti-hipertensiva
pronunciada possuem a caracteristica de serem hidrofébicos e de cadeia curta (de 2 a
12 residuos de aminodacidos) (CASTRO; SATO, 2015; SHI et al., 2014). Observa-se
que peptideos com ambas as caracteristicas foram obtidos no trabalho de Chen et al.
(2020), em que os peptideos obtidos apresentaram residuos C-terminal e N-terminal,
ambos hidrofobicos, e de baixa massa molecular. J& Abdel-hamid et al. (2017), em seu
trabalho, também obteve peptideos de baixa massa molecular, porém com alguns
residuos hidrofilicos em suas extremidades. Quanto a influencia do tamanho, a maior
capacidade inibitéria apresentada pelos pequenos peptideos se deve, muito
provavelmente, ao fato de esses terem melhor acesso ao sitio ativo da ECA, porém,
essa nao parece ser uma caracteristica limitante para que o peptideo apresente
atividade hipertensiva consideravel, como apresentado nos trabalhos de Bueno-Gavila
et al. (2019), Giromini et al. (2019), Xue et al. (2018) e Corrons et al. (2017).

Como observado, apés processo de hidrélise de uma proteina como a caseina,
o numero de peptideos distintos dentro de cada hidrolisado, geralmente, é muito
grande e variado, pois as condi¢cdes de hidrélise sdo diversas. Identificar quais sao
precisamente os peptideos dentro de cada hidrolisado que de fato originam a atividade
anti-hipertensiva € um dos grandes desafios nesse campo de pesquisa. Por vezes, se
identifica quais os peptideos responsaveis pela inibicdo da ECA separando-os e
testando sua inibicdo. Dependendo do numero de peptideos produzidos na hidrélise
da caseina, os processos de separacgao, identificagdo e caracterizagdo por meio de
técnicas de cromatografia liquida de alta eficiéncia e espectrofotdbmetro de massa e
ionizagdo sao extremamente dispendiosos em relacdo a recursos financeiros e de

tempo.
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Mesmo depois de identificados, avaliar separadamente in vitro ou in vivo quais,
dentre os peptideos obtidos, sdo de fato aqueles que exercem atividade inibitéria na
ECA, ainda sim seria um processo longo e financeiramente caro. Além disso, este tipo
de experimento fornecera apenas resultados empiricos, deixando obscuras as
respostas para algumas perguntas como: “De que forma estes peptideos estédo
interagindo e inibindo a enzima?”; “Ha algum residuo de aminoacido especifico que
aumenta a afinidade do peptideo por alguns dos sitios ativos da enzima?”; “Depois de
formado, o complexo entre a enzima e o peptideo é estavel?”; “Quais os tipos de
interacdes quimicas foram formadas para estabilizar o complexo entre a enzima e o
peptideo?”. Esses questionamentos sdo importantes para que, como pesquisadores,
seja possivel realizar uma busca racional por moléculas com elevada capacidade de
inibicdo a enzima conversora de angiotensina. Na literatura cientifica, sdo poucos os
estudos que trazem este nivel de refinamento em suas discussdes e, neste contexto,
as metodologias in silico como o docking (ancoragem) e a dinamica moleculares
emergem como metodologias alternativas e complementares a este tipo de estudo,
pois permitem que seus resultados, quando correlacionados com aqueles obtidos in
vitro, nos auxiliem a responder tais questbes e elucidar os mecanismos que
promoveram a inibicdo enzimatica. Na Tabela 3 sado descritos alguns trabalhos
recentes em que 0 objetivo foi estudar inibicio da ECA por peptideos bioativos

utilizando metodologias in silico de docking ou dindmica molecular.



Tabela 3 - Estudos de inibicao da ECA por peptideos de origem alimentar utilizando simulagc6es de docking ou dinamica molecular.

Origem do . o Peptideo ativo Interagées estabilizadoras e respectivos < A
pe?atideo Tipo de hidrolise idr:entificado sitiog ativos na ECA (81, S2 S’?, Zn%) Observagoes Referéncia
= . S1 (Tyr523), S2 (His353, Lys511), S'1
. .(.Glu162)  complexo Zn® (His387, Zn.2+). O maior niimero de interagdes estabelecidas
Massa de Enzimatica: - I YLLK " LS (Tyr§23, Ala354, Glu3ad), Sﬁ (H!8353' pelo peptideo YLLLK com os residuos dos
Palmito papaina . ” WAFS Lyiim’ LS O COLTEI0 AU (0 sitios ativos da ECA pode explicar o menor (2ARE et al, 2019)
" ii.GVQEGAGHYALL AP ICs0 desse peptideo em relago aos demais.
= i, S2 (GIn281, His353), S'1 (Glu162) e
complexo Zn?* (Zn2*).
= Dominio C: ;\s interag@gs do tipo Itigsﬁioddedhidro\ciinio
L oram cruciais para a estabilidade do peptideo
gltqgéhlf;(;i?glo' GIn245, GIn333, Gin348, em ambos os dominios (C e N), principalmente
Sintético Adquirida da . GEF . Domini; \: ' com o residuo Lys475. Além disso, foi (Qletal, 2018)
Sigma Aldrich N , observado que a complexagdo do ion Zn2* B
Int. lig.hidrogénio: GIn253, His331, Ala332, com os atomos de oxigénios carboxilicos do
S||US62’,|‘.VS{'89’Jyr501 GEF foi um fator crucial para a atividade
efrostatica: Zn inibitdria do peptideo.
, , ., Apesar de ndo interagirem diretamente com o
Levedura Enzimética: = LL-9: LPESVHLDK - I(_CI;_|31E—;2)82 (HisS13, His353, Glu2g1) e S Zn2*, os peptideos se coordenaram com o (MIRZAEI;
Kluyveromyces tripsina e = VL9 VLSTSFPPK = VLO: 52 (Tyr520, Lys5 1, GIn281) e S1 (Th zinco distorcendo sua geometria tetraédrica de  MIRDAMADI;
marxianus quimotripsina ; ' st el (L) @ S U seu complexo, possivelmente causando a EHSANI, 2018)
&) atividade inibiteria na ECA.
® Int. lig.hidrogénio: Asn66, Lys18, Asp121, Nao houve interagdo direta com nenhum
Glu123, Arg124, Trp220, Tyr360, Ser516, residuo de aminoacido pertencente a algum
Caseina as2 . Ser517, Arg522) dos sitios ativos da ECA. Porém, o elevado
obtida de leite EE)ZS':::“C& = NMAINPSKE * Int.sulfidrica: Glu403 nimero de interagdes formadas bloqueia o  (TU et al., 2018)

bovino

Int. Hidrofébica: Trp59, Phe391
Int. Eletrostatica: Asp121, Glu123, Arg124,
Arg522

acesso do substrato aos sitios ativos da
enzima, sugerindo elevada capacidade
inibitria deste peptideo.
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Origem do . - Peptideo ativo Interagdes estabilizadoras e respectivos ~ _
peptideo Tipo de hidrolise identificado sitios ativos na ECA (S1, $2 §'1, Zn?¥) Observagoes Referéncia
L Ct1: PGQLQSF = Ct1: S2 (Tyr520, Lys511) Os peptideos interagiram, principalmente, com ;
Sementes de . atica: oy . : L GARCIA-MORA et
o f:;gasica Ct3: LPILRYL = Ct3: S2 (Tyr520, Lys511, Glu403) o sitio S2, principalmente por meio de ligagdes ;I 7
Ct4: FLPVLLH = Ctd: S2 (Tyr520, Lys511, GIn281, Glu403)  de hidrogénio. ;
= S2 (Alad354) A formag&o do complexo e a inibicdo da ECA
Proteina farelo . imatica: foram atribuidas, principalmente, @ formagéo
d Enziméica Fo.a: YSK = S1(GIn281, His353) m afriouidas, principaim TmaS  (WANG et al., 2017)
e arroz tripsina . o de interagdes do tipo ligagdes de hidrogénio
$1(Glu162) muito fortes com os sitios ativos.
s Enzimatica: Os peptideos i e i sdo indicados como
I“Z'lma 1526 i. PFPGPIPN = . S1(Tyr523); complexo Zn?* (Glu411) aqueles com maior capacidade inibitoria da
ol sl el ac‘?n ai:‘, O‘n i. QKEPMIGV = ii. Complexo Zn?* (Glu411) ECA, pois interagem fortemente com alguns (LIN et al, 2017)
leite de iaque ?(:r;wc?lis:izse: & iii. KYIPIQ " ji. S1 (Ala354, Glu384, Tyr523); S1° residuos dos sitios ativos da enzima e formam ?
' iv. LPLPLL (Glu162); complexo Zn2* (His383, Glu411) interacbes de hidrogénio com os residuos

tripsina e papaina.

complexados ao Zn?*.
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ECA possui trés subsitios ativos principais S1, S2 e S’1, sendo que: o sitio S1
inclui os residuos Ala354, Glu384 e Tyr523; o sitio S2 inclui os residuos Glu281,
His353, Lys511, His513 e Tyr520; e o sitio S’1 contém apenas o residuo Glu162 (WU
et al, 2015). Além disso, o local de coordenacdo do Zn?** com a ECA também
desempenha um papel significativo, sendo o conjunto dos trés residuos (His383,
His387 e Glu411) e o céation de zinco tetracoordenados, considerado o quarto, e
principal, sitio ativo da proteina (JALKUTE et al., 2013).

E possivel perceber que, nos trabalhos listados na Tabela 3, que na grande
maioria dos casos, toda vez que um peptideo foi identificado como inibidor da ECA, ao
se aprofundar a andlise por meio das ferramentas in silico, observou-se que pelo
menos um de seus residuos de aminoacidos estava interagindo com algum residuo
pertencente a um dos sitios ativos da ECA, ressaltando que essas regides sao
essenciais para a formacao de um complexo ECA-inibidor. Em seu trabalho, Mirzaei et
al. (2018) conseguiu observar que, apesar dos peptideos nao interagiram diretamente
com o Zn* ou algum dos residuos que o estava complexando, os peptideos se
coordenaram proximo a ele, distorcendo a geometria tetraédrica do complexo e,
possivelmente, promovendo a inibicdo da ECA (MIRZAEI; MIRDAMADI; EHSANI,
2018).

No entanto, é interessante notar que no trabalho de Tu et al. (2018), o peptideo
NMAINPSKE, obtido de hidrélise enzimatica pela enzima tripsina, ndo interagiu
diretamente com nenhum residuo de aminoacido pertencente a algum dos sitios ativos
da ECA. Porém, o autor conclui que o elevado numero de interacées formadas entre o
peptideo e a ECA bloqueia 0 acesso do substrato aos sitios ativos da enzima, sendo
esta uma possivel razao para sua elevada capacidade inibitéria (TU et al., 2018).

E possivel perceber que as andlises de docking molecular auxiliaram os
autores a esclarecer duvidas e analisar detalhes até entdo nao fornecidos pelas
andlises in vitro e in vivo. No entanto, quando utilizado isoladamente, podemos dizer
que o docking molecular fornece informagdes ainda incompletas, pois faz a andlise do
complexo apenas de forma estatica, ndo sendo possivel concluir, por exemplo, se as
interacdes observadas entre enzima e os peptideos sdo estaveis ao longo do tempo,
se novas interacOes estabilizadoras sao formadas ao longo do tempo ou, ainda mais
importantes, se a conformacao da proteina é adequada para ser utilizada nos célculos
de docking. Para isso, podemos utilizar a metodologia de dindmica molecular, que
ainda é raramente utilizada em pesquisa com proteinas alimentares.

Dentre os trabalhos mencionados na Tabela 3, que analisaram a capacidade
inibitéria da ECA por peptideos de origem alimentar, apenas Qi et al. (2018) simularam
por dindmica molecular os complexos enzima-peptideo fornecidos pela analise de

docking, e observaram aspectos mais complexos acerca da capacidade inibitoria do
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peptideo em estudo. Os autores conseguiram validar a importancia das interagées do
tipo ligacao de hidrogénio para a manutengao dos complexos, identificando ainda que
um dos residuos externos aos sitios ativos, Lys 475, estabelecia interacées cruciais
para tal. Além disso, elucidaram de forma racional aspectos do mecanismo de inibicao
da ECA pelo peptideo, constatando que os oxigénios carboxilicos do residuo de
glutamato do peptideo se complexaram ao Zn®** durante a simulacdo e foram
essenciais para a agao inibitéria do peptideo.

3.5.2. Alfa-lactalbumina e suas propriedades de interface

A a-lactoalbumina (a-La) é a segunda proteina mais abundante no soro de leite
bovino apés a B-lactoglobulina (B-Lg). E uma proteina globular com ponto isoelétrico
(pl) igual a 4,8 e baixo peso molecular (14,1 kDa), composta por uma sequéncia de
123 aminoacidos (PIKE; BREW; ACHARYA, 1996), organizados em quatro a-hélices e
trés folhas-B antiparalelas que estdo divididas entre dois dominios estabilizados,
essencialmente, por quatro ligacdes dissulfeto entre os residuos Cyss—Cysi20, Cysei—
Cys77, Cys7a—Cyse1, and Cyszs—Cys111, € um fon Ca** complexado a residuos de lisina e
acido aspartico (Figura 13) (CHRYSINA; BREW; ACHARYA, 2000; PIKE; BREW;
ACHARYA, 1996).

o Ca2+

Legenda:

Figura 13 - Estrutura tridimensional da a-lactoalbumina bovina (c6digo PDB: 1HFZ), obtida por
difracao de raios X. Fonte: Protein Data Bank (www.rcsb.org).

Sua fungao bioldgica no leite esta associada a biossintese de lactose, no
entanto, também pode ser considerada uma proteina com elevada capacidade
nutritiva e técnico-funcional, podendo ser utilizada como ingrediente alimenticio devido
as suas propriedades espumantes e emulsificantes (LAM; NICKERSON, 2015;
PERMYAKOV et al., 2016).

As proteinas, de forma geral, por serem naturalmente anfifilicas podem agir
como agentes tecnoldgicos de interface, ou seja, como espumantes e emulsificantes,
contribuindo na estabilizacdo desses sistemas por meio da redugdo da tensao

interfacial entre as duas fases (HINDERINK et al., 2020). Dentre as diversas proteinas
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alimentares, as proteinas do soro de leite bovino tém sido utilizadas com frequéncia
como agentes de interface e apresentado 6timos resultados na estabilizacao de
espumas ar/agua e emulsdes 6leo/agua, com destaque para a a-La.

O interesse cientifico nas propriedades tecnoldgicas de interface da a-La nao é
apenas recente. H4 mais de 30 anos, Bacon et al. (1988) apresentou um estudo
empirico sobre as propriedades espumantes das a-La bovina e humana, observando a
formacdo de espumas com caracteristicas de volume e estabilidade superiores
aqueles promovidos pela lisozima do ovo, que se destacava como proteina alimentar
detentora de tais propriedades até entdo. No ano seguinte, Kroman (1989) publicou
um longo trabalho em que discutiu em nivel molecular cada detalhe estrutural da a-La,
assim como possiveis modificagées na estrutura promovidas por alteragées no meio
como pH, temperatura e presenga de ions, disponibilizando informagdes valiosas para
que uma série de estudos posteriores buscando a relacdo “estrutura x fungéo
tecnolégica” fossem realizados, e que perduram até os dias atuais, (CORNEC; KIM;
NARSIMHAN, 2001; DINIZ et al, 2014; EYNARD et al, 1992; IBANOGLU;
IBANOGLU, 1999; LAINAF et al., 2016; QAYUM et al., 2020).

Uma caracteristica estrutural importante na a-La do leite bovino € a presenca
de cation Ca?* fortemente ligado & residuos de lisina (Lys79) e 4cido aspartico (Aps82,
Asp84 e Asp 87) fundamental para a manutencdo da estrutura nativa da proteina e
para a formacdo das pontes dissulfeto nos “locais corretos” (CHRYSINA; BREW;
ACHARYA, 2000). Além do ion de calcio, a a-La possui capacidade de se complexar a
outros ions positivos como magnésio, manganés, sédio e potassio, porém, apenas o
Ca* é fundamental para a manutengdo de sua conformacdo nativa (BARBANA;
PEREZ, 2011). Alguns autores tém demonstrado que a presenca do cation Ca
complexado a estrutura a-La reduz sua flexibilidade e aumenta sua estabilidade
térmica (HENDRIX; GRIKO; PRIVALQOV, 2000; RELKIN; LAUNAY; EYNARD, 1993).

Assim como o céation Ca®, as condi¢cdes do solvente como pH e temperatura
também influenciam na conformacao, estabilidade da proteina e em suas propriedades
como agente de interface. Alguns trabalhos mostram que pequenos aumentos na
temperatura, ou distanciamento do pH em relagdo a neutralidade, podem promover
alteragdes conformacionais fazendo com que a proteina atinja estado de molten
globule, que € um estado intermediario entre a conformacao nativa da proteina e seu
estado completamente desnaturado (BARONE et al.,, 2020; ELLOUZE et al., 2020;
LAJNAF et al., 2017). Em seu trabalho, LOI; EYRES & BIRCH (2018) mostraram que
ao atingir tal estado, a a-La aumenta seu grau de adsor¢ao na interface de espumas e
emulsdes em relagao a seu estado nativo, melhorando suas propriedades de interface,
uma vez que a estabilidade de uma espuma ou emulsido depende diretamente da

tensdo interfacial entre as duas fases, das caracteristicas do filme adsorvido na
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interface, do tamanho e da carga elétrica dos glébulos da fase mével e da viscosidade
da fase continua (LIANG et al., 2017).

E possivel observar que todas as varidveis do meio influenciam em diferentes
niveis na estrutura da a-La, afetando sua estrutura e, consequentemente, promovendo
diferentes comportamentos tecnol6gicos em sistemas montados a partir de diferentes
combinacdes de temperatura, pH e presenca ou auséncia do cation Ca*. Na Tabela 4
sao descritos alguns estudos recentes que tiveram como objetivo avaliar a relacao
estrutura/fungdo tecnoldgica da a-La em diferentes situagbes de temperatura, pH e

presencga ou auséncia do cation Ca**.



Tabela 4 - Estudos referentes a influéncia de temperatura, pH e presenca do cation Ca**, nas propriedades técnico-funcionais da o-La.

Variavel

Objetivo

Condicdes de analise Resultados

Referéncia

- Fonte da a-La
- [o-La]
- pH

- [o-La]
- Ca2+
- CaCl,

- pH
- Modificagbes
quimicas

= Comparar as propriedades
emulsificantes da a-La bovina e a-
La de camelo em diferentes
condigoes.

= Analisar alteragdes nas
propriedades fisico-quimicas
promovidas por trés sistemas
contendo proteina de soro de leite
enriquecidas com o-LA e
fortificadas com CaCl..

= Analisar os efeitos nas
propriedades funcionais da o-La
bovina ap6s modificagbes quimicas
na estrutura por meio da adicao
covalente de acidos graxos.

= a-La bovina apresentou maior hidrofobicidade superficial, porém os
valores de indice de emulsificagdo maximo foram préximos entre as duas.
= As emulsdes foram mais viscosas em pH 3,0 devido a maior cobertura

pH: 3,0;6,0 e 9,0 proteica na interface das goticulas em relagéo aos pHs 6,0 e 9,0.
[o-La]: 0,1; 0,2; 0,4% m/m »= Quanto mais préximo do Pl (5.2), menos estavel € a proteina na
Emulsdes O/A: 20% e 80% interface 6leo/agua, promovendo menor estabilidade a emulséo.

= a-La bovina parece ser menos flexivel do que a-La de camelo, sendo
adsorvida mais lentamente na interface das goticulas de dleo,
principalmente quando o pH é préximo do PI.

[o-La] = 1% wiv

. N = Ca?* ibnico aumentou com o aumento da concentragdo de CaCl..
= produzido por filtragdo por ¢ 2

= Estruturas enriquecidas com apo-La tiveram maior afinidade de

membrana
= produzido por  precipitagdo interagdo com o Ca?* e estabeleceram interagdes mais fortes.
seletiva =  Praticamente 2/3 do Ca?* adicionado se ligou as proteinas.
* produzido por cromatrografia de =  Ca2* adicionado promoveu alteragSes significativas nas propriedades
letgoga idnica (LAC-IE) das fisico-quimicas, dependendo diretamente do método de obtengéo da -

[CaClz]= 0 a 5mM La, e da estrutura (apo ou holo).
aClz]=0aom

= A esterificagdo aumentou a hidrofobicidade das proteinas e reduziu
sua solubilidade.
= Para a a-La nativa, quanto mais acido o pH, observou-se aumento no
Acidos Graxos (AG): laurico, teor de a-hélices, redugdo na proporgéo de random coils, € manutengéo da
palmitico e estearico proporcao de folhas-B.
pH: 3,0; 5,0; 7,0 € 10,0 = O pH 50 apresentou as piores caracteristicas emulsificantes,
provavelmente devido a sua proximidade com o Pl da proteina.
= A capacidade espumante foi melhor em pH 3,0 e melhorou com o
aumento das cadeias carbdnicas lipofilizadas.

(ELLOUZE ef
2020)

(BARONE et
2020)
(MENDOZA-
SANCHEZ et
2019)

al.,

al.,
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Variavel

Objetivo

Condicdes de analise

Resultados

Referéncia

- pH
- CaZ+
- Estresse fisico

- Caz
- [o-La]

- pH
- Temperatura

- [o-La]

- Fonte a-La
- Presenca
caseina

= Analisar 0 impacto do estresse

de cisalhamento na agregagdo da
o-La e em suas propriedades de
interface.

= Avaliar o efeito da elevagéo da

concentragdo de oa-la e da
presenga do ion CaZ na
manuten¢do da estabilidade de
formula infanti a base de leite
submetida a tratamento térmico
antes e apds a homogeneizagao.

= Examinar o impacto de pré-
tratamentos em diferentes pHs e
temperaturas nas propriedades
espumantes e interfaciais da a-La.

= Avaliar a espumabilidade e
atividade interfacial de mistruras de
caseina bovina e a-La bovina e de
camelo.

pH: 4,3;4,9;55¢e 6,1
T:25e90°C

Propor¢édo de a-La sobre o total
de proteinas em cada emulsdo: 12
%, 30 % € 48 %.

pH: 6,8

T: 100 °C/30s

pH:4,3e€6,5
T:70 e 90 °C por 30 min

pH: 7,0

M1: a-La bovina +-caseina

M2: a-La camelo +B-caseina
M3:B-lactoglobulina+-caseina
Proporgbes:  100:75;  75:25;
50:50; 25:75; 0:100

= Qs valores de pH foram selecionados por estarem proximos ao Pl da
a-La, com o intuito de aumentar a tendéncia de agregag&o, mas, mesmo
assim, ndo foi observado agregacéo apds estresse fisico.

= A o-La ndo demonstrou agregagdo ao entrar em contato com a
interface ar/agua.

=  Ao-La apresentou instabilidade estrutural ao ser submetida a estresse
térmico (pds-cisalhamento).

= O aumento na concentragdo de a-La reduziu a viscosidade da emulsdo
quando as emulsdes foram elaboradas antes do tratamento térmico.

=  Apesar da reducéo da viscosidade, houve uma redugéo significativa na
formagcdo de grandes agregados soliveis e redugdo do tamanho das
goticulas mediante o aumento da concentragdo de a-La, independente da
presenga ou ndo do ion de Ca?, contribuindo para a redugdo da
instabilidade da emuls&o.

= Em pH neutro, o tratamento térmico aumentou a capacidade
espumante da a-La, enquanto em pH 4,3 reduziu.

= Apos o tratamento térmico, houve formagao de agregados na interface
ar-liquido, aumentando a estabilidade da espuma em relagdo a espuma
formada a 20 °C.

=  Melhores propriedades espumantes nos tratamentos com maior
proporcao de B-caseina, que se mostrou mais eficiente em se adsorver na
interface ar/agua e reduzir a tens&o interfacial das espumas.

= [-lactoglobulina bovina e BLG e o-La de ambas as fontes
apresentaram modulo viscoelastico elevado, atribuido a um efeito de
empacotamento denso elevado, com fortes interagdes proteina/proteina na
interface ar/agua, resultando em um filme mais rigido e coeso.

(DUERKOP et al,
2018)

(BUGGY et al., 2017)

(LAINAF et al., 2017)

(LAINAF et al., 2016)
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Variavel

Objetivo

Condicdes de analise

Resultados

Referéncia

- CaZ+
- pH
- Temperatura

- Temperatura
- pH

- Tempo

- GMP

- Temperatura
- pH

- Caz
- Interface O/A

= Investigar o efeito de pré-
tratamentos de pH e de
temperatura em ALA-1 e ALA-3
nas propriedades emulsificantes da
o-La

= Investigar a formacdo de
estruturas supramoleculares entre
o-La e um glicomacropeptideo
(GMP) utilizando técnicas de
acidificagdo e aquecimento e o
efeito nas propriedades de
espumabilidade.

» |nvestigar as  alteragdes
conformacionais na  apo-a-La
induzidas por alteragbes no pH e
na temperatura.

= |nvestigar a conformagdo e as
dimensdes estruturas da o-La em
solugdo e quando adsorvida em
uma interface 6leo-agua.

O aumento da temperatura aumentou a superficie hidrofébica exposta

Fase lipidica: Oleo de canola dao-La
Pré-tratamentos: = O pH influenciou na carga superficial da proteina, aumentando a
= Apo-La e Holo-La repulsdo eletrostatica em pH 7,0 e resultando em menor agregacao
= pH:50e7,0 = Todas as emulsdes foram mais estaveis em pH 7,0 do que em 5,0
= T:2565e95°C devido a maior repulséo eletrostatica entre as goticulas
=  Tempo: 30 min = Apo-La pré-tratada a 65 °C e pH 7,0 apresentou as melhores
propriedades emulsificantes.
L = A estrutura supramolecular a-La-GMP teve maior habilidade para
Combinagéo:

= T:25,75e50°C
= pH:35,50e6,5
= tempo: 20, 30 e 40 min

T: 25, 60, 65, 70, 75 e 80 °C.
pH: 2,0, 4,5, 7,0

aumentar o volume de espuma formado em temperatura e pH elevados.
= As propriedades emulsificantes ndo foram afetadas significativamente

pelas variagbes de pH, tempo e temperatura em relagdo as estruturas
nativas.

= De fato, a a-La sem o Ca?* ¢ sensivel a variagdo de pH e temperatura.
= A proteina apresentou um estado conformacional mais flexivel em

valores de pH acidos, favorecendo a exposi¢ao de residuos hidrofébicos .

= (O ambiente hidrofébico dos residuos de aminoacidos do interior da a-La

Fase lipidica: 6leo + hexadecano
Concentragao: 0,3% (m/m)

nativa foi significativamente alterado quando a proteina se aderiu a
interface O/A, sugerindo um desdobramento devido a adsorgéo.

= Houve um aumento na proporcado de estruturas a-hélices e uma reducgéo

nas folhas-f.
A o-La alterou suas dimensdes de 2,5nm-3,7nm em sua conformagao

nativa para uma camada densa e compacta de 1,1 nm na interface O/A.

(LAM; NICKERSON,
2015)

(DINIZ et al., 2014)

(STANCIUC et al,
2012)

(ZHAI et al., 2012)
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Os trabalhos listados na Tabela 4 tratam, em suma, do comportamento
tecnoldgico da a-La com ou sem o cation Ca®* complexado & sua estrutura, submetida
a diferentes condi¢des de temperatura e pH, e em diferentes sistemas, como matrizes
alimentares ou sistemas simulados in vitro, como emulsdes e espumas. Para apontar
possiveis alteragdes conformacionais, ou a auséncia delas, na estrutura da o-La e
associar ao comportamento tecnolégico observado. Todos os trabalhos utilizaram trés
grupos de metodologias principais: a espectroscopia de fluorescéncia, espectroscopia
de dicroismo circular e analises calorimétricas. Os resultados observados deixam claro
que quando ha variagdo na temperatura do meio, no pH do meio, na presenga ou
auséncia de Ca®* complexado & estrutura da a-La e, também, na composicéo salina do
meio, houve alteragdo nas estruturas secundarias e terciarias da a-La, impactando
diretamente em sua conformagdo e, consequentemente, em seu comportamento
dindmico em solug¢do e em seu uso tecnoldgico.

No entanto, por mais que estas metodologias comprovem as alteragbes
conformacionais da a-La, elas ndo sdo capazes de esclarecer como e onde estas
alteragdes estdo ocorrendo na estrutura da proteina, quais os residuos envolvidos,
quais os tipos de interacdes quimicas foram desfeitas e quais foram criadas, por
exemplo. Como ja apresentado, metodologias in silico como a simulagdo de dindmica
molecular computacional pode ser um caminho para nos esclarecer o que, de fato,
esta acontecendo quimicamente e termodinamicamente na a-La ao ponto de alterar
suas propriedades técnico-funcionais e nos direcionar na proposicao de alternativas
que visem melhoria destas propriedades.

Como se sabe, a estrutura tridimensional disponibilizada da a-La foi cristalizada
por PIKE; BREW & ACHARYA (1996) e se encontra disponivel no PDB desde 1996.
Poucos anos depois, no ano 2000, CHRYSINA; BREW & ACHARYA (2000)
disponibilizaram no Protein Data Bank uma nova estrutura da a-La bovina, com
resolucdo ainda mais refinada do que a anterior, porém, até 0 momento poucos sao 0s
trabalhos de dindmica molecular envolvendo a a-La bovina. Na Tabela 5 estao listados
todos os trabalhos encontrados apés extensa reviséo bibliografica, em que a estrutura

da a-La foi estudada utilizando-se simulagdes de dinamica molecular computacional.
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Tabela 5 - Estudos acerca do comportamento dindmico da a-La bovina por meio de simulag6es de dinamica molecular.

Objetivo Condigdes de analise Resultados Referéncia
= Um balango entre a formagdo de H-bonds e interagdes hidrofébicas guiaram
= Campo de forca: CHARMM36 ¢ ¢ ¢ g
enovelamento.
. = Software: NAMD . . L .
= Estudar o enovelamento incorreto da = Rga-La=14.5 A; a-La +etanol = 15.2 A; a-La + outros &lcoois = 21.5 A.
: i = Estrutura: 1HFZ . . . , ,
o-La bovina, sua estabilidade e . . = O nimero de H-bonds variou com a proporgao do solvente (agua/alcool). As moléculas
5 . = Tempo de simulagdo: 100 ns , : .

agregacdo na presenca de diferentes . de agua agiram de formas diferentes, como doadores ou receptores nas H-bonds, com

o ) = Temperatura: 25 °C L - . . , (BUCCIARELLI et

trés alcoois monohidratados (MeOH, . pH20 aminodcidos polares. Houve uma competicao entre o &lcool e as moléculas de agua para o al,, 2020)

EtOH, IPA( isopropy!
alcohol/isopropanol)) com comprimento
de cadeia hidrofébica crescente.

= Examinar se o polifenol extraido de
cha-verde (EGCG) se complexava a holo
e apo-La em pH neutro e acido, assim
como observar se ele estabilizaria o
estado de molten globule (MG) da
proteina e como afetaria o sitio de
ligagdo do Ca?*.

= Experimentos in vifro: SAXSs,
Dicroismo Circular, Espectroscopia
de Fluorescéncia e Microscopia.

= Campo de forga; CHARMM27
= Software: NAMD

= Estrutura: 1F6S

= Tempo de simulagéo: 40 ns

= Temperatura: 37 °C

= pH:1,2;25e7,3

= Docking: AutoDock Vina 1.1.2

Experimentos in vitro:
Espectroscopia de fluorescéncia,
dicroismo circular.

estabelecimento de H-bonds.

= |ndependente do tipo de alcool utilizado, a monocamada de solvatagéo teve o nimero
de moléculas de agua reduzido em até 30% com a adigdo de qualquer tipo de alcool.
Porém, observou-se maior propor¢do de moléculas de metanol do que de etanol na
primeira camada de hidratagao.

= EmpH 7,3 a EGCG n&o provocou mudangas na estrutura da apo-La.

= Em condigbes acidas, ambas as estruturas sofreram drasticas alteragbes em sua
estrutura terciaria, assumindo a estrutura tipica de um MG, mantendo parte de suas
estruturas 22as, porém com alteragdo em sua conformagéo nativa.

= Complexada com 0 EGCG a apo-La demonstrou maior estabilidade.

= Aremog&o do Ca2* resultou em um aumento de flexibilidade na regido do sitio ativo, da
hélice H3 e da extremidade C-terminal, com aumento de rigidez na regido das folhas-f.

= No complexo apo-La-EGCG, o ligante estabilizou a regido responsavel por complexar o
Ca?* (removido previamente), indicando que 0 EGCG pode reverter a perda de estabilidade
promovida pela retirada desse cation.

= O residuo Tyr103 mudou sua orientagéo e as interagdes mediadas por moléculas de
agua com os residuos GIn54 e Asn56 foram substituidas por H-bonds diretas resultando,
como consequéncia, em uma separagdo dos dominios a e [ devido a abertura da cavidade
na apo-La. A adigdo do EGCG e sua complexagdo nessa regido provocou o retorno da
cavidade para uma posi¢do mais fechada.

(RADIBRATOVIC et

al., 2019)
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Objetivo

Condigoes de analise

Resultados

Referéncia

= Analisar o efeito de alta pressdo nas
interacbes entre a-La e a antocianina
pelargonidina-3-glucosideo.

= |nvestigar ~a  influéncia  da
isomerizagdo  do  resveratrol  nas
interagbes com diferentes proteinas,
como, por exemplo, a a-La bovina.

= Campo de forca: Amber 99sb-

ildn

= Software: Gromacs

= Estrutura: ndo mencionada
= Tempo de simulagdo: 30 ns
= Temperatura: 25 °C

pH:6,0;7,4;8,0
Docking: AutoDock Vina 1.1.2

= Pressdo: 0.1 100, 300 e 500

MPa

= Experimentos
Espectroscopia de fluorescéncia.
= Campo de forga: Amber 99sb-

ildn

= Software: Gromacs

= Estrutura

. 1F6S

in

vitro:

= Tempo de simulagdo: 100 ns
= Temperatura: 25 °C

= pH:74

= Experimentos
Espectroscopia de fluorescéncia,

dicroismo
antioxidante.

circular

in

e

Docking: AutoDock Vina 1.1.2

vitro:

atividade

= A elevada pressdo aumentou significativamente as constantes de ligagdo a pH 7,4 e
pH8,0.

= A principal pose identificada pelo autor interagiu no sitio de ligagdo do Ca?* e com
residuos de Tyr103 e Trp104, reduzindo a emissao de fluorescéncia.

= Né&o foram observadas alteragées nas alfa-hélices durante as simulagdes, porém alguns
loops se alteraram significativamente com a variagdo de pressao.

= Com o0 aumento da pressdo, houve uma redugéo de Rg, mas com elevada flutuagéo
residual.

= A alta pressdo ndo alterou o sitio de ligagdo da antocianina. As interagées do tipo H-
bonds e -  governaram a formag&o do complexo.

= As cargas parciais dos residuos de histidina tiveram foram afetadas pela variagédo de
pH e pela alta pressao, interferindo diretamente nas interagdes com o ligante, interagdes
essas essencialmente do tipo ligagdes de hidrogénio e hidrofébicas.

= Asimulag&o de dindmica molecular foi executada apenas para preparar a estrutura da
proteina receptora para a etapa de docking.

= Cis-resveratrol se complexou mais favoravelmente na cavidade entre os dominios a e
B, interagindo com residuos Trp60 e Trp104. Uma segunda pose se complexou em outra
regido, mais proxima ao residuo Trp118.

=  Trans-Rrsveratrol se complexou mais favoravelmente proximo ao residuos de Trp104.
A segunda pose mais favoravel se complexou proximo aos residuos de Tyr 36 e Trp118.

= |nteragbes do tipo - 1 com o residuo de Phe31 foram consideradas as principais
interagOes estabilizadoras do complexo com o trans-resveratrol.

(ZOU et al., 2019)

(CHENG
2018)

et

al.,
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Objetivo Condigoes de analise Resultados Referéncia

= Campo de forca: CHARMM27 = O ITC indicou a formag&o termodinamicamente favoravel de interagdes exotérmicas
= Software: Gromacs entre arginina e a-La.
= Estrutura: 1HFX = Né&o foram observadas alteragdes conformacionais significativas durante a dindmica
= Tempo de simulagdo: 100 ns molecular. A estrutura 22 da ALA permaneceu inalterada.
= Temperatura: 60 °C =  Por outro lado, o RDF entre a a-La e as moléculas de arginina, indicou que a arginina

= |nvestigar o mecanismo de agdo da = pH:7,0 interage fortemente com a a-La, por meio de seus grupamentos guanidina, NH3* e COO-. O

L ~ i , " , (KUMAR;
arginina na conformagdo e estabilidade numero de H-bonds calculadas entre os grupos NH3*, COO- e guanidina com a proteina
, : . . . . o - KISHORE, 2014)

da o-La bovina. = Experimentos in vitro:  foram 10, 10 e 44, respectivamente, ressaltando a importancia da guanidina para a
Espectroscopia de fluorescéncia, formagao de complexos Arg- a-La.
dicroismo  circular, calorimetria =  Observou-se que os residuos carregados negativamente Asp e Glu possuiam elevada

= |nvestigar possiveis rearranjos da
estrutura da a-La bovina sem suas
quatro pontes dissulfeto nativas.

exploratoria diferencial, calorimetria
de fitulagdo  isotérmica e
espalhamento de luz dinamico.

= Campo de forga: Gromos53a6
com parémetros de restricdo de
tamanho para as ligagdes dissulfeto
excluidos

= Software: Gromos

= Estrutura: 1HFZ

= Tempo de simulagéo: 20 ns

= Temperatura: 25,79 e 100 °C

= pH: neutro

tendéncia para interagir com o grupo guanidina da arginina, enquanto os residuos
hidrofilicos Asn e GIn possuiam tendéncia intermediaria e os residuos aromaticos como
Phe e Trp baixa tendéncia a interagao.

= A conformagdo nativa foi conservada durante todo o periodo de simulagdo 25 °C. O
valor de RMSD convergiu para aproximadamente 3.8 A,

= A25°C as folhas- e demais a-hélices se mantiveram estaveis.

» Para as temperaturas mais elevadas (79 e 100 °C) a estrutura apresentou grandes
desvios em relagdo & conformagao inicial, com RMSD superiores a 10 A para as duas
temperaturas.

»  Para a temperatura de 100 °C, a estrutura terciaria foi precocemente perdida, entre 5 e
10 ns de simulagao.

Houve uma manutengéo parcial das estruturas secundarias, observadas por meio da
manutenc&o das interagdes de hidrogénio caracteristicas.

Nas temperaturas de 79 e 100 °C, a estabilidade das o-hélices foi drasticamente
reduzida. A hélice H3 foi completamente perdida. As folhas- mostraram elevada
estabilidade, sendo perdidas e reestabelecidas por diversas vezes durante a simulagéo.
Apbs 5 ns de simulag&o o ion de Ca2* deixou a estrutura e ficou livre no solvente.

(SCHMID et
2008)

al.,
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Objetivo Condigdes de analise Resultados Referéncia
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Por meio da Tabela 5 é possivel notar que as simulagdes de dinamica
molecular podem ser utilizadas em um amplo espectro de andlises e com objetivos
diversos para uma mesma proteina. Apenas em relacdo a a-La, as simulacbes de
dindmica molecular foram utilizadas para estudar o seu enovelamento incorreto em
algumas condicbes, sua estabilidade e também mecanismos de agregacao
(BUCCIARELLI et al., 2020); sua habilidade em se complexar a diferentes moléculas,
os locais onde ha maior tendéncia de se formar complexos de acordo com a natureza
do ligante, e como isso afeta sua conformagdo nativa (CHENG et al, 2018;
RADIBRATOVIC et al., 2019); analisar variagbes conformacionais significativas
promovidas por alteragdes em variaveis fisicas do sistema como pressdo (TAREK;
NEUMANN; TOBIAS, 2003; ZOU et al., 2019); investigar a nivel atbmico o mecanismo
de acado de agentes desnaturantes como, por exemplo, a arginina (KUMAR;
KISHORE, 2014); e, até mesmo, analisar como a estrutura se comporta sem suas
quatro pontes dissulfeto quando submetidas a diferentes temperaturas (SCHMID et al.,
2008).

Interessante notar que com o aumento da capacidade de processamento
computacional ao longo dos anos, houve também um aumento da amostragem nos
experimentos de dindmica molecular envolvendo a a-La, com trajetérias de 2 ns em
2003 (TAREK; NEUMANN; TOBIAS, 2003), 20 ns em 2008 (SCHMID et al., 2008) e,
por fim, 100 ns a partir de 2014 (BUCCIARELLI et al., 2020; CHENG et al., 2018;
KUMAR; KISHORE, 2014). Trajetérias maiores podem nos mostrar resultados
melhores para alguns fendmenos que, naturalmente, demandam mais tempo para
acontecer, como, por exemplo, o0 desenovelamento proteico ou mesmo a
desestabilizacdo de suas estruturas secundarias e terciarias até atingir um estado de
molten globule.

3.5.3. Questoes em aberto

Apesar do grande numero de trabalhos referentes as propriedades
tecnolégicas de interface da a-La publicados nos ultimos 30 anos (Tabela 4) e da
grande versatilidade das simulagdes de dinamica molecular, que possuem capacidade
de descrever em detalhes e em nivel molecular o comportamento estrutural de uma
proteina submetida a diferentes condi¢cdes de analise (Tabela 5), ndo se tem, até o
momento, um estudo com esse nivel de profundidade em que o objetivo central seja
compreender as bases moleculares das propriedades tecnoldgicas de interface da a-
La. Acreditamos que as simulagbes de dindmica molecular podem nos auxiliar a
esclarecer alguns questionamentos n&o esclarecidos pelos resultados obtidos nos
trabalhos apresentados na Tabela 4, como, por exemplo: “De que forma a temperatura

e a presenca ou auséncia do cation Ca?* afetaram a termoestabilidade da a-La?”;
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“Conforme indicado pelos experimentos de dicroismo circular, quando submetida a
variacées de temperatura e pH, quais sao as interacdes que se desfazem e resultam
em perdas de algumas estruturas secundarias?”; “Qual a sequencia de alteracées
estruturais promovida por pH e temperatura extremos?”; e, por fim, “Qual a correlagcio

entre tais informacdes e as propriedades tecnologicas de interface da a-La?”.
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Abstract

Hypertension is nowadays one of the major world concems in public health. Several food proteins, among which caseins, can be
substrates for generating peptides with antihypertensive potential. With the increasingly evolution of computational tools, in silico
molecular modeling have gained prominence in studies of protein-ligand complexes in different research fields, such as pharmaceutics
and biochemical engineering. However, the application of such methodologies in food-related research can be considered still embry-
onic. Thus, the central aim of the present work was to apply molecular modelling in order to elucidate the molecular bases of the anti-
hypertensive potential of milk caseins-derived peptides. Firstly, hydrolysates obtained from a controlled trypsinolysis of caseins were
fractioned according to their molecular weight, by ultrafiltration and RP-HPLC. The obtained fractions were evaluated with regard to
their in vitro inhibitory angiotensin-converting enzyme activity (%Iacg). Six chromatographic fractions were identified, and three of
them displayed high ACE-inhibition (F: 80.68%; F;: 79.00%; and F,: 62.44%). Finally, intermolecular interactions networks in
complexes formed between ACE and the identified peptides were assessed through in silico molecular docking. At the molecular
level, a correlation between in vitro and in silico results was found: the peptides FFVAPFPEVFGK (F¢), FALPQYLK (F,, F4) and
ALNEINQFYQK (F;) presented the lowest biding energies and interacted by specific H-bonds, electrostatic and hydrophobic inter-
actions formed within ACE active site S1 residues (Ala354, Glu384, and Tyr 523) and the Zn** coordinated residues (His383, His387,
and Glu411). The fraction Fs, despite its low total peptide concentration, presented a moderate inhibitory activity for ACE (49.2%),
likely due to H-bonds between HQGLPQEVLNENLLR and the active site S1 residues.
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Introduction

Hypertension (HT) is responsible for about 55% of deaths
caused by cardiovascular diseases in the world [1]. This med-
ical condition is usually treated mainly by means of the ad-
ministration of antihypertensive (AH) drugs (e.g., captopril
and enalapril), which not rarely engender undesirable side
effects [2]. In biochemical terms, blood pressure regulation
involves the Renin-Angiotensin System (RAS) and the
Kallikrein-Kinin System (KKS). In these physiological path-
ways, angiotensin-converting enzyme (ACE) plays two roles,
as it: 1) it catalyzes the cleavage of bradykinin, which is a
vasodilator, and ii) catalyzes the conversion of the decapeptide
angiotensin I to angiotensin II, a potent vasoconstrictor. Then,
these two reactions favor the increasing of the blood pressure,
reason why ACE inhibitory compounds of natural origin, such
as peptides, are promising alternatives as coadjuvants and/or
substitutes for classical antihypertensive drugs [3].

Peptides derived from food proteins and, in particular, pep-
tides with inhibitory activity towards ACE (thus being puta-
tive AH compounds), have been obtained from enzymatic
hydrolysis of proteins present in different food materials [3].
Proteins from milk, either whey proteins or caseins, have been
recognized as excellent substrates for generating peptides with
different bioactivities, including ACE inhibitors [4, 5]. Studies
dealing with ACE-inhibitory peptides derived from hydrolysis
of milk caseins can be found [5-7], and the AH activity of
such peptides has been correlated to their relatively small size
(usually from 2 to 20 amino acid residues), but showing dif-
ferences in hydrophobicity and in amino acid sequence [2, §8].

In studies addressing ACE-inhibitory peptides derived from
casein hydrolysis, different proteases and reaction conditions
were applied, forming a great number of peptides in each case
[4]. Hence, due to the complexity of the medium composition,
after such enzymatic hydrolysis reactions strategies for separat-
ing and identifying peptides with real antihypertensive potential
should be judiciously conceived and executed. Classical sepa-
ration and purification methods as ultrafiltration [9] and chro-
matography [10, 11] have been employed, alone or sequentially
combined, as strategies to the enrichment and fractionation of
peptides in casein hydrolysates. The choice of the chromato-
graphic approach should be guided by the relative size, net
electrical charge, and hydrophobicity of targeted compounds
[12]. In spite of the considerably amount of available literature
reports demonstrating the in vitro and/or in vivo ACE inhibition
by casein-derived peptides, in most of them some questions
remain open, such as: “How do these peptides interact with
ACE, at a molecular level, so they are able to inhibit the enzyme
activity?”, “Which specific amino acid residues of the enzyme
catalytic site are involved in the enzyme-inhibitor complex
formation?”, or “What are the predominant intermolecular
interactions in such complexes formation?”. Such questions
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are very hard to address experimentally, and their answers are
often useful guides to select — or even to design — new inhibitors
or substrates for different enzymes, aimed to numerous biotech-
nological applications [13].

In this context, computational molecular docking, which aim
to calculate and predict the most probable structure (or struc-
tures) resulting from the coupling of two or more molecules
[14], emerge as an alternative to clarify these previously placed
questions. Few studies reporting the use of such computational
tools to study peptides/ACE interactions were found. For in-
stance, Garcia-mora et al. [15] and Wang et al. [16] showed that
the C-terminal peptides PGQLQSF, LPILRYL and FLPVLLH;
and YSK, respectively, obtained from casein hydrolysis
interacted with residues belonging to the ACE active sites S1,
S’1 and S2, being stabilized mainly by hydrogen bonds. In
addition, Mirzaei et al. [11] and Lin et al. [17] identified that
the casein peptides LPESVHLDK and VLSTSFPPK; and
PFPGPIPN and KYIPIQ, respectively, interacted with the
Zn** coordinated residues, promoting distortion on their tetra-
hedral geometry and leading to ACE inhibition. Our present
study intended to contribute to this field, and more specifically
it aimed: i) to obtain ACE-inhibitory peptides from a controlled
trypsinolysis bioprocess of bovine caseins, as well as to frac-
tionate and to identify these peptides, and ii) to model the in-
teraction networks of ACE/peptides complexes, through com-
putational molecular docking, in order to identify the specific
intermolecular interactions stabilizing such complexes.

Materials and Methods
Enzymes, Substrates and Other Chemicals

The enzymes used were: trypsin (E.C.: 3.4.21.4 from bovine
pancreas; 10.000 U.mg '; Sigma, USA) and angiotensin I
converting enzyme (ECA from rabbit lung; E.C.: 3.4.15.1;
0.25 U.mg '; Sigma, USA). Their respective substrates were:
pure bovine casein (Synth, Brazil) and N-hippuryl-His-Leu hy-
drate (HHL; Sigma, USA; purity >98%). Matrix assisted laser
desorption (MALDI) matrix x-cyano-4-hydroxycinnamic acid
was furnished by Bruker Daltonics (Bremen, Germany).
Glycerin was purchased from Sigma (USA). Acetonitrile (purity
>99.9%) was bought from Merck (Germany). Dibasic sodium
phosphate (purity >99%), monobasic sodium phosphate (purity
>08%), potassium phosphate (purity >98%), citric acid (purity
>99.5%), sodium chloride (purity >99%), hydrochloric acid
(HCI; purity >37%), and trifluoroacetic acid (TFA;,purity
>09.8%) were obtained from VETEC (Brazil). All solvents were
of high-performance liquid chromatography (HPLC) grade.
Highly purified water (Millipore Inc., Milli-Q, USA; electrical
resistivity ~ 18.2 M{).cm at 25 °C) was used for preparing all
aqueous solutions and buffers.
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Preparation of Bovine Casein Hydrolysates

The casein hydrolysis was carried out based following the
methodology validated in one of our previous works [18]:
briefly, a bovine casein dispersion (20 mg.mL-1) was prepared
in sodium phosphate buffer (0.2 mol.L™") added of citric acid
(0.1 mol.L™") with final pH equal to 8.0. The pH of the reac-
tion medium at about 8.0 ensures high trypsin activity [18].
Furthermore, as the average isoelectric point of caseins is at
pH 4.6 [19], at pH 8.0 their proteins’ chains carry predomi-
nantly negative electric charges, which leads to an increase of
electrostatic repulsion between caseins molecules constituting
the micelles, hence facilitating their contact with trypsin mol-
ecules. To start the reaction, both dispersions were mixed so
that the final enzyme:substrate ratio was 1:150 (w/w). The
hydrolysis was carried out at 37 °C, under magnetic stirring,
for 120 min. After that, trypsin was inactivated by heating the
reaction medium up to 95 °C, for 10 min, using a thermostatic
bath. The medium was then centrifuged (Eppendorf, 5430,
Germany) at 5000 x g for 10 min, and the supernatant was
collected. This reaction was carried out three times, separately,
and the three corresponding hydrolysates (namely H,, H, and
H;) were mixed and stored at 4 °C. Two control experiments
were simultaneously performed under the same reaction con-
ditions: (1) without trypsin (system containing only buffer and
casein) and (2) without casein (system containing only buffer
and trypsin). The casein control (1) intended to ascertain
whether the casein not hydrolyzed by trypsin action or casein
fragments produced independently on the enzymatic hydroly-
sis may have some ACE-inhibitory activity, and the trypsin
control (2) aimed at verifying if peptides occasionally formed
from trypsin self-hydrolysis may have ACE-inhibitory
activity.

Separation of Peptides in Bovine Casein Hydrolysates
by Ultrafiltration

The casein hydrolysates (H) obtained in three independent
reactions of hydrolysis were mixed (H; + H, + H3), and then
subjected to ultrafiltration (UF) followed by reversed-phase
high-performance liquid chromatography (RP-HPLC). The
mixture H; + H, + H; was subjected to a stirred UF cell
(Millipore, Amicon8400, USA) under compressed air
(50 psi), kept refrigerated by an ice bath. Polyethersulfone
membranes (Millipore, Amicon Bioseparations, USA) were
used, firstly a 10 kDa cut-off membrane nominal molecular
weight limit NMWL, PBGC07610) and, then, the obtained
permeate was subjected to another filtration in a 5 kDa cut-off
membrane NMWL (PBCC07610). Prior to use, membranes
were activated by sinking them in 100 mL of distilled water
overnight. The last permeate, containing compounds of mo-
lecular weight inferior to 5 kDa, was freeze-dried (Terroni,
LS3000, Brazil), at =42 °C, under vacuum. The powder

obtained was stored at —20 °C for further purification in
HPLC. The same procedure was applied to casein control,
trypsin control and a blank containing only buffer.

Fractioning of Peptides Permeates by RP-HPLC

A sample of the freeze-dried powder was dispersed in Milli-Q
water (125 mg.mL ") and the dispersion was subjected to two
sequential dilutions, as follows: i) System 1 (S1): 50% (v/v) of
the dispersion (125 mg.mL ") added of 50% (v/v) of 0.2%
(v/v) TFA; ii) System 2 (S2): 10% (v/v) of S1 added of 45%
(v/v) of 0.2% (v/v) TFA and 45% of Milli-Q water. Each
sample (S2) was filtered through a 0.22 pum filter
(Polyvinylidene fluoride, Millipore Corporation, Bedford,
MA, USA) before to perform the reversed phase chromatog-
raphy onto a C4 column using HPLC system (C4-RP-HPLC).
A volume of 100 uL of each sample was loaded into a YMC-
Pack C4 analytical column (250 mm length x 4.6 mm internal
diameter, 5 um particle size, 30 nm porosity; Waters,
Massachusetts, USA), attached to a C4 guard column
(Delta-Pak™ C4 100A, Waters). The column was connected
to a HPLC system (Waters, USA) equipped with a gradient
pump (Binary HPLC Pump, model 25E), a photodiode array
detector (Dual A Absorbance, E05487482M) and a fraction
collector (WFC, Waters, Japan). The column was equilibrated
using the solution A, composed of 0.1% (v/v) TFA in Milli-Q
water. The peptides were eluted at a constant rate of
1 mL.min"" using a gradient formed by mixing solution A
and solution B, composed of 0.1% (v/v) TFA and 80% (v/v)
ACN in Milli-Q water. The elution gradient was: 0 to 15 min,
0% B; 15 to 17 min, 0 to 30% B; 17 to 30 min, 30% B; 30 to
35 min, 30 to 100% B; 35 to 45 min, 100% B; 45 to 47 min,
100% B; and 47 to 55 min, 0% B. The column temperature
was maintained at 23 °C and peptides were detected at the
wavelength of 214 nm. The chromatograms were analyzed
using the Breeze software (Version 3.30 SPA, 2002, Waters
Corporation). In each chromatographic analysis, eluted sam-
ples were collected according to each elution peak. The col-
lected fractions (namely Fy, F»,...F,)) were concentrated under
vacuum using a SpeedVac concentrator (Thermo Electron,
Integrated Speedvac SPD1010-115, Asheville, NC, USA)
and stored at —20 °C.

Assessment of the ACE-Inhibitory Activity of Peptides
of the Chromatographic Fractions

The in vitro ACE-inhibitory activity of peptides present in the
chromatographic fractions was assessed according to an adap-
tation of the methodology previously proposed by Cushman
[20]. Briefly, the method is based on the hydrolytic action of
ACE on the HHL substrate, forming hippuric acid and the
dipeptide His-Leu. In presence of an ACE inhibitor, the rate
of formation of hippuric acid decreases, reducing the value of
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the absorbance at 228 nm. For the ACE inhibition test, 10 pL
of a chromatographic fraction F, was mixed to 25 uL of a
5 mmol.L™' HHL solution, in buffer potassium phosphate
(0.1 mol.L™") added of sodium chloride (0.3 mol.L™") at
pH 8.3. This mixture was incubated at 37 °C in a thermostatic
bath for 5 min. A volume of 5 pL of ACE solution was pre-
pared using 2.5 puL of glycerin and 2.5 uL of water. These
5 uL of ACE solution were added to the precedent mixture
and the resulting system was incubated at 37 °C for 30 min.
After this, 37.5 uL of 1 mol.L™' HCI solution was added in
order to inactivate the enzyme. Hippuric acid formed by ACE
action was extracted by adding 250 pL of ethyl acetate to the
system, which was subsequently submitted to vigorous agita-
tion for 30 s (Vortex, AP56, Brazil). After that, the system was
centrifuged at 3000 x g for 15 min, at 25 °C. The colorless
supernatant (organic phase) containing hippuric acid was col-
lected and the solvent was evaporated by heating at 95 °C for
5 min in a thermostatic bath. The remaining hippuric acid was
dissolved in 200 puL of Milli-Q water, agitated using a vortex
and samples of these solutions were deposited in wells of a 96-
well microtiter plate (180 p1L). The absorbance at 228 nm was
then measured using UV-spectrophotometer (Thermo
Scientific, Multiskan GO 1510, Vantaa, Finland). Each reac-
tion was carried out in three replicates. The average values
were used to calculate the percentage of ACE inhibitory ac-
tivity (%Iacg), as follows:

(Acontrol _Asystem)

9ol =
VIACE |: (Acuntrol _Awhite)

] x 100% (1)

In Eq. (1), Agysiem represents the average absorbance of the
medium containing HHL + ACE+F,;; Aconwol represents the
average absorbance of the medium containing HHL + ACE+
water; and Aypie represents the average absorbance of the
medium containing HHL + HCl + ACE+F,,.

Peptide Identification, Sequencing,
and Characterization by Mass Spectrometry

The chromatographic fractions obtained by C4-RP-HPLC were
vacuum dried and individually subjected to matrix assisted laser
desorption/ionization time-of-flight/time-of-flight (MALDI-
TOF/TOF) analyses, in order to gain detailed information about
the amino acid composition of the peptides. The structural anal-
ysis of peptides was carried out on MALDI-TOF/TOF mass
spectrometer model Ultraflex III (Bruker Daltonics GmbH,
Bremen, Germany) using x-cyano-4-hydroxycinnamic acid as
the matrix (10 mg.mL7l in 50% (v/v) ACN and 0.1% (v/v)
TFA) in a ratio of 1:1 (v/v) (sample:matrix). A sample of a given
fraction F,, was applied onto an polished steel target (MTP 384
SP, Bruker Daltonics). The calibration of the method was con-
ducted using the Peptide Calibration Standard II (Bruker
Daltonics, Germany). Laser energy and the number of shots
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per segment spectrum were manually adjusted. The peaks with
the most intense ions were subjected to fragmentation (MS/MS).
The MSI spectra were acquired in positive ion reflector mode,
recording ions from 500 up to 3500 m/z values. To perform MS2
analyses using the LIFT in the positive mode, ions with intensity
greater than 3000 and mass charge ratio (m/z) of more than
700 Da were selected. The equipment operates with the
FlexControl Software (Version 3.3, Bruker Daltonics,
Germany), being the resulting spectra of MS/MS analyses proc-
essed with the aid of the flexAnalysis software. The peak lists of
MS/MS were generated in Generic Mascot Format (MGF) by
BioTools software (Version 3.2, Bruker Daltonics, Germany).

Peptide identification was confirmed using the MASCOT
software (Version 2.4.0, Matrix Science, London, UK) using a
protein database for the BOVIDAE family obtained as a subset
of the UNIPROT database. The database search parameters in-
cluded no restrictions on the protein molecular weight, maximum
of one tryptic missed cleavage, fixed modifications for carba-
midomethylation of cysteine residues, and variable modifications
for oxidation of methionine residues. The peptide mass tolerance
was 0.2 Da for the precursor ions in MS spectra and 0.5 Da for
the fragment ions in MS/MS spectra. Significant hits for
MASCOT were defined as P value <0.05 for peptides showing
matches using MS/MS ion search. The statistical validation of
results was carried out for score values of p>90% for both
protein and peptides in Scaffold software (Version 3.6.4,
Proteome Software Inc., Portland, OR, EUA) [21].

Molecular Docking Study
Preparation of the Target and Ligands

The crystal structure of human angiotensin converting enzyme in
complex with lisinopril [PDB ID: 1086] [22] was obtained from
the RCSB Protein Data Bank (www.rcsb.org). All water
molecules, the inhibitor lisinopril, and a free glycine molecule
were removed, whereas the cofactors 7Zn>* and chloride anions
were kept in their respective positions within the protein structure.
In order to mitigate the impact of crystal packing effects and to
minimize the absence of solvation in the receptor structure during
the docking, ACE tridimensional structure was submitted to
molecular dynamics simulation using the GROMACS 5.1.4
package [23], equipped with the GROMOS53A6 force field
[24]. The protein was centered in a dodecahedral box using
periodic boundary conditions which was filled with SPC water
models [25]. The system was then minimized through a sequence
of energy minimizations, using steepest descent and conjugate
gradient algorithms [26]. Next, the system was equilibrated for
1 ns in a NVT ensemble in order to reach a temperature
equilibrium of 310 K. After that, the system was then
equilibrated in 1 bar using several short simulations in a NPT
ensemble, to not lose your crystallographic memory, totalizing
15 ns of equilibration, as reported by Poléto et al. [27]. Then, the
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system was submitted to a production run of 50 ns using a 2 fs
timestep. Finally, gmx cluster was applied in order to identify a
centroid conformation which could be used as target in docking
assays. The tridimensional structures of all nine peptides used as
ligands were built manually using Discovery Studio Visualizer
tools (v17.2.0.16349, Dassault Systémes Biovia).

Docking and Scoring Procedures

Docking assays of ACE (receptor) and the nine casein-derived
peptides (ligands) were performed with Autodock Vina, that
works with an optimized score function (hybrid), extracting spe-
cific empirical information from the conformational preferences
of the receptor-ligand complex and experimental information
about the affinity measurements [28]. Residues of ACE active
sites S1, S2 and S’1 were defined as flexible, while docking grid
size was defined with a number of points in X, y and z-dimension
equal to 34, 40 and 42, respectively. The systems were config-
ured with exhaustiveness 64 and a maximum energy range of
2 kcal/mol. The top 20 poses of ligands were submitted to an
analysis on the MolProbity server (http:/molprobity.biochem.
duke.edu/) in order to evaluate their 1\ and ¢ angles using the
Ramachandran plot, aiming at identifying possible false
positives. Among the remaining poses, those with the lowest
energy for each peptide-ACE complex were selected and ana-
lyzed with Biovia Discovery Studio Visualizer (v17.2.0.16349,
Dassault Systémes Biovia), aiming to identify ligand-receptor
interactions, such as hydrogen bonds, hydrophobic, hydrophilic,
electrostatic, and coordination interactions specifically located at
the ACE active sites.
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Fig. 1 Chromatographic profiles obtained using a C4 analytical column
(detection at 214 nm): (a) Blank (containing only buffer), (b) Trypsin
control, (¢) Casein control, and (d) chromatographic fractions obtained

Results and Discussion
Separation and Fractioning of Peptides

In a previous report by our team [29], the highest ACE-
inhibitory activity was observed for casein hydrolysates pro-
duced after 120 min of trypsin-catalyzed hydrolysis in aque-
ous medium. Based on these results, the trypsinolysis of bo-
vine casein was reproduced during 120 min, keeping all the
other reaction conditions unchanged. Firstly, peptides
contained in the hydrolysates were separated based on their
molecular dimensions, by UF. The use of a 10 kDa cut-off
NMWL membrane aimed to retain the trypsin and non-
hydrolyzed casein molecules. Next, the 5 kDa cut-off
NMWL membrane was used to obtain peptides with molecu-
lar weight lower than <5 kDa, since it is one of the typical
features of peptides with high ACE-inhibitory activity [8, 10],
and only this permeate was considered for further investiga-
tions. It is important to emphasize that the same procedure was
applied for the trypsin and casein controls, as well as for a
blank of the reaction (medium containing only buffer). The
RP-HPLC profiles of samples are presented in Fig. 1.

Signals exhibited similarities at the beginning of the chro-
matograms (before 10 min) for all systems, corresponding to
the elution of the salts composing the buffer (desalination
process). The trypsin control chromatogram (Fig. 1b) did not
show any difference when compared with chromatogram of
blank sample (Fig. 1a), pointing out the non-occurrence of
auto-catalyzed hydrolysis of trypsin under the reaction condi-
tions evaluated. Casein control chromatogram (Fig. lc)
displayed some peaks with low amplitude and resolution,
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by bovine casein hydrolysate. Dashed lines represent the % of solvent B
(acetonitrile) in the mobile phase
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compared with that of the casein hydrolysate (Fig. 1d). These
peaks were pooled in three fractions, namely F..;, F.., and
F.c3 (Supplementary Material), collected, concentrated and
then evaluated in relation to ACE inhibition. The values of
9] 5 found for each of them were 1.8%, 17.9% and 5.9%,
respectively. These values can be considered negligible, com-
pared to those regarding the ACE-inhibitory activities mea-
sured for fractions of the casein hydrolysate (Table 1).
Therefore, these results ensure that ACE inhibition identified
in the casein hydrolysate came from the peptides generated
during the casein trypsinolysis.

The fractioning of the peptides in the casein hydrolysate
was performed based on the differences of their hydrophobic-
ity [30], employing a weakly hydrophobic C4 column. A low
hydrophobicity column was chosen according to the predom-
inance of hydrophobic peptides in the casein hydrolysate, as
previously reported [29]. In the chromatogram of the hydro-
lysate obtained from casein trypsinolysis (Fig.1d), one can
note that peptides elution occurred between 22.6 and
25.2 min, under isocratic conditions with 70% solvent A
(0.1% TFA in Milli-Q water) + 30% solvent B (80% in
Milli-Q water). This region of the chromatogram was zoomed,
evidencing six peaks for casein hydrolysate, namely F;-Fq
(Fig. 1d). The fractions corresponding to each of these peaks
were collected separately, concentrated and evaluated regard-
ing their ACE inhibitory activity. Fractions F; e F, had the
highest values for %Iacg (80.7%, and 79.0%, respectively),
whereas fraction Fs showed the lowest value (16.3%)
(Table 1). In terms of process efficiency, the fractions Fy, F,
F, and F¢ were those containing larger amounts of peptides,

Table 1

contrarily to F3 and Fs, as indicated by the % peak areas
(Table 1). Overall, the RP-HPLC protocol applied in this study
was proven highly efficient in fractioning of peptides derived
from casein trypsinolysis and, simultaneously, conserving
their putative AH potential.

Identification and Molecular Characterization
of Peptides

As presented in Table 1, a total of nine peptides were identi-
fied. The presence of more than one peptide in most of frac-
tions (Fy, F3, F4, Fs, and F¢), even with the use of a C4 col-
umn, may be indicative that the relative hydrophobicity of
peptides in a same fraction is similar. If only fractions contain-
ing one peptide were strictly desired, two sound options of
adjustment of the fractioning protocol here proposed could
be proposed: i) the application of a non-isocratic elution be-
tween 22.60 and 25.20 min, or ii) to re-chromatograph each
fraction separately.

In fraction F; the existence of missed cleavage
(HPIKHQGLPQEVLNENLLR) was observed. The presence
of this peptide may be due to a reaction kinetics feature, i.e.,
the reaction time was not long enough to this cleavage to occur
[29]. Fraction Fg4 contained a peptide derived from a non-
specific cleavage (PFPEVFGK). This peptide may have been
formed by a protein fragmentation induced not by the regio-
selective catalytic action of trypsin, but by other non-
enzymatic factor, such as agitation, temperature or a conjoint
effect of both. For all of other identified peptides, the hydro-
lysis occurred at expected positions of the caseins chains,

Values of percentage of ACE-inhibitory activity in vitro, area percentage relative to the sum of the areas of all peaks, amino acid sequences and

hydropathy values of peptides contained in chromatographic fractions (F, to Fe) of the bovine casein hydrolysate

Chromatographic ~ ACE-inhibitory activity Peak area Observed mass Amino acid Hydropathy Originated From”
fraction in vitro (%lacg) (%) (m/z ratio) sequence value (GRAVY)®
F, 80.7 339 1195.678 NAVPITPTLNR ® —0.164 Xgp-casein
1367.720 ALNEINQFYQK* —0.891 Xgp-casein
F, 79.0 21.2 979.578 FALPQYLK" 0.237 Xgp-casein
F; 49.2 4.4 1759.931 HQGLPQEVLNENLLR" —0.753 Xgp-casein
2235.229 HPIKHQGLPQEVLNENLLR” —0.816 g 1-casein
F, 62.4 12.4 979.500 FALPQYLK B 0.237 Xgo-casein
1759.957 HQGLPQEVLNENLLR" —0.753 Xg-casein
Fs 16.3 32 1251.670 YIPIQYVLSR? 0.400 k-casein
1759.912 HQGLPQEVLNENLLR" -0.753 ot -casein
Fs 478 25.0 920.442 PFPEVFGK* —-0.150 xg-casein
1267.678 YLGYLEQLLR" 0.070 Xg-casein
1384.716 FFVAPFPEVFGK” 0.867 otg-casein

A Sequence validated by Scaffold

B Sequence validated by manual “de novo” method

€ Values calculated using the ProtParam tool, available at: http:/web.expasy.org/protparam

D Data obtained using search engines of MASCOT

@ Springer

96


http://web.expasy.org/protparam

Food Biophysics

— Nt At V—— P = | —— T~ P—— T—— L—— N—— R— “hy “r
a1250—R—'—N—‘—L—°—T—°—P——T—|——P—'—v——A-—N—' lons m/z | Sequence | m/z fons
1000 b1 p2 b3 b4 b5 3 b1 115 N 1195
I | A O A N b2 | 186 A 1081 | y10
. 750 | | \ b3 | 285 Vv 1010 | y9
S y2 y3 y4 U . v ' y10
= 1 | | R b4 | 382 P 911 | y8
500 LT §F 11 b5 | 495 i 814 | y7
250 m % L ‘ l l Y ) b6 | 596 T 701 | y6
! 4 ‘ LW‘ % ik WL b7 | 693 P 600 | y5
0 A WW \‘“ MW\S’? ol .JQJIA“'MM.JMLWH*.,,,,4\_,%, b8 | 794 T 503 | y4
200 400 600 800 1000 1200 | b9 | 907 L 402 | y3
m/z | b10 [ 1021 N 289 | y2
1195 K 175 | y1
“b’, “y"
b — F—A—1L P Q Y L K— ) m/z | Sequence | miz | _
2.5 ions ions
— K— L Y Q P L—A—F——
2.0 b1 | 148 F 979
= b1 b2 b3 b4 b5 b6 b7 b2 | 219 A 832 | y7
=K | ! ' ! | | b3 | 332 L 761 | y6
2 b4 | 429 P 648 | y5
5 1.0 vt y2 3 ¥s y 8 ¥f b5 | 557 Q 551 | ya
© Y Y \ \ vy b6 | 720 Y 423 | y3
0:5 b7 | 833 L 260 | y2
ooleta b bt L LN L b ad ] 979 K 147 | y1
100 200 300 400 500 600 700 800 900 1090
m/z

Fig.2 Mass spectra (MS/MS) referent to peptides whose amino acid composition and sequence was determined by de novo sequencing in manual mode:
(a) NAVPITPTLNR (Fraction F; m/z=1195.6) and (b) FALPQYLK (Fraction F4; m/z=979.5)

according to the well-known catalytic regioselectivity of tryp-
sin [31]. For the peptides NAVPITPTLNR (Fraction F;) and
FALPQYLK (Fraction F,), identified in MASCOT, the MS/
MS data were evaluated by manual de novo sequencing
(Fig. 2a-b). For the remaining peptides depicted in Table 1,
mass spectra can be found in Supplementary Material.

As the proportion of «s1-, «xs2-, 3- and k-casein in bovine
casein micelles is about 3:1:3:1, respectively [32], it would be
reasonable to expect a greater proportion of peptides generat-
ed from asl-casein and (3-casein. However, the majority of
generated peptides were derived from asl-casein (five pep-
tides) and «s2-casein (three peptides); only one peptide was
formed from k-casein, and any peptide derived from (3-casein
was detected in the hydrolysate (Table 1). Given these find-
ings, one can infer that the proportion of each casein fraction
in the casein micelle is not the determining factor in the nature
of the produced peptides, but rather their amino acid sequence
and their location within the micelle structure. In fact, the
lysine (Lys) contents in «s1- and «s2-fractions is higher than
those of 3- and k-caseins (see their primary amino acid
sequences in Supplementary Material). Moreover Lys and
Arg residues along the polypeptide (3-casein chain are more
spaced than in the other casein fractions, which indeed points
out the trend of (3-casein to form large peptides when

undergoing trypsinolysis. Such larger peptides (> 5 kDa) that
may have been formed from (-casein were likely to be
retained during the membrane filtration step. At the same time,
the location of (3-casein fraction (predominantly in the core of
casein micelles) may have limited, or even precluded, its
physical contact with the trypsin molecules, which also cor-
roborates the absence of hydrolysis products from (3-casein in
the chromatographic fractions. The amino acid sequence of all
peptides identified (Table 1) was compared with fragments
predicted in an in silico trypsinolysis test (Supplementary
Material), and results showed that 7 predicted peptides, among
the 9 identified in this study, were compatible with the known
regioselectivity of trypsin in hydrolysis of as1-, as2-, 3- and
k-caseins [31]. This result confirms the accuracy of MALDI-
TOF/TOF in identifying the peptides generated in the hydro-
lysis bioprocess here studied.

Finally, the peptides hydropathy indexes (GRAVY; Grand
Average of Hydropathy), in which positive values are corre-
lated to a predominant hydrophobic character of an amino acid
or polypeptide chain [33], were also evaluated (Table 1). The
GRAVY values did not reveal any clear correlation between
peptide hydrophobicity and ACE inhibitory activity. In other
words, fractions containing more hydrophobic peptides did
not necessarily present higher %I, g, or vice-versa.

@ Springer

97



Food Biophysics

Molecular Docking Study

Prior to docking of peptides within, a careful relaxation of the
ACE crystal structure in an aqueous environment was carried
out. The RMSD considering all non-hydrogen atoms between
the crystal structure and the relaxed structure was only 1.789 A,
indicating a successful relaxation procedure. Thus, the centroid
of all sampled structures was taken as target in computational
docking assays. Computational docking of all nine peptides ex-
perimentally identified was performed within the catalytic cleft
[34, 35] of this enzyme. In the crystal structure of ACE (PDB ID:
1086), there was a lysinopropyl molecule docked within this
cavity, interacting with the sites S1, S2, and the zinc coordinated
residues [22]. As reported by Wu et al. [34], the main interacting
residues at the ACE active site are divided into three pockets (S1,
S2 and S’1). The S1 pocket includes Ala354, Glu384 and Tyr523
residues, the S’1 pocket contains only the Glul62 residue, and
the S2 pocket includes GIn281, His353, Lys511, His513 and
Tyr520 residues. Furthermore, ACE has a zinc ion (Zn*) which
is coordinated with His383, His387 and Glu411 residues and is
considered an active site as well [35].

In order to select those conformations that best anchored to
the ACE catalytic site, we used the information of binding
energy estimation of each pose, together with the evaluation
of ¢ and ¢ dihedral angles through Ramachandran plots, in
order to eliminate poses with low probability torsions. The
interaction scores, as well as the ACE sites residues interacting
with the peptides are summarized in Table 2. Molecular
docking calculations revealed that FFVAPFPEVFGK peptide
(F¢) presented the lower binding energy (—9.7 kcal/mol) and
interacted with S1 ACE active site (Tyr523) and a Zn** coor-
dinated residue (His383) (Fig. 3), despite the fact that F¢ pre-
sented poor ACE inhibition capacity (Table 1). Maruyama

et al. [36] and Yamada et al. [30] also observed the conserva-
tion of the sequence FFVAPFPEVFGK after enzymatic hy-
drolysis of casein. However, these authors did not reported
high ACE inhibitory capacity for this peptide, which present-
ed ICsq equal to 77 uM and 52 uM, respectively. Hence, we
hypothesize that FFVAPFPEVFGK concentration in Fg was
considerably low in relation to the other two peptides in the
same fraction, thus yielding a low ACE inhibitory capacity.
Some peptides from fractions with high in vitro inhibitory
capacities (namely, Fy, F,, and F,;) presented low binding energies
as well, especially FALPQYLK (-9.2 kcal/mol) and
ALNEINQFYQK (-9.1 kcal/mol) (Table 2). Fig. 3 highlights a
similar N- and C-terminal orientation for these two peptides,
while occupying the same tridimensional space within ACE
pocket, interacting mostly with S1 active site and the Zn com-
plexed residues. The peptide FALPQYLK was found by Lopez-
Exposito et al. [37] and Tauzin et al. [38] after enzymatic hydro-
lysis of «s,-casein, and also presented high ACE inhibitory ac-
tivity (about 86%), with ICso equal 11.9 uM and 4.3 uM, respec-
tively. On the other hand, peptide ALNEINQFYQK was also
found by Tauzin et al. [38], but presented a ICsy of 264 uM,
leading us to think that its concentration was quite high in F;.
Although the relationship between structural properties of
peptides and their ACE inhibitory activity is still controversial
in literature, it has been suggested that two peptides features are
correlated to their ACE inhibition property: i) short peptide
length (2 to 12 amino acids residues), and #i) high content of
hydrophobic amino acid residues [8, 12]. The presence of posi-
tively or negatively charged residues near the C and N-terminal
extremities also appears to contribute to the ACE activity inhibi-
tion [39]. In fact, the chromatographic fractions with greater
9Yolack (Fy, F, and F,, with respectively 80.7% 79.0% and
62.4% of %l scE) contained the peptides ALNEINQFYQK and

Table2 Complex ACE-peptides binding energy (kcal/mol) obtained by molecular docking and informations about interactions involved the peptides
and ACE residues from S1, S2 and S’1 active sites and coordinates with Zn(II)
Peptide Fraction Binding Interaction ACE residue Active Site Peptide residue Interaction  H-bonds
Energy (kcal/mol) Type distance (A) angles (degrees)
FFVAPFPEVFGK Fe -9,7 Hydrogen bond Tyr523 S1 Ala4 2.6 1555
Hydrogen bond His383 Zn?* Ala4 22 138.5
Hydrophobic ~ His383 Zn*t Ala4 3.6 -
FALPQYLK Fp, Fy -9.2 Hydrogen bond Ala354 S1 Phel 22 149.0
Hydrogen bond Glu384 S1 Ala2 2.8 101.2
Hydrogen bond Glu411 Zn*t Ala2 2.8 132.6
ALNEINQFYQK F, -9.1 Hydrogen bond Tyr523 S1 Alal 2.0 142.6
Hydrophobic ~ His383 Zn?* Alal 39 -
Hydrogen bond His387 Zn** Glu4 2.8 128.2
PFPEVFGK Fe -89 - - - - - -
YLGYLEQLLR Fe -89 Hydrogen bond Glu384 S1 Tyrl 2.5 128.7
HQGLPQEVLNENLLR F3, F4, Fs =87 Hydrogen bond Ala354 S1 Pro5 2.8 107.1
Hydrophobic ~ Ala354 S1 Leu4 32 -
Hydrogen bond Tyr523 S1 GIn6 23 126.7
YIPIQYVLSF Fs -8.7 - - — - - -
NAVPITPTLNR F, =78 - - - - - -
HPIKHQGLPQEVLNENLLR F; 6,9 - - - - - -
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Fig. 3 Peptides FFVAPFPEVFGK, FALPQYLK and ALNEINQFYQK
docked within the ACE catalytic pocket: first column: ACE pocket
containing the peptides; second column: 3D view of ACE amino acid
residues interacting directly with the docked peptides; third column:

FALPQYLK, which share these structural features: both
ALNEINQFYQK and FALPQYLK contain residues Lys at their
C-terminal end, which interacts with ACE residues Tyr62,
Aspl21 and Glul23, by electrostatic interactions and hydrogen
bonds (Fig. 3). On the other hand, the large peptide
HQGLPQEVLNENLLR got our attention. Although it is formed
by 15 amino acid residues, one can hypothesize that it was the
main responsible for the ACE inhibitory activity presented by F;
(49.2%). Indeed, compared to the other peptide in fraction F3
(HPIKHQGLPQEVLNENLLR), HQGLPQEVLNENLLR
showed lower binding energy. Additionally, it formed two H-
bonds with S1 active site residues — peptide-Pro5:ACE-Ala354
(2.8 A;107.1°) and peptide-GIn6:ACE-Tyr523 (2.3 A; 126.7°) —
whereas no H-bond was detected between
HPIKHQGLPQEVLNENLLR and ACE active sites (Table 2).

For the peptide FALPQYLK, the C-terminal region is stabi-
lized by four electrostatic interactions and two hydrogen bonds.
Another electrostatic interaction that possibly contributes to the
stability of the complex formed with this peptide is observed
between the carboxylic acid of peptide Lys8 and the ACE residue
Lys118. For ALNEINQFYQK peptide, similarly, electrostatic
interactions between the Lys11 at the peptide C-terminal extrem-
ity and ACE residue Tyr62 also appears to contribute to the

schematic 2D depiction of these interactions (hydrogen bonds are
depicted as green dashed lines; electrostatic interactions, as orange
dashed lines; hydrophobic interactions, as purple dashed lines)

complex stability. Similar behavior was observed by other au-
thors, as for instance Mirzaei et al. [11], who showed that the
positively charged 3-amine group in lysine at the N or C-terminal
extremities and the presence of aspartic and glutamic acids in the
peptide sequence may contribute to ACE inhibitory activity.
Seemingly, lysine is the charged amino acid predominant in
ACE-inhibitory peptides, as some recent studies have shown in
other peptides with ACE inhibition capacity as FPGPIPK and
IPPK [40], LPESVHLDK and VLSTSFPPK [11], KYIPIQ[17],
and NMAINPSK [7].

A consensus among different researchers is related to the
importance of the hydrogen bonds in the stabilization of the
peptide within the ACE catalytic cavity [7, 15]. The
FALPQYLK peptide interacted with ACE through seven hydro-
gen bonds, three of which involving S1 residues Ala354 and
Glu384, and zinc complex residue Glu411 (Fig. 3). Their respec-
tive lengths were 2.19, 2.80 A and 2.77 A. For
ALNEINQFYQK, a network of seven hydrogen bonds was also
observed (Fig. 3), and two of them involve the same ACE actives
sites: one with the Tyr523 (1.96 A) from the S1 active site, and
one with His387 (2.80 A), which coordinates the Zn>* cation.
The hydrogen bonds formed between these two peptides and the
ACE active sites presented lengths lower than 3.5 A. According

@ Springer

99



Food Biophysics

to [41, 42], it characterize strong and stable H-bonds that possibly
contribute to the stability of the peptides within the enzyme cat-
alytic cavity and, as consequence, the maintenance of their inhib-
itory capacity. Another feature reported in previous studies is the
tyrosine presence in the third position starting from the C-
terminal residue [43]. In particular, it has been reported that Tyr
residues of peptides can favorably interact with amino acid res-
idues present in the catalytic cleft of ACE through both hydrogen
bonds and 7t-7t interactions [12]. In our study, as highlighted in
Fig. 3, Tyr residues in the third position relative to the C-terminal
extremities, in both peptides, interact with ACE through hydro-
phobic interaction and electrostatic interactions. In addition, sev-
eral authors have documented that interactions between a ligand
and the ACE residues His383, His387 and Glu411 may lead to
the distortion of tetrahedrally-coordinated 7n>* and, as a conse-
quence, enhance the deactivation of the ACE catalytic activity
[34, 35]. In our study, such interactions were identified for
FALPQYLK, with ACE-Glu411 acting as an H-acceptor in an
H-bond (2.77 A) with Ala2 (Fig. 3), and for ALNEINQFYQK,
with ACE-His383 potentially performing a hydrophobic interac-
tion (3.91 A) with the methyl group of Alal from the peptide
through ACE-His383 pi-orbital, and ACE-His387 acting as H-
donor in a H-bond (2.80 A) with the Glu4 (Fig. 3).

In summary, our molecular docking studies indicated
that the higher %I cg values for F;, F, and F4 chro-
matographic fractions may be attributed to the presence
of FALPQYLK and ALNEINQFYQK peptides, because
they interacted with both the Zn** coordinated residues
and S1 active site residues. The F; fraction, despite its
low total peptide concentration, presented %Iscg about
49%, which can be attributed to H-bonds formed be-
tween HQGLPQEVLNENLLR and the active site S1
residues. However, in order to verify such hypothesis,
further experimental studies would be required. Such
studies should focus on: i) to synthetize in vitro sepa-
rately the nine peptides found in fractions F;-Fg; ii) to
measure the %I cg of each of them at the same molar
concentration.

Conclusions

In this study, bovine caseins-derived peptides, obtained from
a trypsinolysis bioprocess, presented different ACE-inhibition
capacity, varying from 16.3% to 80.7%. The fractions with
higher ACE activity inhibition, namely F;, F,, and F,, contained
the peptides FALPQYLK (F,, F4;) and ALNEINQFYQK (F/).
These peptides showed the second and third lowest binding en-
ergies, according to in silico molecular docking analyses. Such
analyses also revealed that their H-bonds involving the ACE
catalytic site S1 residues (Ala354, Glu384, and Tyr 523), as well
as those involving the ACE 7Zn>*-coordinated residues (His383,
His387, and Glu411) were the main intermolecular interactions

@ Springer

related to the ACE inhibition by the peptides FALPQYLK and
ALNEINQFYQK. Furthermore, the presence of a Lys residue at
its C-terminal extremity and a Tyr residue in the third position
starting from the C-terminal extremity were more clearly corre-
lated to the ACE inhibition capacity of a given peptide than its
overall hydrophobicity (in terms of the hydropathy index). The
fraction F5 presented a moderate ACE inhibitory activity, likely
due to H-bonds between HQGLPQEVLNENLLR and the active
site S1 residues. Results here reported provided a rational under-
standing, at the molecular level, for the ACE inhibition by pep-
tides derived from the trypsinolysis of caseins. Such knowledge
has strategic scientific relevance, as it can be taken as one depar-
ture point for the de novo design of new ACE inhibitors (putative
anti-hypertensive compounds).

Acknowledgements We are grateful to BIOAGRO-UFV, NuBioMol-
UFV and UFV Computational Cluster for providing the facilities for
carrying out the experiments, and to Brazilian agencies CAPES, CNPq,
FAPEMIG, FINEP, FUNARBE and SisNANO/MCTI, for the financial
support. Ms. M.R. Oliveira and Ms. T.J. Silva are especially grateful to
CNPq for their scholarships.

Compliance with Ethical Standards

Conflict of Interest The authors declare no conflict of interest.

References

1. World Health Organization (WHO): http://www.fao.org/3/
ACI911E/AC911E00.htm. Accessed 25 Jan 2019

2. J. Torruco-Uco, L. Chel-Guerrerob, A. Martinez-Ayala, G. Davila-
Ortiz, D. Betancur-Ancona, LWT - food Sci. Technol. 42, 1597 (2009)

3. Z.F. Bhat, S. Kumar, H.F. Bhat, Crit. Rev. Food Sci. Nutr. 57, 566
(2015)

4. M.R. De Oliveira, T.J. Silva, E. Barros, V.M. Guimaraes, M.C.
Baracat-Pereira, M.R. Eller, J.S. dos Coimbra, E.B. De Oliveira,
Appl. Biochem. Biotechnol. 185, 884 (2018)

5. E.C. de Souza Jr, J.S. dos Coimbra, E.B. de Oliveira, R.C.F.
Bonomo, J. Chromatogr. B 973, 84 (2014)

6. F.G. Amorim, L.B. Coitinho, A.T. Dias, A.G.F. Friques, B.L. Monteiro,
L.C.D. de Rezende, TM.C. Pereira, B.P. Campagnaro, E. De Pauw,
E.C. Vasquez, L. Quinton, Food Chem. 282, 109 (2019)

7. M. Tu, C. Wang, C. Chen, R. Zhang, H. Liu, W. Lu, Food Chem.
256, 98 (2018)

8. R.J.S. Castro, H.H. Sato, Food Res. Int. 74, 185 (2015)

X. Lan, D. Liao, S. Wu, F. Wang, J. Sun, Z. Tong, Food Chem. 182,
136 (2015)

10.  O. Abdelhedi, R. Nasri, L. Mora, M. Jridi, F. Toldra, M. Nasri, Food
Chem. 239, 453 (2018)

11. M. Mirzaei, S. Mirdamadi, R.M. Ehsani, J. Food Drug Anal. 26,
696 (2018)

12.  A. Shi, H. Liu, L. Liu, H. Hu, Q. Wang, B. Adhikari, PLoS One 9,
23 (2014)

13.  T.M. Menezes, S.M.V. de Almeida, R.O. de Moura, G. Seabra, C.A.
de Lima, J.L. Neves, Int. J. Biol. Macromol 122, 289 (2019)

14. D.B. Kitchen, H. Decornez, J.R. Furr, J. Bajorath, Nat. Rev. 3, 935
(2004)

100


http://www.fao.org/3/AC911E/AC911E00.htm
http://www.fao.org/3/AC911E/AC911E00.htm

Food Biophysics

15.

16.

17.
18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

P. Garcia-mora, M. Martin-martinez, M.A. Bonache, M. Angeles,
R. Gonzéalez-muniz, E. Pefias, J. Frias, C. Martinez-villaluenga,
Food Chem. 221, 464 (2017)

X. Wang, H. Chen, X. Fu, S. Li, J. Wei, LWT - food Sci. Technol.
75, 93 (2017)

K. Lin, L. Zhang, X. Han, D. Cheng, J. Funct. Foods 32, 266 (2017)
S.C. Cheison, J. Brand, E. Leeb, U. Kulozik, Agric. Food Chem.
59, 1572 (2011)

G.W. Hofland, M. Van Es, L.A.M. Van Der Wielen, G. Witkamp,
Ind. Eng. Chem. Res. 38, 4919 (1999)

D.W. Cushman, H.S. Cheung, Biochem. Pharmacol. 20, 1637 (1971)
A. Keller, A. 1. Nesvizhskii, E. Kolker, and R. Acbersold, 74, 5383
(2002)

R. Natesh, S. L. U. Schwager, E. D. Sturrock, and K. R. Acharya,
421, 551 (2003)

J.M. Abraham, T. Murtola, R. Schulz, S. Pall, J.C. Smith, B. Hess,
E. Lindahl, SoftwareX 1-2, 1 (2015)

C. Oostenbrink, A. Villa, A.E. Mark, W.F. Van Gunsteren, J.
Comput. Chem. 25, 1656 (2004)

H.J.C. Berendsen, J.R. Grigera, T.P. Straatsma, J. Phys. Chem. 91,
6269 (1987)

E.B. De Oliveira, C. Humeau, L. Chebil, E.R. Maia, F. Dehez, B.
Maigret, M. Ghoul, J.-M. Engasser, J. Mol. Catal. B Enzym. 59, 96
(2009)

M.D. Poléto, M.P. Alves, R. Ligabue-braun, M.R. Eller, A.F. de
Carvalho, Food Chem. 286, 309 (2019)

O. Trott, A.J. Olson, Wiley Period. 31, 455 (2010)

29. E.C. de Souza, J.S.D.R. Coimbra, E.B. de Oliveira, R.C.F.
Bonomo, J. Chromatogr, B. Analyt. Technol. Biomed. Life Sci.
973C, 84 (2014)

30. A. Yamada, T. Sakurai, D. Ochi, E. Mitsuyama, K. Yamauchi, F.
Abe, Food Chem. 172, 441 (2015)

31. R.J. Bazan, J.F. Fletterick, Virology 171, 637 (1989)

32.  T. Aoki, Y. Kako, T. Imamura, J. Dairy Res. 53, 53 (1986)

33. J. Kyte, J. Doolittle, Mol. Biol. 157, 105 (1982)

34. Q. Wu,J. Jia, H. Yan, J. Du, Z. Gui, Peptides 68, 17 (2015)

35. A.S.Pina, A.C.A. Roque, J. Mol. Recognit. 22, 162 (2009)

36. S. Maruyama, H. Mitachi, H. Tanaka, N. Tomizuka, H. Suzuki,
Agric. Biol. Chem. 51, 1581 (1987)

37. 1. Lopez-Exposito, A. Quirds, L. Amigo, L. Recio, Lait 87, 241 (2007)

38. J. Tauzin, L. Miclo, J. Gaillard, FEBS Lett. 531, 4 (2002)

39. RJ. Fitzgerald, B.A. Murray, D.J. Walsh, J. Nutr. 134, 980S (2004)

40. M. Abdel-hamid, J. Otte, C. De Gobba, A. Osman, Int. Dairy J. 66,
91 (2017)

41. A.T. Girgih, R. He, R.E. Aluko, J. Agric. Food Chem. 62, 4135
(2014)

42. P.Li, J. Jia, M. Fang, L. Zhang, M. Guo, J. Xie, Process Biochem.
49, 898 (2014)

43. J. Tauzin, L. Miclo, G. Jean-luc, FEBS Lett. 531, 4 (2002)

Publisher’s Note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

@ Springer

101



102

CAPITULO 3.

Structural and molecular bases of angiotensin-converting enzyme
inhibition by bovine casein-derived peptides: an in silico molecular
dynamics approach

Este capitulo encontra-se publicado em:

De Oliveira, T.V., Guimaraes, A.P., Bressan, G.C., Maia, E.R., Coimbra, J.S.R, Poléto, M.P.,
De Oliveira, E.B. (2020). Structural and molecular bases of angiotensin-converting enzyme
inhibition by bovine casein-derived peptides: an in silico molecular dynamics approach.
Journal of Biomolecular Structure and Dynamics.

DOI: 10.1080/07391102.2020.1730243.



JOURNAL OF BIOMOLECULAR STRUCTURE AND DYNAMICS
https://doi.org/10.1080/07391102.2020.1730243

Taylor & Francis
Taylor &Francis Group

‘ W) Check for updates‘

Structural and molecular bases of angiotensin-converting enzyme inhibition
by bovine casein-derived peptides: an in silico molecular dynamics approach

Thomés Valente De Oliveira®, Ana Paula Guimaraes®, Gustavo Costa Bressan®, Elaine Rose Maia®, Jane Sélia dos
Reis Coimbra® (®, Marcelo Depdlo Poléto® and Eduardo Basilio De Oliveira®

Departamento de Tecnologia de Alimentos (DTA), Universidade Federal de Vicosa (UFV), Vicosa, MG, Brazil; "Departamento de Quimica
(DEQ), Universidade Federal de Vicosa (UFV), Vicosa, MG, Brazil; “Departamento de Bioquimica e Biologia Molecular (DBB), Universidade
Federal de Vicosa (UFV), Vicosa, MG, Brazil; YLaboratério de Estudos Estruturais Moleculares (LEEM), Instituto de Quimica, Universidade de
Brasilia, Brasilia, DF, Brazil; ®Departamento de Biologia Geral (DBG), Universidade Federal de Vigosa (UFV), Vicosa, MG, Brazil

Communicated by Ramaswamy Sarma

ABSTRACT

The angiotensin-converting enzyme (ACE) plays a key role in blood pressure regulation process, and
its inhibition is one of the main drug targets for the treatment of hypertension. Though various pepti-
des from milk proteins are well-known for their ACE-inhibitory capacity, research devoted to under-
stand the molecular bases of such property remain scarce, specifically for such peptides. Therefore, in
this work, computational molecular docking and molecular dynamics calculations were performed to
enlighten the intermolecular interactions involved in ACE inhibition by six different casein-derived pep-
tides (FFVAPFPEVFGK, FALPQYLK, ALNEINQFYQK, YLGYLEQLLR, HQGLPQEVLNENLLR and NAVPITPTLNR).
Two top ranked docking poses for each peptide (one with N- and the other C-terminal peptide
extremity oriented towards the ACE active site) were selected for dynamic simulations (50 ns;
GROMOS53A6 force field), and the results were correlated to in vitro ACE inhibition capacity. Two
molecular features appeared to be essential for peptides to present high ACE inhibition capacity in
vitro: i) to interact with the S1 active site residues (Ala354, Glu384, and Tyr523) by hydrogen bonds; ii)
to interact with Zn*" coordinated residues (His383, His387, and Glu411) by short-lenght hydrogen
bonds, as observed in the cases of ALNEINQFYQK (IACE = 80.7%), NAVPITPTLNR (IACE = 80.7%), and
FALPQYLK (IACE = 79.0%). Regardless of the temporal stability of these strong interactions, they pro-
moted some disruption of Zn*" tetrahedral coordination during the molecular dynamics trajectories,
and were pointed as the main reason for the greatest ACE inhibition by these peptides. On the other
hand, peptides with intermediate inhibition capacity (50% < lace < 45%) interacted mainly by weaker
interactions (e.g.: electrostatic and hydrophobic) with the Zn®*" coordinated residues, and were not
able to change significantly its tetrahedral coordination structure. These findings may: i) assist the dis-
crimination in silico of “good” and “bad” ACE-inhibitory peptides from other food sources, and/or ii)
aid in designing de novo new molecules with ACE-inhibitory capacity.
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1. Introduction for natural ACE inhibitors has become a prominent research
field and compounds such as foods proteins and peptides
derived from their hydrolysis have been investigated.
(Abdel-Hamid, Otte, De Gobba, Osman, & Hamad, 2017;
Wang, Chen, Fu, Li, & Wei, 2017; Xue et al., 2018).

One of the mechanisms that plays a crucial role in the
control of blood pressure involves the renin-angiotensin sys-
tem (RAS), in which renin is released by the kidneys when
the pressure drops to very low values aiming to help to raise

Raised blood pressure, commonly called hypertension (HT),
is a major global public health problem, being greatly
responsible for the occurrence of heart attacks, kidney
dysfunction and strokes. The number of people affected by
hypertension has almost doubled over the past 40years,
and, in 2015, there were 1.13 billion people worldwide
living with high blood pressure (NCD Risk Factor
Collaboration, 2017). Once hypertension is detected, the

use of anti-hypertensive (AH), among which several are ACE
(angiotensin-converting enzyme) inhibitors (e.g. captopril,
benazepril and enalapril) or body fluid homeostasis
regulators (e.g. family of kinases with-no-lysine) (Jonniya &
Kar, 2019) is needed. Often, such drugs trigger undesirable
side effects such as dry cough, angioedema, and even
fetotoxicity (Patel, Rauf, Khan, & Abu-lzneid, 2017).
Therefore, to help treating high blood pressure, the search

the pressure (Patel et al., 2017; Tavassoli, Taghdir, & Ranjbar,
2018). In biochemical terms, when blood pressure drops,
kidneys release renin enzyme that acts on another plasma
protein called “renin substrate”, releasing the peptide angio-
tensin I. The angiotensin | is converted to angiotensin Il
through a reaction catalyzed by the angiotensin-converting
enzyme (ACE). Once in the bloodstream, angiotensin Il raises
blood pressure by vasoconstriction, and acts on kidneys by
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Figure 1. ACE active site containing the tetracoordinated Zn>* cation.

decreasing the salt and water excretion, increasing the vol-
ume of the extracellular fluid, thus resulting in a rise of the
blood pressure. Therefore, ACE inhibitors can prevent the
conversion of angiotensin | to angiotensin Il, yielding an anti-
hypertensive effect (Carey, 2015; De Oliveira et al., 2018;
Tavassoli et al., 2018).

ACE is a dipeptidyl carboxypeptidase, found in two iso-
forms, transcribed in different ways by the same gene,
according to the biological tissue. In somatic tissues, ACE
(sACE) corresponds to a glycoprotein comprised of two hom-
ologous C- and N-domain and composed of a single poly-
peptide chain of 1277 residues, whereas in the sperm cells,
ACE (tACE) is composed by 701 residues and has a single
active domain (Natesh, Schwager, Sturrock, & Acharya, 2003).
Each domain of sACE contains an active site with a con-
served zinc-binding motif complexed by two histidines and
one glutamate residues. These two domains differ in their
substrate specificities for inhibition and activation profiles, as
well as physiological functions (Wei, Clauser, Alhenc-Gelas, &
Corvol, 1992). The C-domain is responsible for controlling
blood pressure and cardiovascular function, being the dom-
inant site for conversion of angiotensin I. As the sequence of
tACE and the C-domain of sACE are almost identical (except
for the 36 N-terminal residues), the C- and N-domain struc-
tures can be compared by using tACE as reference (Natesh
et al, 2003; Woodman et al, 2006). ACE has three major
active sites, namely S1, S2 and S'1. The S1 site includes resi-
dues Ala354, Glu384, and Tyr523; the S2 site includes the res-
idues GIn281, His353, Lys511, His513, and Tyr520; and the S'1
site corresponds only to the Glu162 residue (Wu, Jia, Yan,
Du, & Gui, 2015). Furthermore, the Zn%* cation is an import-
ant catalytic component of ACE. Its stabilization comes from
two strong interactions with His383 and His387 on the
HEXXH structural motif of the o-helix 13, being comple-
mented by an interaction with a Glu411 of the o-helix 14
(Natesh et al., 2003; Wei et al., 1992). This tetracoordinate
group of Zn’" ion plus these three residues is considered by
some authors as the fourth ACE active site (Jalkute, Barage,
Dhanavade, & Sonawane, 2013) (Figure 1).

It is known that peptides with pronounced antihyperten-
sive activity are often predominantly hydrophobic and have
low molecular mass (Cruz-Huerta, Garcia-Nebot, Miralles,
Recio, & Amigo, 2015). Indeed, Norris, O'Keeffe, Poyarkov,
and FitzGerald (2015) identified peptides IQA and VEP, with
both characteristics. On the other hand, Abdel-Hamid et al.
(2017) also obtained four anti-hypertensive peptides with

HIS383 &

Zn2+

o

lI HIS387

low molecular mass, but formed by hydrophilic residues at
their extremities (namely IPPK, IVPN, QPPQ, and FPGPIPK).
Although small peptides have higher ACE inhibitory capacity,
molecular size does not seem to be a limiting feature, as
exemplified by the following larger anti-hypertensive pepti-
des: YQKFPQYLQY (Xue et al, 2018); YQEPVLGPVRGPFPIIV
and RFFVAPFPE (Corrons, Liggieri, Trejo, & Bruno, 2017); and
YPELFEXERCEU, TTMPLW and TTMPLW (Norris et al., 2015).
The presence of positively or negatively charged residues
near the C and N-terminal extremities also appears to con-
tribute to the ACE activity inhibition (Fitzgerald, Murray, &
Walsh, 2004). Mirzaei, Mirdamadi, Ehsani, and Aminlari (2018)
showed that the positively charged 3-amine group in lysine
at the N or C-terminal extremities and the presence of
aspartic and glutamic acids in the peptide sequence may
contribute to ACE inhibitory activity. In these literature
reports, however, the interaction mechanisms between pepti-
des and ACE, at a molecular level were not explored.

Other studies, as for instance those reported by De
Oliveira et al. (2020, in press), Mirzaei et al. (2018), Tu et al.
(2018), Garcia-Mora et al. (2017) and Lin, Zhang, Han, and
Cheng (2017), have used computational docking simulations,
aiming to understand interaction patterns between ACE and
peptides with inhibitory capacity towards this enzyme. These
authors reported that hydrogen bonds have great import-
ance in the stabilization of the peptide within the ACE cata-
lytic cavity (Garcia-Mora et al, 2017; Tu et al, 2018).
However, few studies were found in which the temporal sta-
bility of ACE-peptide complexes was evaluated through
molecular dynamics (MD). One of them is the work of Qi,
Zhang, Liu, Zheng, and Wu (2018), who studied the interac-
tions between ACE and the GEF peptide by combining
molecular docking and molecular dynamics simulations
(GROMOS 96 force field; 20ns at 300K), and observed that
hydrogen bonds were crucial for ACE-GEF stability, mainly
with the Lys475. In addition, they noted that chelation
between Zn?" and oxygen atoms from carboxylate of GEF
were a crucial factor to the peptide inhibitory activity. Fang
et al. (2019) applied molecular dynamics simulations
(Amber99SB force field; 400ns, at 300K) to investigate the
stability of intermolecular interactions of ACE complexes with
the peptides LIVT, YLVPH or YLVR, but they did not identify
stable hydrogen bonds interactions between inhibitors
and ACE.

Recently, De Oliveira et al. (2020, in press) reported the
production (from a controlled trypsinolysis of bovine caseins)

GLU411
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and the experimental identification (through RP-HPLC/
MALDI-TOF tandem) of nine potentially AH peptides. In order
to identify the interaction networks of ACE-peptides com-
plexes, molecular docking studies were performed with six
peptides that presented substantial measured ACE inhibitory
capacity (Iacg) in vitro. However, some gaps remained open,
such as: “Are these complexes stable over time?”; “Among
intermolecular interactions identified, are there some more
relevant for the complex stability?”; and, mainly, “Among
intermolecular interactions identified, are there one or more
which are essential for an effective peptide inhibitory
activity?”. Hence, the present study aimed to gain a deeper
understanding of the molecular recognition mechanisms of
ACE inhibition by these peptides by using molecular dynam-
ics simulations, to evaluate the temporal behavior of inter-
molecular interactions in these complexes, as well as to
analyze enzyme conformational changes triggered by com-
plexes formation. The starting systems were complexes
formed by ACE and peptides, both N- and C-oriented,
obtained through molecular docking assays.

2. Materials and methods
2.1. Computational resources

Systems preparation and all molecular modelling calculations
were carried out using the “Jupiter” Calculation Cluster, at
the Universidade Federal de Vigosa, which is equipped with
1 AMD Opteron ™ Processor 6376 (16 M cache, 2.3 GHz and
32 cores), 64GB of RAM, 100 TB of storage capacity and 24
calculation nodes. All analysis were performed on a com-
puter equipped with an Intel® Core ™ i7-8700 - 8th gener-
ation processor, 16 GB of RAM, equipped with a NVIDIA®
GeForce® GTX 1060 video card of 6 GB, GDDR5.

2.2. Structure preparation

2.2.1. Protein structure preparation (receptor)

The crystal structure of human sperm angiotensin converting
enzyme (sACE) in complex with Lisinopril (resolution of 2 A)
was obtained from the RCSB Protein Data Bank (PDB ID: 1086)
(www.rcsb.org) (Natesh et al., 2003). A structure discontinuity
between the amino acid residues 435 and 438 was modeling
using the Phyre2 web portal (Kelley, Mezulis, Yates, Wass, &
Sternberg, 2015). The inhibitor lisinopril, and a free Gly mol-
ecule were removed, whereas the Zn’* and CI" cofactors were
kept at their respective positions within the protein structure.
The ACE tridimensional structure was submitted to molecular
dynamics (MD) simulation using the GROMACS 5.1.4 software
package (Abraham et al., 2015) in a dodecahedral box with a
distance of 1.4 A between the protein and the box edges, using
the GROMOS53A6 force field. The Zn?" cation was modeled by
using GROMOS53A6 default parameters Oostenbrink, Villa,
Mark, and Gunsteren (2004) and with not constraints between
Zn>" and coordinated residues since the ion coordination was
correctly reproduced throughout MD simulations. Firstly,
hydrogens were added to the crystallographic structure, and
the system was filled with 24479 explicit SPC water models
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Table 1. Position restraints applied to the protein atoms before the produc-
tion MD trajectories (Poléto et al., 2019).

Position restraint Duration of
Position restraint atoms energy (kJ mol™) step (ns)
All atoms 1000 1
Heavy atoms 800 2
Mainchain + B-carbon 600 2
Mainchain 400 2
Protein backbone 200 2
a-carbons 100 3
a-carbons 50 3

(Berendsen, Grigera, & Straatsma, 1987) and 89 Na* and 76 CI"
monoatomic ions to neutralize the system while adding a salt
concentration of 0.15mol L™, Accordingly to Cunha, Ramalho,
Alencastro, and Maia (2004) and De Oliveira et al. (2009), with
modifications, system energy was minimized through a
sequence of energy minimizations, using two sets of steepest
descent algorithm with maximum converging energy smaller
than 10 and 1kJ mol~"nm™", respectively, and one set of con-
jugate gradient algorithm with maximum converging energy
smaller than 0.1kJ mol~'nm™". Next, the system was equili-
brated for 1 ns in a NVT ensemble in order to reach a tempera-
ture equilibrium of 310K, using position restraint forces of
1000kJ mol™" for all protein atoms (Andrade, Silva, & Maia,
2007)and a V-rescale thermostat (Bussi, Donadio, & Parrinello,
2007). After that, the system pressure was then equilibrated in
1 bar, with a Parrinelo-Rahman barostat (Parrinello & Rahman,
1981), using several short simulations in a NPT ensemble, total-
izing 15 ns, to provide a slow equilibration while accommodat-
ing the protein to liquid phase. The position restraints were
done as described by Poléto, Alves, Ligabue-Braun, Eller, and
De Carvalho (2019), summarized in Table 1.

Then, the systems were submitted to production runs of
50 ns with a 2 fs timestep and using the Verlet leapfrog algo-
rithm for integrating Newton’s equations of motion. A long-
range interaction cutoff of 10 A and the PME algorithm were
used to treat electrostatic and Lennard-Jones interactions
(Gongalves, Senac, Fuchs, Hunenberger, & Horta, 2019).
Finally, gmx cluster with a cutoff limit of 2A was applied in
order to identify a centroid conformation which could be
used as target in docking assays. All simulations were carried
out using the resources of the Jupiter Cluster at the
Universidade Federal de Vicosa (UFV, Brazil).

2.2.2. Peptides structures preparation (ligands)

In a study previously performed by our team (De Oliveira
et al.,, 2020, in press), hydrolysates obtained from a controlled
trypsinolysis bioprocess of bovine caseins (enzyme:substrate
ratio 1:150 (w/w) at 37°C, under magnetic stirring, for
120 min) were fractioned according to their molecular weight
by ultrafiltration (5 kDa cut-off membrane) and RP-HPLC, and
evaluated towards their in vitro %lace according to an adap-
tation of the methodology previously proposed by Cushman
and Cheung (1971). The sequences of peptides were identi-
fied by MALDI-TOF/TOF technique and the model interaction
networks of ACE-peptides complexes were proposed by
molecular docking calculations performed with Autodock
Vina (Trott & Olson, 2010). Six of these peptides were chosen
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Figure 2. Molecular structures of the six peptides (built using the ChemDraw software).

according to their ability to fill the ACE active sites and the = 80.7%), FALPQYLK (F,, Iace = 79.0%), FFVAPFPEVFGK (Fe,
angiotensin inhibition capacity of their chromatographic frac- Iacg = 47.8%), YLGYLEQLLR (Fs, Iace = 47.8%) and
tions: ALNEINQFYQK (F;, Iace = 80.7%), NAVPITPTLNR (F;, Iace  HQGLPQEVLNENLLR (F3, Iace = 49.2%) (Figure 2). Their



Figure 3. ACE site within which the peptides were docked (inside the
red surface).

tridimensional structures were built using Discovery Studio
Visualizer (v17.2.0.16349, Dassault Systemes Biovia).

2.3. Molecular docking procedure

The AutoDock Vina package (Trott & Olson, 2010) with the gra-
dient optimization algorithm was used for docking assays of the
six casein-derived peptides (ligands) within the catalytic cavity
of ACE (Figure 3). For this, the zinc from biding site, side chains
of ACE active sites residues (S1: Ala354, Glu384, Tyr523; S2:
GIn281, His353, Lys511, His513, Tyr520; and S'1: Glu162) were
set as flexibles, according Joshi, Joshi, Sharma, Chandra, and
Pande (2020), and the docking grid was designed to encompass
S1, S2, S'1, and zinc-binding site residues (His383, His387 and
Glu411), with a number of points in x, y and z dimensions equal
to 34, 40 and 42, respectively, with 1 A spacing. Exhaustiveness
was set to 64 and a maximum energy range was set to 2 kcal
mol™". The Zn*" from ACE biding site was modeled by using
the default parameters within AutoDock Vina (Trott & Olson,
2010). For each peptide-ACE complex, the top 20 obtained
poses were submitted to an analysis on the MolProbity server
(http://molprobity.biochem.duke.edu/) in order to evaluate
their  and ¢ angles using the Ramachandran plot, aiming at
identifying possible false positives. Among the remaining
poses, the filling of the active site regions and the N and C ter-
minus orientation was visually observed. For each complex, two
poses that fitted the active site region, with both N and C orien-
tations towards the catalytic Zn?" cation were selected regard-
ing the lowest binding energy estimation between them. Each
complex selected was analyzed with Discovery Studio Visualizer
free (v17.2.0.16349, Dassault Systemes Biovia), aiming to iden-
tify ligand-receptor interactions, such as hydrogen bonds,
hydrophobic, electrostatic, and coordination interactions spe-
cifically located at the ACE active sites.

2.4. Molecular dynamics (MD) procedure

All twelve selected complexes were submitted to molecular
dynamics simulations using GROMACS 5.14 package
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Table 2. Information about systems submitted to the molecular dynamics, in
terms of amounts of water molecules and Na* and CI" ions.

Peptide Water molecules Na™ ions Cl" ions
ALNEINQFYQK 24648 89 76
NAVPITPTLNR 24651 88 76
FALPQYLK 24657 88 76
FFVAPFPEVFGK 24638 89 76
YLGYLEQLLR 24653 89 76
HQGLPQEVLNENLLR 24628 90 76

(Abraham et al., 2015) along with GROMOS53A6 force field
(Oostenbrink et al.,, 2004) in dodecahedral boxes with a dis-
tance of 1.4 A between the protein and the box edges and a
volume of 386.99 nm>. The systems were solvated by explicit
SPC water models and neutralized by Na* and CI” while creat-
ing a saline concentration of 0.15mol L~'. Each system
received a codification according to the peptide and its
extremity orientation (N or C terminus). The number of water
molecules and of Na* and CI" ions for each system, were
described in Table 2.

After protocols of energies minimization, equilibration (at
310K and 1bar) and production runs followed the same
sequence as described for the receptor preparation (Topic
2.2.1). The cutoff for Lennard-Jones and electrostatic interac-
tions were set to 104, and the systems were submitted to a
production run of 50 ns with a 2 fs timestep, using the Verlet
leapfrog algorithm and the PME algorithm to treat Lennard-
Jones and electrostatic interactions. The trajectories were
analyzed according to their Root Mean Square Deviation
(RMSD) and Root Mean Square Fluctuations (RMSF) for
enzyme and peptide of each complex. The interactions
between the peptides and ACE residues complexed with the
Zn*" cation had their relative distances measured during
the trajectory.

3. Results
3.1. Molecular docking

In this study, in silico molecular modelling tools were applied
to gain detailed information about the intermolecular interac-
tions between casein-derived peptides and ACE, focusing
on structural features of ligand-receptor complexes, such as
binding sites, binding modes, and temporal behavior.
Computational docking essays of the peptides FFVAPFPEVFGK,
FALPQYLK, ALNEINQFYQK, YLGYLEQLLR, HQGLPQEVLNENLLR,
and NAVPITPTLNR were performed within the ACE catalytic
site. In order to eliminate poses with unfavorable backbone
torsions, all peptides y and ¢ dihedral angles were evaluated
through Ramachandran plots, and poses in which those tor-
sions were assigned as outliers were excluded from the study.
Among the remaining poses, for each peptide, a visual analysis
was firstly performed, aiming to select poses with both ter-
minal N- and C-oriented in different ways and near to the
enzyme active site. Among those meeting these requirements,
the poses presenting the lowest binding energy (one for each
terminal orientation, N and C), were chosen for further evalu-
ation. The corresponding complexes are shown in Figure 4.

For each selected pose, an analysis of interactions between
the peptides and the angiotensin-converting enzyme was
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Figure 4. Poses N-oriented (yellow sticks) and C-oriented (purple sticks) obtained by the docking assays: A) ALNEINQFYQK, B) NAVPITPTLNR, C) FALPQYLK, D)
FFVAPFPEVFGK, E) YLGYLEQLLR, and F) HQGLPQEVLNENLLR. ACE catalytic pocket are depicted with light red; active site residues are depicted with cyan sticks;
Zn*" ion is depicted with grey sphere; and CI~ ions are depicted with green spheres.

performed and presented through two-dimensional images
(Figure 5). In addition, for the interactions between peptides
poses and the residues of active sites S1, S2, S'1 and residues
coordinated with Zn®" cation, specific analysis of the interac-
tions types, the distances between atoms and of the angles
from hydrogen bond interactions were detailed in Table 3.

Although in all selected poses the ligand (peptide) was
located near to the active sites (Figure 4), when examining
separately each interaction formed between ACE active sites
and these peptides (Figure 5 and Table 3), one can note that
only the peptide FALPQYLK, N-oriented pose, did not estab-
lish any interaction with ACE, according to docking results.
For all of the other cases, one or more interactions with the
ACE active site residues or with Zn*" coordinated residues
were observed. These interactions included hydrogen bonds,
electrostatic interactions, and hydrophobic interactions, with
distances ranging from 1.9 to 4.8 A.

3.2. Molecular dynamics (MD)

Molecular dynamics simulations were performed for the 12
ACE/peptides complexes, in order to explore the peptides
dynamics within ACE active sites, as well as the temporal
behavior of intermolecular interactions formed in such com-
plexes. In order to examine the folding maintenance, RMSD
values of the protein backbone atoms were calculated
(Figure 6).For all complexes, no significant conformation
changes were observed during 50 ns, with regard to the ini-
tial structure, as RMSD values remained at less than 3 A in all
cases. Also, for the ACE-ALNEINQFYQK, ACE-NAVPITPTLNR
and ACE-FALPQYLK complexes, no significant differences
were observed between N- and C-oriented complexes.
However, for the ACE-FFVAPFPEVFGK, ACE-YLGYLEQLLR and
ACE-HQGLPQEVLNENLLR complexes, minor differences (about
0.5A) are observed between complexes with the N- and C-
oriented ligands.

Due to the large number of atoms in each ACE/peptide
complex which could mask the specific RMSD values of
peptide atoms inside, RMSD values of peptides’ backbone
only were also calculated in each case. In general, the sin-
gle peptides presented RMSD values close to those of the
whole complexes, oscillating between 1 and 2A. For the
ALNEINQFYQK peptide, the C-oriented pose stabilized rap-
idly, after about 5ns (1.0+0.2 A), and the N-oriented pose
showed an increase in its RMSD after 25ns of simulation,
reaching a RMSD value of 1.6+02A. For the
HQGLPQEVLNENLLR peptide, the C-oriented pose stabilized
after about 15ns with RMSD of 1.8+0.2A, and the N-ori-
ented pose showed a stability in its RMSD before 25ns of
simulation (0.9+0.1A). After that, the N-oriented pose
showed a variation in the position of its atoms, reaching a
RMSD of 1.6+0.1A at the end of the calculated trajectory.
For NAVPITPTLNR peptide, a large difference between the
N- and C-oriented poses was observed after 15ns of simu-
lation. The N-oriented pose showed some movement, stabi-
lizing with RMSD of 1.1+£0.2A, while the C-oriented pose
rapidly reached a RMSD of about 1.9+03A. For the
FALPQYLK peptide, the N-oriented pose stabilized rapidly,
after about 12ns, and the C-oriented pose showed an
increase in its RMSD value by small steps, stabilizing at
1.6+0.2A after 35ns of simulation. For the FFVAPFPEVFGK
peptide, the two poses (N- and C-oriented) reached, after
15ns, RMSD of about 1.5+0.1A. However, after 40ns, the
N-oriented pose showed great variation in the position of
its atoms, suggesting a conformational or positional
rearrangement within ACE structure, reaching a RMSD of
22+0.2A at the end of the calculated trajectory. For the
YLGYLEQLLR peptide, N-oriented pose stabilized before 5ns
with a RMSD of 1.4+0.2A. The C-oriented pose presented
a RMSD value of 0.7+0.2A until 30ns of simulation but,
after that, its RMSD increased to 1.4+0.2A, suggesting a
conformational or  positional rearrangement. It s
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Poses C - N oriented

ALNEINQFYQK

NAVPITPTLNR

FALPQYLK

FFVAPFPEVFGK

YLGYLEQLLR

HQGLPQEVLNENLLR

Figure 5. Schematic representation of interactions between ACE and peptides poses (N- and C-oriented). The black arrows indicate residues from ACE active sites
interacting with the peptide pose. Hydrogen bonds are depicted with green dashed lines; electrostatic interactions, as orange dashed lines; hydrophobic interac-

tions, as purple dashed lines.
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Table 3. lace (%) of peptides chromatographic fractions, binding energy (kcal mol™") of ACE-peptides complexes obtained by docking assays, and intermolecular interactions involving the peptides and ACE residues
from S1, 52 and S'1 active sites and residues coordinated with Zn>*.

Iace (%) of chromatographic

fraction in vitro Extremity Binding Energy Active Peptide Interaction H-bonds angles
Peptide (De Oliveira et al., 2020, in press) orientation (kcal mol™) Interaction Type ACE residue Site residue distance (A) (degrees)
ALNEINQFYQK 80.7 N—C -88 Electrostatic Zn** n** Lys11 48 -
C—N -9,1 Hydrophobic His383 n*t Alal 39 =
Hydrogen bond His387 Zn*" Glu4 2.8 128.1
Hydrogen bond Tyr523 S1 Alal 19 142.6
NAVPITPTLNR 80.7 N—C —6,9 Hydrogen bond GIn281 S2 Arg11 2.1 161.7
Hydrogen bond Ala354 S1 Leud 2.5 145.5
Hydrophobic His383 Zn*t Leu9 37 -
Hydrophobic His387 Zn** Pro7 50 -
C—N -73 Hydrogen bond GIn281 S2 Asn1 24 128.1
Hydrogen bond Ala354 S1 lle5 2.0 177.5
Hydrogen bond His383 Zn** Pro4 24 120.7
FALPQYLK 79.0 N — C —-92 - - - - - -
C—N -9,2 Hydrogen bond Ala354 S1 Phe1l 2.2 148.9
Hydrogen bond Glu384 S1 Ala2 2.8 107.2
Hydrogen bond Glu411 Zn** Ala2 2.8 132.5
Hydrophobic Tyr523 S1 Phe1 49 -
FFVAPFPEVFGK 4738 N—C -94 Electrostatic n** n** Glug 54 -
Hydrogen bond Glu162 S Phe10 2.2 140.7
Hydrogen bond Ala354 S1 Lys12 2.1 149.7
Hydrophobic His383 Zn*" Phe10 36 -
C—N -9,7 Hydrogen bond Tyr523 S1 Ala4 26 155.5
YLGYLEQLLR 47.8 N—C -9,1 Hydrogen bond Ala354 S1 Arg10 2.1 143.5
Electrostatic Glu384 S1 Arg10 42 -
Electrostatic Glu41 Zn*" Arg10 25 =
C—N -83 Hydrogen bond GIn281 S2 Tyrd 3.0 93.6
Hydrogen bond His383 Zn*" Gly3 2.6 97.7
Hydrophobic Tyr523 S1 Leu2 4.5 =
HQGLPQEVLNENLLR 49.2 N— C -87 Hydrogen bond Ala354 S1 Arg15 2.6 109.8
Hydrogen bond Ala354 S1 Leu14 23 120.6
Hydrophobic His383 n*t Leu14 43 -
C—N -8,7 Hydrogen bond Ala354 S1 Pro5 2.8 107.1
Hydrogen bond Tyr523 S1 GIn6 23 126.7
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Figure 6. RMSD variation of backbone for complex ACE-peptides and for peptides only during MD trajectories. N-oriented poses are depicted with black lines and
poses C-oriented poses with red lines.

noteworthy that, at the same trajectory time, an increase Next, aiming to analyze the average fluctuations per
in RMSD of the corresponding whole complex had been amino acid residue during the MD simulations, RMSF values
previously observed (Figure 6). (considering all non-hydrogen atoms of the ACE/peptide
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Figure 7. RMSF of heavy atoms of ACE-peptides complexes. RMSF of ACE complexed with N-oriented poses are depicted with black lines; RMSF of ACE complexed
with C-oriented poses are depicted with red lines; difference between RMSF of ACE heavy atoms complexed with N-oriented pose and RMSF of ACE heavy atoms

complexed with C-oriented pose are depicted with blue lines.

complexes) were calculated for both N- and C-oriented poses
of each peptide. Results are represented in Figure 7, along
with the differences of RMSF values between N- and C-ori-
ented poses in each case. The RMSF plots (Figure 7) indicate
that some regions of the enzyme is highly flexible regardless
of the peptide or pose orientation, such as residues com-
prised at the ACE N-extremity, and regions between Thr150-
GIn160 and Met340-Tyr360, notably residues from segments
with a handle (turn) as secondary structure. In order to
interpret the RMSF difference between the complexes with
N- and C-oriented poses, we defined that when the differ-
ence > 0, the complex with N-oriented pose had greater
fluctuation than the complex with C-oriented pose, whereas
difference < 0 was assigned for C-oriented pose with greater
fluctuation than the N-oriented pose. For ALNEINQFYQK pep-
tide, C-oriented pose, an outlier fluctuation is observed only
for residues comprised between His153-Asn155, correspond-
ing to a “turn” at the ACE surface. For ACE-NAVPITPTLNR and
ACE- FFVAPFPEVFGK complexes, no abnormal fluctuation
was verified between the different poses’ orientations, with
RMSF differences less than 1A. For the FALPQYLK peptide, C-
oriented pose, a small difference of fluctuation was observed
for the segment Pro227-GIn231 and Leu544, which is located
on the protein surface. For ACE-YLGYLEQLLR complex, C-ori-
ented pose, one can note a greater variation of the active
site S'1 residue Glu162 which, although also in a region of
great flexibility, fluctuates less than its N-oriented pose coun-
terpart. However, since the peptide did not establish any
type of interaction with this residue, no conclusion can be
drawn on correlation between this behavior and an improve-
ment of the ACE inhibitory capacity for this peptide. Finally,
for ACE-HQGLPQEVLNENLLR complex, the sole differences in
the fluctuation pattern were in the Pro292-Asp300 region,
for the N-oriented pose, and Met299-Gly309 region, for the
C-oriented pose. These regions are not close to any active
sites, but in the protein surface, and do not present a well-
defined secondary structure.

In order to evaluate the average fluctuations per amino acid
residue of the ligands during MD simulations, a heat map of

RMSF values over time (now considering all non-hydrogen
atoms only of the docked peptides) was prepared separately
for each peptide, in both N- and C-orientations, as shown in
Figure 8. In general, the residues at the peptides’ extremities
showed greater fluctuations during the simulation. For the
extremities of the C-oriented poses of the peptides
NAVPITPTLNR, FALPQYLK and FFVAPFPEVFGK, the initial
moments of simulations induced greater fluctuation, while for
N-oriented poses of FFVAPFPEVFGK and HQGLPQEVLNENLLR
peptides, the intermediate and final moments of simulations
resulted in greater fluctuation of their residues.

4, Discussion

The central purposes of the present study was to explore the
molecular basis of ACE inhibition by six casein-derived pepti-
des previously obtained through a controlled trypsinolysis
process, to identify the interactions between ACE catalytic
site residues and these peptides in different poses (N- or C-
terminal extremity oriented towards the catalytic Zn*" cat-
ion), to evaluate the temporal behavior of these complexes
by exploring the conformational changes observed during
MD simulations, and, to correlate the results with the in vitro
findings. Some authors highlighted that peptides with low
molecular weight and high content of hydrophobic amino
acid residues have a better ACE inhibitory capacity (Castro &
Sato, 2015; Shi et al, 2014). In our work, the molecular
weight did not seem to be decisive to the %lacg Since a
heavy peptide, such as ALNEINQFYQK (1367.51 g.mol™"), per-
formed better inhibitory activity than smaller and similar
weight peptides, such as FALPQYLK (979.17 g.mol™"),
YLGYLEQLLR (1267.70g.mol-", and FFVAPFPEVFGK
(1384.62 g.mol™"). Other researchers also had reported large
anti-hypertensive peptides, such as YQKFPQYLQY (Xue et al.,
2018); YQEPVLGPVRGPFPIIV and RFFVAPFPE (Corrons et al.,
2017); and YPELFEXERCEU, TTMPLW, and TTMPLW (Norris
et al., 2015), showing that the molecular weight seems not
to be a limiting feature to the ACE inhibition. In addition, in
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Figure 8. Heat map of RMSF values of heavy atoms from the peptides during MD trajectories.

the present study, a predominance of positively charged resi-
dues (Arg and Lys) at the N-terminal extremity was observed.
Other authors had already pointed that lysine is the charged
amino acid more frequent in both C- and N-terminal extrem-
ity of ACE-inhibitory peptides, such as KDEDTEEVP and
KDEDTEEVH (Tanzadehpanah, Asoodeh, Saidijam, Chamani, &
Mahaki, 2018), FPGPIPK and IPPK (Abdel-Hamid et al., 2017),
LPESVHLDK and VLSTSFPPK (Mirzaei et al., 2018), KYIPIQ (Lin
et al,2017), and NMAINPSK (Tu et al., 2018) that studied
other peptides with ACE inhibition capacity.

In seeking to understand the mechanisms of interaction
of ACE and some of the main commercial antihypertensive
drugs, Natesh, Schwager, Evans, Sturrock, and Acharya (2004)
revealed that the thiol group of captopril (AP) (Ferreira,
Bartelt, & Greene, 1970) and the carboxylate groups of ena-
lapril (FAP) and lisinopropyl (FKP) make direct interactions
with the catalytic Zn** cation or their coordinated residues
at the active site of the ACE. More recent studies, such as
those by Ke et al. (2017) (licochalcone A, echinatin and EGCG
peptide), Gunalan et al. (2019) (RALP and WYT peptides), and
by Chen et al. (2019) (LSGYGP) highlighted interactions
between the ACE inhibitor with more than one enzyme
active site, and always with residues complexed with Zn*"
cation, as a common feature of the action mechanisms of
ACE inhibitors. As shown in Table 3, all peptides under study
presented at least one of the poses interacting with the
Zn?* cation or its coordinate residues, which can be related
to their inhibitory activities. The peptide ALNEINQFYQK, N-
oriented pose, formed an electrostatic interaction between
the oxygen atom ALNEINQFYQK:Lys11:0XT and the Zn*" cat-
ion, which is relevant for ACE activity inhibition. On the other
hand, ALNEINQFYQK, C-oriented pose, formed two

interactions of with residues complexed with Zn?* cation
and one interaction with the active site S1, suggesting that
its C-oriented pose has a higher inhibitory capacity com-
pared to its N-oriented pose. The two proposed poses for
NAVPITPTLNR, N- and C-oriented, interact with different
active sites of the enzyme (S1, S2, and coordination of Zn?h)
by hydrophobic interactions and hydrogen bonds. The C-ori-
ented pose from FALPQYLK peptide stands out for interact-
ing with all S1 active site residues, and for making a
hydrogen bond with the Zn*" coordinated residue Glu411.
This last interaction is extremely relevant to ACE inhibition,
according Natesh et al. (2003) and Wei et al. (1992). Both N
and C-orientated poses of FFVAPFPEVFGK peptide estab-
lished interactions with ACE active sites residues, but the N-
oriented pose presented more interactions with the active
site residues than the C-oriented pose. It is noteworthy that
the N-oriented pose of FFVAPFPEVFGK interacted simultan-
eously with three different ACE sites, and one of them is the
Zn*" ion coordination site. For YLGYLEQLLR peptide, both N-
and C-oriented poses made interactions with different ACE
active sites, including the Zn2" cation coordinated site. For
the N-oriented pose, all three interactions occur with the
peptide YLGYLEQLLR:Tyr1 residue, being two electrostatic
interactions and one hydrogen bond. On the other hand, the
C-oriented pose had the interactions with actives sites dis-
tributed along with the peptide, by hydrogen bonds with
the S2 site and the Zn?" site and by a hydrophobic inter-
action with the S1 site. For HQGLPQEVLNENLLR peptide,
both N and C-orientated poses established hydrogen bonds
interactions with ACE S1 active site residues, and only the N-
oriented pose formed a hydrophobic interaction with the
Zn*" coordinated residue His383.
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Figure 9. Behavior of ACE-ALNEINQFYQK C-oriented complex during MD trajectory: A) ACE residues fluctuations; B) Hydrogen bonds between ALNEINQFQK:Glu4
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The identification of all putative interactions between a
given ligand and amino acid residues and their dynamics
must to be considered in the analysis. In fact the importance
of hydrogen bonds interactions in maintaining the stability
of protein/ligand complexes, especially for ACE, has been
confirmed by such approaches. For instance, Chen et al.
(2019) reported that the hydrogen bonds were the key inter-
actions in the structure of the complex formed between the
LSGYGP peptide (ICso value of 2.577 uM) and ACE. Yu, Wang,
Song, Zhu, and Zhang (2019) also observed similar behavior
when analyzing the ACE inhibitory activity of two peptides,
namely NPPK and IlY. Throughout the calculated MD trajec-
tories (Amber 14SB; 10 ns at 200K), both peptides formed at
least three hydrogen bonds with ACE, which remained stable
for 86.3% and 39.5% of the trajectory time, for IIY and NPPK,
respectively. Other researchers such as Zarei et al. (2019),
showed that the inhibitory capacity of YLLLK (Iace of 100%
and ICsq value of 47 uM), WAFS (lace of 55% and ICsy value
of 202 pM) and GVQEGAGHYALL (Iace of 70% and IC5, value
of 239 uM) increases with increasing the number of hydrogen
bonds with ACE. Similarly, Tu et al. (2018) studied the ACE
inhibition by a peptide obtained by casein hydrolysis,
NMAINPSKENLCSTFCK (ICso value of 129.07 uM), and empha-
sized the importance of the hydrogen bonds in the stabiliza-
tion of the peptide within the ACE catalytic cavity. Shahi and
Arunan (2016) point out the importance not only of the
existence or not of the hydrogen bonds, but also of their
angles, and highlighted that initially identified hydrogen
bonds with donor-H-acceptor inferior to 110° is an indicative

that the interaction is weak or transient throughout MD tra-
jectory. In addition, according Girgih, He, and Aluko (2014)
and Li et al. (2014) the hydrogen bonds with lengths inferior
to 3.5A are more strong and stable, contributing to the sta-
bility of the peptides within the ACE catalytic cavity and, as
a consequence, being related to a more pronounced with
higher inhibitory capacity.

In the present study, for the ALNEINQFYQK peptide (Iace =
80.7%), although no significant difference was observed
between N- and C-oriented RMSD (Figure 6), each residue
pair fluctuated differently (Figure 8). For the N-oriented pose,
a greater variation is observed for the residues at the extrem-
ities, (Ala1l, Leu2 and Lys11). Among them, only the
ALNEINQFYQK:Lys11:OXT atom interacted with the active site
of the enzyme through an electrostatic interaction with the
Zn*" cation. For C-oriented pose, even though it formed more
interactions with active sites residues, a great fluctuation was
observed for its residues from C-terminal extremity (GIn10 and
Lys11). However, strong interactions with the residues of the
enzyme active sites were formed by residues of the opposite
peptide extremity: ALNEINQFYQK:Ala1:HT2 ... ACE:Tyr523:0H
and ALNEINQFYQK:Glu4:OE1 ... ACE:His387:HD2, and also by
one hydrophobic interaction between ALNEINQFYQK:Ala1 and
ACE:His387. In this case, the hydrogen bond between
ALNEINQFYQK:Glu4:0 and ACE:His387:HD2 presented some
instability in the first 40% of the trajectory, but remained stable
for the remaining 60% (Figure 9(B)). As shown, fluctuations in
the complex ACE-ALNEINQFYQK, C-oriented, occurred with a
displacement of the ligand, but the interactions with the ACE
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active sites’ amino acid residues were maintained (Figure 9(C)).
Despite His153-Asn155 fragment is located in a “turn” at the
ACE surface, its pronounced fluctuations (RSMF) may represent
an induced-fit process (Figure 9(D)). As explained by Yang,
Gao, Xiong, Su, and Huang (2019) and Ahuja, Taylor, and
Kornev (2019), in an allosteric process changes in the protein’s
quaternary or tertiary structure, albeit away from the active
site, may occur induced by the presence of a ligand complexed
in its active site, affecting directly the protein functions and its
activity. To date, there are few studies that associated the ACE
inhibition to allosteric effects by induced-fit processes. Erdos,
Tan, and Skidgel (2015) pointed out that ACE inhibitors and
some of its metabolites promote a conformational change in
the ACE structure impacting in the kinin levels, and, hence, in
various cardiovascular disorders. However, they did not clear
up where these conformational changes occur in the pro-
tein sequence.

Thus, due to the stability of interactions between the
docked peptide and active sites’ residues along with the
abnormal fluctuation of His153-Asn155 residues, MD results
suggest that this pose is likely to be the one with the best
inhibitory capacity for ACE. And, indeed, data collected
in vitro indicated that the chromatographic fraction contain-
ing this peptide presented Ixce equal to 80.7%.

For the NAVPITPTLNR peptide, the N-oriented pose
remained more stable than the C-oriented pose throughout
MD trajectory (Figures 6 and 8). Large fluctuations were
observed for the C-oriented pose residues Leu9-Argli
(Figure 8), but these residues are presumed to have less
impact on the inhibitory capacity of the peptide, since they
did not interact with any of the ACE active sites (Wu et al,,
2015). Both N- and C-oriented poses interacted with the
active site Zn?* coordinated residues. However, the hydro-
gen bond between the NAVPITPTLNR:Pro4 (C-oriented) and
ACE:His383 exerted a greater disturbance on the zinc coord-
ination than the hydrophobic interactions between the resi-
dues NAVPITPTLNR:Pro7 and NAVPITPTLNR:Leu9 (N-oriented)
and His387 and His383, respectively (Figure 10(A,B)).
Moreover, the C-oriented pose of NAVPITPTLNR presented
three hydrogen bonds with the catalytic sites S1, S2 and
Zn*"-coordinated residues (Table 3) with high temporal sta-
bility (Figure 10(C)), and mostly short lengths (<3.5 A (Figure

10(D)). As already mentioned, according to Girgih et al.
(2014) and Li et al. (2014) such features have been correlated
to stronger intermolecular interactions. Hence, the C-oriented
pose of NAVPITPTLNR may be responsible for its ACE inhibi-
tory capacity (IACE of chromatographic fraction containing it
= 80.7%).

Regarding the FALPQYLK peptide the C-oriented pose fit-
ted better into the ACE catalytic site (Figure 4). This informa-
tion is further confirmed in Figure 5, which shows the
presence of four interactions between the C-oriented pose
and the ACE active sites’ residues (three hydrogen bonds
and one hydrophobic interaction). Due to the large number
of interactions with the active site, including the ACE:Glu411
residue, which participates in the tetrahedral coordination of
the Zn?" cation, it is reasonable to hypothesize that the pep-
tide FALPQYLK, C-oriented pose, is one of the strongest ACE
inhibitors among those included in the present study. In
order to verify this hypothesis, hydrogen bonding dynamics
between FALPQYLK:Ala2:HN and ACE:Glu411:0E1 was investi-
gated (Figure 11(A)). After 25ns, there was a large variation,
from 23+04A to 46+1.14, in the distance between the
FALPQYLK:Ala2:HN and ACE:Glu411:0E1 residues (Figure
11(B)). Also, after 12ns the distance between the atom
ACE:Glu411:0E1 and the Zn®" cation increased sharply, from
22+0.1A to 5.0+09A, (Figure 11(C)). Corroborating these
results, the hydrogen interactions involving the oxygens
atoms from the Glu411 carboxyl group were simultaneously
lost. And, as depicted in Figure 11(D), despite the presence
of a hydrogen bonding between FALPQYLK:Ala2:HN and
ACE:Glu411:0E1, the tetrahedral coordination of the Zn"
cation was kept during the first 12ns. However, after this
time, the residues FALPQYLK:Ala2 and ACE:Glu411 moved
away from the Zn%t cation, characterizing the start of the
zinc coordination loss. Then, after 40 ns, the hydrogen bond-
ing between FALPQYLK:Ala2:HN and ACE:Glu411:0OE1 broke
down, but the ACE:Glu411 residue did not return to the ini-
tial position, leading to the complete loss of Zn?" tetrahedral
coordination. As previously explained by Fang et al. (2019),
Qi et al. (2018) and Cito, Botta, Francardi, and Dreassi (2017),
the ACE inhibition through the active site in which the Zn*"
cation is found is due to the loss of the tetrahedral coordin-
ation of this ion, which is coordinated by the residues
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and Ala2 during MD trajectory; B) distance (nm) between ACE:Glu411:0E1 and Zn** cation during MD trajectory, C) distance between ACE:Glu411:0E1 and
FALPQYLK:Ala2:HN during MD trajectory, and D) FALPQYLK conformation evolution during MD trajectory. For clarity, only the residues useful for discussion are
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His353, His357 and Glu411 in the enzyme active form.
Therefore, the high ACE inhibitory activity presented by the
chromatographic fraction containing this peptide (Iace =
79.0%) may be explained by the molecular events above
described and discussed, wherein the peptide promoted the
loss of Zn*" coordination even with the disruption of the h-
bond between ACE:Glu411 and the peptide.

With regard to the FFVAPFPEVFGK peptide, the N-oriented
pose established four interactions with ACE active sites residues,
two of which were short hydrogen bonds with angles > 140°,
and one electrostatic interaction with the Zn>* cation (Table 3).
On the other hand, the C-oriented pose established just one
hydrogen bond with Tyr523. Smaller RSMF values were found to
the C-oriented pose residues compared to N-oriented pose resi-
dues (Figure 8), and a peak in RMSD values was observed after
40ns for N-oriented pose (Figure 6). In the N-oriented pose, the
residue FFVAPFPEVFGK:GIu8, which presented a low fluctuation
over time (Figure 8), interacted electrostatically with the Zn%t
cation, which, as previously mentioned, is essential for the ACE

activity (Yu et al., 2019; Zarei et al.,, 2019). In order to investigate
if this electrostatic interaction was kept throughout the simula-
tion, the distance between the FFVAPFPEVFGK:GIU8:OE1 atom
and the Zn?" cation was calculated over time (Figure 12(A)). In
fact, as observed in Figure 12(A), an approximation of about
1.1£0.1 A between the FFVAPFPEVFGK:Glu8:0E1 atom and the
Zn*" cation occurred after 32.5 ns, indicating an increase in the
intensity of the electrostatic attraction between this oxygen
atoms and Zn®" cation. It indicated that the conformational
changes undergone by the peptide (indicated by its large
increase in RMSD) did not necessarily result in a distancing
increase of ACE active sites. In this case, the RMSD increase
reported in Figure 6 is rather indicative of a conformational
rearrangement of the peptide within ACE catalytic cleft, as
depicted in Figure 12(B). The peptide residues that interacted
with ACE  active sites (FFVAPFPEVFGK:Phe10  and
FFVAPFPEVFGK:Lys12) are located in the portion of the peptide
molecule which remained stable over the simulation, so the
RMSD peak (Figure 6) reflected the conformational changes of
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the N-terminal extremity residues. Such molecular features
should explain the moderate ACE inhibitory activity (Iace =
47.8%) measured for the chromatographic fraction containing
the peptide FFVAPFPEVFGK.

For the YLGYLEQLLR peptide, no significantly high fluctuations
were observed for the N-oriented pose, and only a small peak
was observed for the C-oriented pose due to the fluctuation of
Leu2 and Leus5 residues. Apparently, the YLGYLEQLLR:Leu5 fluctu-
ation influenced the stability of its neighbor YLGYLEQLLR:Tyr4:0,
which established a hydrogen bond with the ACE active site resi-
due ACE:GIn281:HE2. However, as also observed by Girgih et al.
(2014) and Shahi and Arunan (2016) in other ECA studies, since
this hydrogen bond angle was low (< 110°) at the beginning of
the simulation, it was lost during the dynamics, reaching distan-
ces about 11.8+0.5 A between the GIn281:HE2 and Tyr4:0 atoms.
On the other hand, the N-oriented pose, although binding to
three different ACE active sites residues, performed all of these

interactions through its C-terminal arginine residue. Figure 13
shows that hydrogen bond between YLGYLEQLLR:Arg10:HE and
ACE:Ala354:0, from S1 active site, remains stable until 40ns
(34+1.0A), whereas the electrostatic interactions between
YLGYLEQLLR:Arg10:2HH2 and ACE:Glu384:0E1 (S1 active site)
(52+09A), as well as YLGYLEQLLR:Arg10:1THH1  and
ACE:Glu411:0E1 (Zn*" coordination) (5.8+ 1.2 A) presented oscil-
lations higher than 5 A during throughout the simulation time. It
is noteworthy that this peptide is part of the chromatographic
fraction also containing the FFVAPFPEVFGK peptide (Iace of chro-
matographic fraction = 47.8%). These interactions oscillations
above discussed should further contribute to the moderate ACE
inhibitory capacity measured for this chromatographic fraction.
The docked HQGLPQEVLNENLLR peptide (Iace of chromato-
graphic fraction = 49.0%) showed a different fluctuation profile
for both N- and C-oriented poses. The C-oriented pose presented
higher fluctuation for its extremities residues and greater stability
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for those intermediates and, in addition, did not present any inter-
action with the ACE residues coordinated with Zn®" cation. For
the N-oriented pose, interactions with the active sites occurred at
its C-terminal extremity, involving the residues Leu14 and Arg15.
Due to its angle near to 110° and its higher fluctuation, the hydro-
gen bond between HQGLPQEVLNENLLR:Arg15:0 ... ACE:Ala354:H
does not persist over time (4.0+05A). On the other hand,
the  HQGLPQEVLNENLLR:Leu14 residue presented low
fluctuation,  keeping  stable  the  hydrogen  bond
HQGLPQEVLNENLLR:Leu14:HN ... ACE:Ala354:0 (2.5+0.5A) and
the hydrophobic interaction with ACE:His383, which coordinates
the Zn*" cation. Cito et al. (2017) and Meisel and FitzGerald
(2003) reported that peptides with high ACE inhibitory capacity
often are formed by at least 2 and at most 12 amino acids resi-
dues. Nonetheless, contrarily to this statement, in our present
study the N-oriented pose of the HQGLPQEVLNENLLR peptide (15
amino acids residues) did not show a great difference concerning
the stability within the ACE catalytic pocket when compared to
the other studied peptides. The interactions between Leu14 and
the active sites residues Ala354 and His383 seemed to provide to
HQGLPQEVLNENLLR peptide some ability to inhibit ACE. This
should explain the moderate ACE inhibitory activity attributed to
this peptide.

Regarding the global fluctuation of the ACE-peptide com-
plexes, the ACE extremities and segments with no well-
defined secondary structure, presented large fluctuations,
regardless of the docked peptides and their orientations.
Among these regions, the most notable fluctuations were
noted in the segments Thr150-GIn160 and Met340-Tyr360. Qi
et al. (2018), which study the inhibitory capacity of a small
peptide (GEF) when complexed with ACE employing the
GROMOS 96 force field by 20ns at 300K, noted similar fluc-
tuation behavior in enzyme segments belonging to turn or
loops regions, such as Met299-Ala304 and Asp440-Asn445
residues. Moreover, corroborating with our results, Fang
et al. (2019) using Amber99SB force field by 400 ns, at 300K,
observed high fluctuations for residues belonging to the
region between Asp300-Val350 when ACE was complexed
with three different peptides with high inhibitory capacity,
namely YLVPH, VLVR and LIVT. Yu et al. (2019), when analyz-
ing the dynamic behavior of complexes formed by ACE and
the peptides IIY or NPPK applying Amber 14SB force field, by
10ns at 300K, the author reported large fluctuations (super-
ior to 4A) in ACE fragments Val151-His153, Glu342-Met348
and Cys496-Pro500. Despite these commons fluctuations
among the cited works belong to ACE turn or loops regions,
them may be associated with an induced-fit process and be
correlated with ACE activity decrease, as reported by Erdos
et al. (2015).

The application of molecular dynamics simulation to
enzyme/ligand complexes obtained by docking allowed us
to observe that all six studied peptides were able to form
stable complexes with the ACE active sites. Peptides belong-
ing to the fractions with the highest ACE-inhibitory capacity
in vitro, such as ALINEFYQK, C-oriented pose (Iace = 80.7%),
NAVPITPTLNR, N-oriented pose (Iace = 80.7%) and FALPQYLK,
C-oriented (lace = 79.0%), formed hydrogen bonds with resi-
dues coordinated with Zn2?" cation (His383, His387 and

Glu411). These hydrogen bonds were stable throughout MD
trajectories of 50 ns, or at least maintained for a period suffi-
cient to disrupt the geometric coordination of the Zn*" cat-
ion, as happened with the ALNEINQFYQK, C-oriented pose.
Such molecular features are correlated to the ACE inhibition.
Accordingly, Tu et al. (2018) and Garcia-Mora et al. (2017)
had already emphasized the importance of the hydrogen
bonds in the stabilization of inhibitory peptide within the
ACE catalytic cavity. Also, peptides present in chromato-
graphic fractions with moderate inhibitory capacity, as
FFVAPFPEVFGK (Iace = 47.8%), YLGYLEQLLR (lace = 47.8%)
and HQGLPQEVLNENLLR (lace = 49.2%) formed electrostatic
and hydrophobic interactions with the Zn*" ion and/or the
ACE residues coordinating this cation, such as His383 and
Glu411. Additionally, our results indicated that another con-
dition sine qua non for a high ACE inhibitory capacity of a
peptide is the formation of at least one hydrogen bond with
the S1 residues site (Ala354, Glu384 or Tyr523). According to
Mirzaei et al. (2018), another important feature that would
contribute to the ACE inhibitory activity is the presence of
positively or negatively charged amino acid residues at the
C- and N-terminal extremity of the peptides. This trend was
not observed in our study, except for the YLGYLEQLLR pep-
tide, N-oriented pose, indicating that not only the peptide
primary sequence, but also the intermolecular interactions
that they form within the ACE catalytic site, should be
carefully analyzed when designing or selecting new
ACE inhibitors.

5. Conclusions

The molecular bases of ACE activity inhibition were investi-
gated by docking and molecular dynamics simulations for six
peptides obtained from a controlled trypsinolysis of milk
casein: ALNEINQFYQK, NAVPITPTLNR, FALPQYLK,
FFVAPFPEVFGK, YLGYLEQLLR, and HQGLPQEVLNENLLR. The
peptides orientations inside the ACE directly impacted on
the complex stability over time, on the interactions types,
and on the ACE residues that interact with the peptide.
According to the interactions established by each pose and
its stability during the dynamics simulation, the in vitro
inhibitory capacity from the peptides ALNEINQFYQK,
NAVPITPTLNR, and FALPQYLK, appear to come from their C-
oriented poses, while for FFVAPFPEVFGK, YLGYLEQLLR, and
HQGLPQEVLNENLLR, from their N-oriented poses. As indi-
cated by several researchers, interactions with residues coor-
dinated with the Zn?* cation, such as His383, His387 and
Glu411, appear to be a rule for peptides presenting ACE
inhibitory capacity, being the hydrogen bonds the inter-
action type predominant for peptides with higher Iacg, such
as ALNEINQFYQK (Iace of chromatographic fraction =80.7%),
NAVPITPTLNR (Iace of chromatographic fraction =80.7%),
FALPQYLK (Iace of chromatographic fraction =79.0%).
Concomitantly, these poses made hydrogen bonds with resi-
dues of the active site S1, such as Ala354, Glu384 or Tyr 523,
being a second condition for a good ACE inhibitory capacity
in vitro. It has also been observed that, even if one of a
hydrogen bond is lost, the inhibition capacity can be
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maintained, since Zn®" tetrahedral coordination is changed,
as occurred in the hydrogen bond formed by
FALPQYLK:Ala2:HN at your C-oriented pose and
ACE:Glu411:0E1. The RMSF values indicate that residues com-
prised at the ACE extremities have large fluctuations inde-
pendent of the peptide or pose orientation, and do not have
a relation with the ACE inhibition. These mechanisms of ACE
inhibition may: i) assist the discrimination in silico of “good”
and “bad” ACE-inhibitory peptides from other natural sour-
ces, and ii) help in designing de novo new molecules with
ACE-inhibitory capacity, based on the key intermolecular
interactions found in the present paper.
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6.1. Abstract

Bovine a-lactalbumin (a-La) is a protein with a variety of technological applications,
used as foaming, gelling or emulsifying agents in foods. The aim of this work was to
analyze the molecular bases of bovine a-lactaloumin dynamics in different
temperatures used during milk processing and storage (4, 25 and 75 °C), to
investigate, at the molecular level, the role of the complexed Ca®** and to correlate the
results with its foaming behavior. Protein dynamics were analyzed by molecular
dynamics calculations using GROMOS53A6 force field and the foamability and
interfacial tension were examined through in vitro experiments. At 4 °C and 25 °C,
protein structure and folding were not significantly changed, while at 75 °C, significant
losses of secondary structures were observed for both apo and holo structures. At low-
temperatures, the structural stability was governed by H-bonds and hydrophobic intra-
protein interactions, while at 75 °C, disulfide bonds were crucial for avoiding
denaturation. The improvements in foaming properties were correlated only with
temperature and not with presence of Ca®*.
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6.2. Introduction

a-lactoalbumin (a-La) is the second most abundant protein in bovine whey after
B-lactoglobulin. It is a globular protein with 14.1 kDa and isoelectric point (pl) 4.8, which
is expressed in mammary glands during lactation with the biological function of
regulating lactose biosynthesis in milk (Hill & Brew, 1975). Structurally, it is composed
of 123 amino acids, divided into two domains: the a-domain organized into three a-
helix named H1 (5-11), H2 (23-34), H3 (86-98) and one helix 34, called h3c (115-118);
the B-domain, composed by a series of loops, a small three-stranded antiparallel B-
sheets named S1 (41-44) S2 (47-50) and S3 (55-56) and a short 34¢ helix (77-80).
These two domains are divided by a deep cleft, but kept together by four disulfide
bridges between residues Cys6-Cys120, Cys61-Cys77, Cys73—-Cys91, and Cys28—
Cys111, two H-bonds between the GIn54, Asn56 e Tyr103 residues, and one cation
Ca? bound to lysine and aspartates residues (Lys79, Asp82, Asp84 and Asp87) (Pike,
Brew, & Acharya, 1996).

Besides its biological function, a-La is a protein with high nutritional and
technical-functional capacities and can be used for different purposes in foods, such as
foaming, gelling or emulsifying agents, according to different conditions of the food
matrix. In the 1990’s, Eynard et al. (1992) and Ibanoglu & Ibanoglu (1999) observed
that a-La had great potential as a foaming agent, however, they noticed significant
oscillation in these properties due to pH, temperature, and presence of the Ca®* cation
complexed to the structure. Subsequent studies, such as Cornec, Kim, & Narsimhan
(2001) and Tomasula & Yee (2001) observed that these different conditions induce
different a-La conformations in different molten globule states, and each of them has
different adsorption dynamics at the water/air interface during creating the foam. Until
nowadays, deeper studies standing the a-La foaming properties keep going carried out,
e.g., comparing different a-La sources (Ellouze et al., 2020), analyzing the impact of
physical treatments such as ultrasound and high-pressure homogenization combined
with high temperatures (Qayum et al., 2020a), investigating the effect of mixtures in
different proportions of a-La from different sources (Lajnaf et al., 2016), and studying
the effect of supramolecular structures between bovine a-La and glycomacroproteins
under combinations of temperature, time and pH (Diniz et al., 2014).

In parallel with these studies about the a-La technological applications, other
works were developed focusing on the protein structure and how it is affected by the
medium conditions. Through a calorimetric study, Hendrix, Griko, & Privalov (2000)
concluded that the Ca®* complexed to the a-La structure reduces its flexibility and
increased its thermal stability. This study agrees with what was previously observed by
Relkin, Launay, & Eynard (1993), which demonstrated that the a-La denaturation
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temperature was reduced from 64 °C to 35 °C after removing Ca®*, emphasizing this
cation importance in the protein conformational stability and, consequently, in its
technological properties.

To identify these conformational changes or the absence of them, and to
correlate it with the technological behavior of a-La, only three groups of methodologies
were used in all mentioned studies: fluorescence spectroscopy, circular dichroism
spectroscopy, and calorimetry. However, these methodologies were not able to clarify
specifically how and where these changes are occurring in a-La structure, which
residues were involved in these changes, and which types of chemical interactions
were broken or created. In this context, the use of computational methods, such as
molecular dynamics simulations, can model, at a molecular level, the chemical events
in a-La structure that changes its technical-functional properties, subsidizing further
rational improvements of these properties.

Despite its three-dimensional structure is available since 1996 (Pike et al.1996),
there are few studies involving a-La and molecular dynamics simulations. The
technique versatility allows it to be used for different purposes, such as studying
incorrect folding, stability, and aggregation of a-La (Bucciarelli et al., 2020), the ability
of different biomolecules to bind the a-La structure and its influence on the structural
stability and on the Ca?* binding site (Radibratovic et al., 2019), the action mechanism
of a denaturing agent (Kumar & Kishore, 2014) and possible structural rearrangements
without the disulfide bridges (Schmid et al., 2008).

Until now, there are no studies with this depth that can explain, at a molecular
level: “How the temperature and Ca®* cation change the a-La thermostability?”; “Which
are the secondary structures most affected by these variables?”; "Which are the most
stable?"; “What intermolecular interactions are lost or formed?”; and, mainly, "How do
such structural changes affect the a-La interfacial properties?". Hence, the present
study aimed to gain a deeper understanding of the conformational stability of bovine a-
La submitted to different temperatures usually used during milk processing and storage
(4, 25 and 75 °C), with and without the Ca®* cation complexed, and to correlate the
data obtained through computational and in vitro experiments.

6.3. Materials and methods
6.3.1. Materials

a-La from bovine milk and a-La type Ill calcium depleted were purchased from
Sigma-Aldrich and used without further purification. The purity of both holo-La (Product:
L5385, Lot: 110M7030V) and apo-La (Product: L6010, Lot: 012M7000V) are = 85 %.

To validate the interfacial tension method, the following analytical standard solvents
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were used: petroleum ether (Qhemis, Brazil), hexane (scientific ACS, Brazil) and
methanol (scientific ACS, Brazil).

6.3.2. Computational resources

Systems preparation and all molecular modelling calculations were carried out
using the “Jupiter” Calculation Cluster, at the Universidade Federal de Vigosa, which is
equipped with 1 AMD Opteron TM Processor 6376 (16M cache, 2.3 GHz and 32
cores), 64 GB of RAM, 100 TB of storage capacity and 24 calculation nodes. All
analysis were performed on a computer equipped with an IntelVR Core TM i7-8700 -
8th generation processor, 16 GB of RAM, equipped with a NVIDIAVR GeForceVR GTX
1060 video card of 6 GB, GDDR5.

6.3.3. Molecular dynamics (MD)

The crystal structures of native a-La bovine (Bos taurus) (holo-La) and calcium
depleted a-La (apo-La) at 2.2 A resolution was obtained from the RCSB Protein Data
Bank (1F6S and 1F6R, respectively) (Chrysina, Brew, & Acharya, 2000). The “chain A”
from both tridimensional structures of were selected and submitted to molecular
dynamics (MD) simulations using the GROMACS 2018 software package (Abraham et
al., 2015) in a dodecahedral box with edges of 44 A and a distance of 14 A between
the protein and the nearest edge. Firstly, the hydrogens were added to the
crystallographic structures and protein topologies were built using the GROMOS53A6
force field (Oostenbrink, Villa, Mark, & Van Gunsteren, 2004). The systems holo and
apo were, respectively, filled with 9727 and 9722 explicit SPC water models,
parametrized to obtain the correct density and energy within the work temperatures
region (Berendsen, Grigera, & Straatsma, 1987) and 29 CI" and 34 and 36 Na’,
respectively, monoatomic ions to neutralize the systems while creating a saline
concentration of 0.15 mol.L™ to get close to the biological system's conditions.

Accordingly to De Oliveira et al. (2020) and Poléto, et al. (2019), systems
energy were minimized through a sequence of energy minimizations, using two sets of
steepest descent algorithm with maximum converging energy smaller than 10 and 1
kJ.mol".nm™, respectively, and one set of conjugate gradient algorithm with maximum
converging energy smaller than 0.1 kJ.mol".nm™. Next, both holo-La and apo-La
systems were replicated obtaining six systems, that were equilibrated for 1 ns in a NVT
ensemble to reach equilibrium temperatures of 4 °C (277 K), 25 °C (298 K) and 75 °C
(348 K), using a V-rescale thermostat and position restraint forces of 1000 kJ.mol™ for
all protein atoms (Bussi, Donadio, & Parrinello, 2007). After that, all systems were
subjected to the same process: equilibration in 1 bar, with a Parrinelo-Rahman barostat
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(Parrinello & Rahman, 1981), using several short simulations in a NPT ensemble,
totalizing 15 ns, to provide a slow equilibration while accommodating the protein to
liquid phase. The position restraints were done as described by Poléto et al. (2019)
(Table S1 - Supplementary Material). The cutoff for Lennard-Jones and electrostatic
interactions were set to 12 A and the PME algorithm was used to treat electrostatic
interactions (Gongalves, Senac, Fuchs, Hunenberger, & Horta, 2019). The
temperature and density of all systems were calculated to assess proper equilibration.
Finally, the systems were submitted to a production run of 200 ns using a 2 fs timestep
and the Verlet leapfrog algorithm (Verlet, 1967), three times, totalizing 600 ns of
sampling for each simulated system.

Table S1 - Supplementary Material — Equilibration protocol (adapted from Poléto et al., 2019).

Position restraint atoms  Position restraint Duration of
energy (kd mol-1) step (ns)
All atoms 1000 1
Heavy atoms 800 2
Main chain + B-carbon 600 2
Main chain 400 2
Protein backbone 200 2
a-carbons 100 3
a-carbons 50 3

The trajectories were analyzed according to their Root Mean Square Deviation
(RMSD) (Eq.1), Root Mean Square Fluctuations (RMSF) (Eq. 2), Radius of Gyration
(Rg) (Eq. 3) and solvent accessible surface area (SASA) (Connolly, 1983). The stability
of the native secondary structures, as well as the stability between the alpha- and beta-
domains, were investigated by the behavior of intermolecular interactions over
trajectory and the DSSP database (Touw et al., 2015).

RMSD = \/ 2iea (i = 172 + (5 =17 + (™))
n

n
1
RMSF = ?Z(ri - —r-iT'ef)Z Eq2
t=1

1
R, = <2m2 m") 5 Eq.3

xim;
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Where n is the number of atoms in the system; # is the each atom position in
the coordinates i,j and k; r"fis the atom position reference in the coordinates i, j and

k; and m; is the mass of atom i.
6.3.4. Interfacial tension

Deionized water (pH 6.6) at each temperature (4 °C, 25 °C and 75 °C) were
used to produce 10 mL of holo-La and apo-La dispersions at 70.5 uM (= 0.1% w/v).
After dispersing the proteins, each system was kept under stirring at its respective
temperature in a water bath for 2 min. Then, the dispersion was submitted to the
interfacial tension measurement apparatus with controlled temperature, built according
to the guidelines of Lee, Ravindra, & Chan (2008) for the drop weight method (Figure
S1 - Supplementary Material), previously validated for solvents with interfacial tension
known, for instance, water, hexane, petroleum ether e methanol. Forty dispersion
drops were collected in triplicate and weighed, and the interfacial tension was
calculated according to Tate's law (Eq. 4):

B m.g
T 2mr.¥(r/Vi/3) Eq.4

14

where m is the drop average mass, g is the gravitational acceleration (9.80 m.s®), ris
the tube radius (0.0015 m) and ¥ (r/V1/3) is the correction factor of Harkins and Brows

calculated for our apparatus (0.65).
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Figure S1 - A) Interfacial tension measurement apparatus with controlled temperature built
according to Lee, Ravindra, & Chan (2008), and B) drop weight correction factors ¥(r/V1/3),
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6.3.5. Foamability

The same dispersions stirred in water bath for 2 min were used to analyze the
foam properties according to Lajnaf et al. (2016) with modifications. For each
combination of a-La (holo or apo) and temperature (4, 25 and 75 °C), aliquots of 2.5
mL were inserted into an empty syringe, which was connected to another syringe with
5 mL of air. To produce the foam, 20 punctures were performed between the syringes
and the foam capacity (FC) was calculated through Equation 5:

o Vi
FC (%) = =——.100 Eq.5

where V; is the dispersion volume immediately after creating the foam and V, is the
initial dispersion volume.

After produce the foam, the dispersion volume was systematically measured
every 10 seconds, throughout 150 seconds, and then, a graph of foam decay over time
was designed for each treatment, indicating the foam stability (FS) the as function of
time. The obtained curves were adjusted according to the mathematical model
presented in Equation 6:

Fy =a.e™® Eq.6
where Fy is the foam volume, the a (%) index means an approximate value of FC when
t = 0, and the b (s"') index means the rate of foam decay, so that the greater is the b
modulus, less stable is the foam (de Oliveira et al., 2020). To visually analyze the foam
reduction volume over time, we use images taken from a biological microscope, with a
finite achromatic binocular lens (Global Trade Technology, Brazil), with 40x

magnification.
6.3.6. Statistical analyses

A completely randomized design between temperatures and calcium presence
was used. The computational simulations data were expressed as mean * standard
error. One-way analysis of variance verified by a post-hoc comparison Tukey test at
95% confidence interval and p < 0.05 were carried out to estimate the effect of different
treatments interfacial tension, foam capacity and foam stability. All analyses were
carried out using the software package Statistical Analysis System (SAS) (version 9.0).

6.4. Results
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Molecular dynamics trajectories of 200 ns were calculated for both a-
lactalbumin native (holo) and calcium depleted (apo) at different temperatures (4 °C, 25
°C and 75 °C) to evaluate the protein conformational stability at milk and whey
processing and storage conditions. To examine the folding maintenance, RMSD values
of the holo-La and apo-La heavy atoms were calculated (Figure 1).

Since the RMSD involves the global difference of atoms positions at the initial
structure and during the simulation, as expected, for both structures the rise in
temperature increased the RMSD values being 4 °C < 25 °C < 75 °C (Figure 1a and
1d). Regarding holo and apo structures, at 4 °C were not observed a significant
difference between RMSD values, with an average of 2.73 + 0.03 A and 2.51 + 0.02 A,
respectively. At 25 °C, small differences are observed between holo and apo
structures. For holo-structure, after 50 ns is observed a curve stabilization that remains
until the simulation end, with an average RMSD of 3.68 + 0.06 A. However, for apo
structure, an apparent plateau around 3.09 + 0.01 A is observed between 50 and 100
ns. However, after 100 ns is observed a new increase in the RMSD value, which
stabilizes close to the holo RMSD, with an average of 3.70 + 0.03 A. At 75 °C, it is
noted a significant difference between holo and apo behavior. In general, the holo-
structure atoms have moved further away from the start position than apo-structure
atoms, with average RMSD's of 6.17 + 0.13 A and 4.43 + 0.06 A, respectively.
However, some behavioral nuances were observed in each structure, which indicates
significant conformational changes at specific moments of the simulation that need to
be investigated in detail, as they will possibly explain the origins of this great difference
between the average values of RMSD. Between 25 and 110 ns for holo and 25 and
150 ns for apo, both structures remained stable with average RMSD's of 4.68 + 0.10 A
and 4.26 + 0.02 A. From these moments, is observed an increase in atoms deviations
for both structures finding a plateau close to 175 ns, with RMSD values equal to 5.28 +
0.03 A and 7.84 + 0.04 A, respectively.

The radius of gyration along the trajectory were calculated and are shown in
Figure 1b (apo-La) and 1e (holo-La). For apo-La, the Rg values were equal to 14.3 +
0.1A, 141 + 0.1A and 14.4 + 0.2A, for temperatures of 4 °C, 25 °C and 75 °C,
respectively, while for the holo-La, 14.2 + 0.1A, 14.3 + 0.2A and 14.4 + 0.1A,
respectively. The Rg values showed a similar behavior between the structures
independent of the simulation temperature and the Ca®* presence, indicating that were
not changes in apo- and holo-structures compaction, despite the large atomic
movements observed in the RMSD results, even at 75 °C.
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Figure 1 - Structural behavior indicators over simulation time:

131



132

Regarding the residues fluctuation, as already predicted by the calculated
values of RMSD, for both structures an increase in some regions was observed due to
the temperature increase (Figure 1c and 1f). High fluctuations are observed in regions
with secondary structure ill-defined, for instance, the region between Met1 and Leu4
(N-terminus region); the loops Leu12-Gly17 and Asn45-Asp46, the latter between the
anti-parallel B-sheets S1 and S2; the Trp60-Ser70 region, which comprises a large
sequence located on the surface exposed to the solvent; finally, the Val99-Trp104
sequence, neighbors of the super-flexible loop (Pike et al.,1996), as well as the C-
terminal protein extremity. On the other hand, it is observed that a-La regions
immediately adjacent to the disulfide bridges show low fluctuation regardless of
simulation temperature.

To observe in detail how the residues fluctuation affected the a-La stability, for
each system a graph was built showing the secondary structure assignments by
residue over simulation, and trajectory frames were dumped and superposed at 0 ns,
100 ns and 200 ns, visually highlighting the behavior of all a-La native secondary
structures (Figure 2). For both structures, the temperatures of 4 and 25 °C did not
promote losses in the a-La secondary structures during the 200 ns trajectory, even with
high fluctuations. For holo-La simulated at 25 °C, the high fluctuation presented by the
Asn45 and Asp46 residues draw our attention. It is a small turn between the B-sheets
S1 and S2, but despite its high fluctuation, the structural motif of the three anti-parallel
B-sheets remains stable throughout the trajectory. The h3c helix showed low stability
during all trajectories, and was not lost only in holo-La at 4 °C. The helix 34 has,
usually, low stability, but its loss may have been accelerated by the high flexibility of its
neighbor's residues, from the super flexible loops (Pike et al., 1996).
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and trajectory frames superposition at 0 ns, 100 ns and 200 ns highlighting natives secondary
structures for each system (g-I).

At 75 °C, significant losses are observed in both structures (holo and apo),
compatible with the high fluctuations observed in Figures 1c and 1f. For apo-La, there
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was a complete loss of the structural motif formed by the three antiparallel B-sheets
(S1: llle41, Val42, GInd3 and Asn44, S2: Ser4d7, Thr48, Glu49 and Tyr50, and S3: lle55
and Asn56) (Figures 2c and 2i). When analyzing the high fluctuation presented by the
apo-LA region comprised of Cys77-Phe80 residues (h2b helix) (Figure 1b), it is
observed an irreversible loss of its secondary structure about 150 ns of simulation
(Figures 2c and 2i). This trajectory moment (150 ns) had already been highlighted in
Figure 1, as an indication of significant structural changes, with a new peak in the
RMSD graph, from 4 A to, approximately, 6 A

For holo-La at 75 °C, even greater structural changes are observed. As
indicated by Figure 1d and Figure 1f, and visually seen in Figures 2f and 2I, significant
changes in native secondary structures occurred mainly before the 100 ns of
simulation. Investigating the moment when these changes started, it was observed that
around 25 ns of trajectory, early on, significant structural changes began to happen in
the following order: i) irreversible loss of h2b helix, arising from H-bonds losses
between the atoms Cys77:0...Phe80:NH and Asp78:0...Leu81:NH, untying Cys77,
Asp78, Lys79, Phe80 and Leu81 from this secondary structure; ii) release of Ca*
cation to the solvent; iii) complete and irreversible loss of the three antiparallel B-sheets
S1, S2 and S3, releasing from the structure the residues lle41, Val42, GIn43, Asn44,
Serd7, Thr48, Glu49, lle55 and Asn56; and iv) size reduction of a-helix H1, arising from
H-bonds breaking between the atoms Phe9:0...Arg10:NH, releasing from this structure
the residues Phe9, Arg10, Glul1. After that, other structural losses continued to
happen, but with a lesser extent: v) around 100 ns, a partial destabilization in H2 a-
helix is observed, arising from H-bonds broken between atoms Phe31:0...Thr33:NH
and His32:0...Ser34:NH, which resulted in the detachment of Phe31, His32, Thr33 and
Ser34, possibly caused by an increase in neighboring residues fluctuation that, initially,
were organized in B-antiparallel sheets; vi) at the end (= 200 ns) the terminal residues
of H3 a-helix, such as Asp97 and Lys98, lost their stability after the H-bonds broken
between 11€95:0...Asp97:NH and Leu96:0...Lys98:NH atoms.

Due to conformational differences observed during simulation between holo-La
and apo-La structures at 75 °C, it was performed a detailed analysis of calcium-binding
site dynamics (Figure 3). For 4 °C and 25 °C, the Ca®" remains stable throughout the
trajectory, with an average distance from Asp84 residue of 2.60 + 0.02 A and 2.59 +
0.04 A, respectively (Figure 3a). Pike et al. (1996) state that, during the ALA
crystallization all distances between Ca?* and the oxygens to which it is complexed are
between 2.15 and 2.5 A, close to observed in our study. At 75 °C, around 12 ns of
simulation, the Ca®* biding site begins to destabilize and gradually unbinds the Ca**
cation until 35 ns, when it completely detaches and migrates to the bulk. After, it was

observed a progressive opening of Ca®* binding site (named as “elbow”), indicating a
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possible separation between the a- and B-domains (Figure3b). This behavior is also
observed for the calcium-depleted structure, but near to the end of trajectory (Figure

3c). At 75 °C there is an increase on distance between calcium binding site residues
(Lys79, Asp82, Asp84 and Asp87) for both structures, but at the start of trajectory for
holo-La and at the end for apo-La (Figures 3d-3i).
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One of the main features of foaming and emulsifying proteins is its high surface
exposed to the solvent, mainly the hydrophobic surface (Bos & Vliet, 2001). Therefore,
the evolution of hydrophilic (Figure 4a) and hydrophobic (Figure 4b) solvent-accessible
surface (SASA) of all systems were calculated. There was no significant difference
between apo-La hydrophilic SAS at 4, 25 and 75 °C, with averages of 83.5 + 2.2 nm?,
83.0 + 1.9 nm?, 84.5 + 2.1 nm? respectively, while for holo-la, a significant increase
was observed when temperatures were raised, with averages of 81.0 + 1.5 nm? 83.2 +
1.5 nm?, 90.4 + 3.5 nm? for 4, 25 and 75 °C, respectively. On the other hand, for
hydrophobic SASA no differences were observed between the two structures and the
three temperatures. For apo-La, averages of 78.3 + 1.4 nm?, 75.6 + 1.1 nm® 77.9 + 1.9
nm? were obtained, and for holo-La 75.6 + 1.1 nm? 77.3 + 1.5 nm?, 77.9 + 2.0 nm?, at
4, 25 and 75 °C, respectively. Even so, it draws our attention that for holo-La at 75 °C,
after 150 ns a drop of hydrophobic SASA is started, which reduced, approximately, 10
nm? at the end of trajectory. Possibly, this difference between apo- and holo-La SASA
behaviors is due to the amino acid residues detached from the holo-La H1, H2 and H3
a-helices, and that were not detached in apo-La. To understand the dynamic behavior
of these residues and how it affects the protein surface polarity, these residues side
chain were separated into polar (Arg10, Glu11, His32, Thr33, Ser34, GIn43, Asn44,
Serd7, Thr48, Glu49, Asn56, Asp78, Lys79, Asp97 and Lys98) and nonpolar (Phe9,
Phe31, lle41, Val42, lle55, Phe80 and Leu81) residues, and two Connolly surfaces
were elaborated for holo-La at 75 °C at the trajectory begin and at the end (Figure 4c).
In the beginning, these hydrophobic residues fill different protein surface regions, but
after 200 ns there was noted a reduction of its surface presence (red points), and a
grouping in a single region. On the other hand, the polar residues (green) remain
distributed on the protein surface. In Figure 4d it can be observed that after the
hydrophobic residues losing their secondary structures, there is a spatial reorganization
and forming of a “hydrophobic cluster”, moving away from the water on the surface,
and getting closer to each other. Among these hydrophobic interactions into the cluster,
there is a T-shaped interaction between the Phe9 and Phe31 residues, with 90.2°
between the aromatic rings centers and a distance of 4 A between the nearest atoms,
featuring a strong hydrophobic interaction (Rutledge & Wetmore, 2008).
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An important region named “cleft-region”, composed by GIn54 and Ans56 from
a-domain and Tyr103 from B-domain, also seems to significantly influence the
exposure of hydrophobic residues on the protein surface, through H-bonds that
stabilizes their respective subdomains (Chrysina et al., 2000). Due to destabilization
presented at 75 °C, this “cleft’” was detailed investigated after warming, and, for both,
holo- and apo-La, after 100 ns, all native H-bonds between such residues and its
different domains (alpha and beta) are replaced by H-bonds with solvent water
molecules (Figures 5a-b). For apo-La, it was observed an H-bond between
Asn56:NH...GIn54:0, which possibly indicate a stability intra-B-domain. However, at
the trajectory end (200 ns), is noted that due to the high movement promoted by the

200

I41

Val42
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temperature and the minimum distance increase between these subdomains residues
(Figures 5 c-d), all H-bonds between these residues are completely lost giving way to
H-bonds with the neighboring water molecules, indicating, for both, possible flexibility of
the carbon chain at 75 °C and, in addition, the ability that aminoacids residues to

reorganize according to the surrounding solvent.
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Finally, when analyzing the technological behavior in vitro for each simulated
system in silico, it was observed that the interfacial tension significantly decreases with
increasing temperature for both structures, holo- and apo-La (Figure 6a). A Pearson's
Correlation Coefficient of -0.987 was obtained between interfacial tension and
temperature, indicating a strong inverse correlation between these variables, such as
the temperature increase promotes a significant reduction in the interfacial tension. On
the other hand, the Ca®* did not affect the systems' interfacial tension. Regarding the
foaming capacity (FC), a significant increase is obtained due to the temperature
increase, without the influence of the Ca®* presence (Figure 6b), with a strong
Pearson's Correlation Coefficient of 0.839 between FC and temperature. To assess a
possible correlation between "interfacial tension" and "FC" of a-LA, a Pearson's
Correlation Coefficient of -0,795 was calculated, indicating that the reduction in
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interfacial tension promotes a significant increase in the a-LA FC, with or without Ca**
complexed.

Lastly, the foam stability was assessed through the evolution of foam volume
over time (Figures 6¢-h). From the stability results, an exponential equation such as "y"
(%) was modeled, in which the "a" (%) index corresponds to an approximate value of
the foaming capacity when time (t(s)) is zero, and the "b" (s”) index corresponds to the
rate of foam decay, as the greater the modulus of “b”, the less stable is the foam, that
is, the foam stability. The index modules of foam decay at 4 °C for both holo- and apo-
La are equal to 0.079 s and 0.166 s, respectively, and are smaller than those
obtained at 25 and 75 °C, 0.290 s and 0.337s™", and 0.532 s™ and 0.299 s™, for holo-
and apo-La, respectively (Figures 6c¢c-e).
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6.5. Discussion
6.5.1. Molecular characterization of a-La molten globule state

In our study, temperatures of 4 and 25 °C were not able to significantly change
both structures, with or without calcium, which remained stable throughout the
trajectory, despite the greater fluctuation presented at 25 °C. Stanciuc & Réapeanu
(2010) and Tarek et al. (2003), state that a-La's molten globule is characterized by: (i)
partial maintenance of native secondary structures; (ii) compact structure with a radius
of gyration 10 and 20% greater than native molecule; (iii) absence of specific tertiary
packaging interactions; and iv) significant solvent penetration into the protein's
hydrophobic core. Despite this, Chrysina et al. (2000) explain that, at room temperature
(= 25 °C) the calcium-depleted structure (apo-La) assumes a state of molten globule,
even though its native secondary structure is mostly preserved. On the other hand, at
75 °C both structures reached a molten globule state, with significant loss of its native
secondary structures. As expected, this temperature increases the system kinetic
energy promoting greater atomic movement and, therefore, greater fluctuation and a
greater tendency to structural losses (Figures 1 and 2). Smith et al. (2005) also
observed a significant increase in the RMSD values after increasing temperature from
20 °C to 87 °C and 127 °C, using Gromos43A1 ff, reaching values close to 5 and 10 A,
respectively.

In vitro experiments using SAXS also obtained an Rg variation of = 10 %
between the native a-La (15.7 A) and the molten globule state (17.2 A), and this
behavior was attributed to the four a-La disulfide bridges (Kataoka et al.,1997). In this
work, even at 75 °C, when both structures lost many of its secondary structures,
minimal variations in Rg (<5%) were observed. Bucciarelli et al. (2020) e Tarek et al.
(2003) also simulated native and calcium depleted a-La at 25 °C using CHARMMS36
and CHARMMZ22 ff, respectively, and obtained similar results, with Rg variations <10%
(Rg average = 14.5 A) and a-helices and B-sheets conservation for both structures.
Oroguchi et al. (2005), using the CHARMMZ22 ff, in 10 trajectories of 5 ns at 25 and 100
°C, also obtained Rg values between 14.9 and 15.1 A, although they considered that at
this stage the a-La had not reached the molten state globule yet. However, based on
our results and on the other studies mentioned above, it is observed that, unlike other
globular proteins, for a-La the Rg values are not a good parameter to characterize its
molten globule state.

The RMSF results (Figure 1) corroborate this statement, where it was observed
low fluctuations for cysteine residues involved in disulfide bridges, contributing
significantly to the partial maintenance of the a-la tertiary structure and avoiding its
denaturation at 75 °C. Schmid, Bolliger, Smith, & Van Gunsteren (2008), to observe
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possible conformational rearrangements of a-La without disulfide bridges, performed
simulations at 25, 79 and 100 °C, using Gromos53a6 ff by 20 ns without S-S bond
length parameters. At 25 °C, they observed that the native conformation was preserved
even with the disulfide bridges broken, assenting with our results (Figure 2), and for
high temperatures like 75 °C and 100 °C, there was a large deviation from the native
structure (RMSD =10 A). We suggest that at 25 °C, the structural stability of both
structures (holo- and apo-La) are governed by H-bonds and hydrophobic intra-protein
interactions, whilst for high temperatures, the disulfide bonds are crucial for ALA not
unfold irreversibly.

Despite the significant structural losses at 75 °C, mainly for the holo-La
structure, it is observed that those secondary structures that have not been completely
destabilized have cysteine residues performing disulfide bridges (e.g. a-helix H1: Cys6,
a-helix H2: Cys28 and a-helix H3: Cys91) (Figures 2f and 2l). Some researchers
observed that even after great structural disturbance, if the four disulfide bridges are
maintained, a-La maintains a high capacity to slowly and perfectly refold to the native
state, with efficiency up to 90% and very fast when Ca®* remains complex to the
structure (Chrysina et al., 2000; Ellouze, Vial, Attia, & Ayadi, 2019; Stanciuc &
Rapeanu, 2010).

As noted in our results, since the first a-La structure characterizations, it was
indicated that some regions of the protein would be more rigid, i.g. the calcium-binding-
loop (Lys79-Asp88), the aromatic cluster (Phe31-His32, GIn117-Trp118) and the
hydrophobic region (Phe53, lle55, 11e95, Tyr103, Trp104), while others could show
greater motility, such as the loops exposed to the solvent in the B-domain (GIn43-Ser47
and Lys62-Phe67) and the C-terminal tail (Cys111-Leu123) (Pike et al., 1996). Using
molecular dynamics simulation, Schmid et al. (2008) and Smith et al. (2005), with
Gromos53a6 and Gromos43a1l ff, respectively, also observed secondary structures
stability at 25 °C, while above 80 °C there was a significant loss in all a- and 3o-
helices, as well as the B-sheets instability. Santos, et al. (2019) and Diniz et al. (2014),
using circular dichroism spectroscopy, observed similar behavior to in silico results,
with changes in standard ellipticity peaks of a-helices at 62.7 °C and pH 6.5, indicating
a reduction or loss of this secondary structure and a conversion to a less dense state of
a-La.

An important conformational change presented by both structures was the
distance increasing between the Ca** binding site residues, caused by an electrostatic
repulsion promoted by the high concentration of negative charges between the Asp82,
Asp84 and Asp87 residues. When carrying out the a-La crystallization, Chrysina et al.
(2000) had observed similar behavior, suggesting that environments with low ionic
strength could increase these residues separation and produce, by the same
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mechanism, an additional separation of the a- and f-domains, increasing the exposure
of hydrophobic regions. Our results showed that apo-La, despite its greater flexibility in
this region (Kronman, 1989), presented this conformational change after holo-La,
possibly because during the initial stages of simulation preparation, its structure had
been relaxed and stabilized without the cation Ca®* with high movement restrictions.
On the other hand, the holo-La lost this cation during the production stage without any
movement restriction, and it was possibly promoted by the destabilization of the h2b
helix, resulting in several conformational changes.

This series of structural changes after Ca®* loss appears to have a correlation
with the thermal stability promoted by this cation historically discussed in related
literature. Agreeing with Radibratovic et al. (2019) results, using circular dichroism and
CHARMMZ27 ff by 40 ns, but diverging to Eynard et al. (1992) and Stanciuc & Rapeanu
(2010), authors noted that holo-La seems to be thermally more unstable than apo-La
when subjected to temperatures = 75 °C. This is based on the greater conformational
impact caused by the Ca* loss on the holo-structure, that affects not only its
neighboring helix h2b, but also the a-helices H1, H2 and H3 and B-sheets S1. S2 and
S3. This accelerated unfold observed after the Ca®* loss is in line with Oroguchi et al.
(2005) e Kronman (1989), which characterized the a-La unfolding in two stages: i)
progressive increase in residues fluctuations and weakening of intermolecular
interactions; i) release of Ca®* to the solvent and subsequent acceleration of
secondary structures losses. Our results allow understanding rationally Pike et al.
(1996), which drew attention to the fact that the stabilizing effect of Ca®* on bovine a-La
was little apparent than a-La from other sources and seemed to be intensely affected
by temperature.

It was observed a significant increase in hydrophilic SASA of the holo-La at 75
°C immediately after 25 ns, just when the Ca®* leaves the structure and, as already
discussed, the destabilization process begins. From a technological perspective, this is
a undesired behavior since an increase in the hydrophobic residues exposure is sought
for the improvement of the interfacial properties (e.g. foaming and emulsifying
capacity), aiming to promote fast adsorption at the interfaces air/water or oil/water and
reduce the interfacial tension between the two phases (Eynard et al., 1992). On the
other hand, after losing its native secondary structure, some hydrophobic residues
create a “hydrophobic cluster”, showing sufficient flexibility to organize spontaneously
in @ more energetically stable conformation (Figure 4). Likewise, inter-domain instability
shown at 75 °C can also promote greater protein flexibility and significantly influence

the hydrophobic surface exposed as a function of the solvent (Figure 5).
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6.5.2. Foamability vs a-La conformational changes
6.5.2.1. Foam capacity

In our study the improvements in foaming properties were associated with
temperature and not with the presence Ca®* in the structure, as was also observed by
Ellouze et al. (2020). In similar studies, Ellouze et al. (2019) and Eynard et al. (1992)
observed that temperature increase promoted a gradual reduction in the surface
hydrophobicity of bovine a-La, and attributed this behavior to the reorganization of free
hydrophobic aminoacids residues and possible protein aggregation. On the other hand,
Smith et al. (2005), stating that when reaching a molten globule state due to
temperature increase, there is a loss of hydrophobic packaging and a consequent
increase in the hydrophobic residues exposure. It is possible that the protein
aggregation was promoted by the search for a thermodynamically less unstable
structure, reducing the exposure of hydrophobic residues to the polar solvent, similar to
the hydrophobic cluster observed in our study (Figure 4).

However, unlike our results, Barbana & Pérez (2011) observed an improvement
in the interfacial properties of bovine a-La in water after Ca®* removal and its unfolding
until molten globule state in neutral pH at 40 °C, as well as Ibanoglu & Ibanoglu (1999),
who observed a significant increase in the foam volume produced by a-La after the
removal of the Ca®* cation. The authors attributed this improvement to a possible
increase in the a-La hydrophobic surface that reduced the interfacial tension between
the systems different phases.

This contradiction observed between these studies can be explained by the
molecular behavior of a-La observed during dynamics, but with prudence and
precaution, since the protein was simulated only in water. In both systems at 75 °C,
after the a-La’s secondary structures destabilization, the solvent nature starts to
modulate the residues exposure through a combination of direct protein-solvent
interactions, or interactions mediated by solvent molecules. Therefore, experiments
carried in aqueous media only, as in this study, are able to show only when and under
what conditions amino acids residues lose their secondary structure (e.g. Phe9, Arg10,
Glu11, Phe31, His32, Thr33, Ser34, lle41, Val42, GIn43, Asn44, Serd7, Thrd8, Glu49,
GIn54, lle55, Asn56, Asp78, Lys79, Phe80, Leu81, Asp97 and Lys98 and Tyr103), but
its reorganization after that will depend on the chemical environment in which it is
immersed. Hence, different conformations are observed in different solvents and at the
interface between different solvents. Thus, a complex food matrix and after to
processing operations that promote physical stress, such as temperature increase (at
least 75 °C), homogenization and abrasion, the hydrophobic SASA can spontaneously

increase, based on the reorganization of free hydrophobic residues that assume a
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more thermodynamically favorable conformation, exposing its hydrophobic residues to
the interface of air bubbles or oil droplets, and reducing the interfacial tension between
the different phases, significantly improving its technological properties.

Our in vitro results are in line with this premise, which was observed that
temperature increase promoted a significant increase in the a-La foaming capacity
(FC), and this behavior can be attributed to: i) the conformational changes promoted by
the temperature increase indicated by the in silico results; and ii) consequent interfacial
tension reduction promoted by the protein coating at the water/air interface and by the
temperature increase. As already discussed, the temperature increase affected
significantly the stability of some secondary structures, increasing the flexibility of both
proteins, thus increasing their unitary capacity to cover the bubble's interface. Due to
the greater thermal instability presented by the holo-La, it was assumed that it would
present better foaming properties than apo-La, but no significant differences were
observed between them, possibly because apo-La also reached a high flexibility level
after the heat treatment enough to cover the water/air interface similarly to holo-La.
This ability to reduce the interfacial tension of a-La has been studied for decades, and
it always seems facilitated when its unfolding or molten globule state are induced, such
as in the works of Bacon et al. (1988) and Cornec et al. (2001) , which also did not
observe differences with or without Ca®* complexed in the structure. Both authors
emphasize that the partial denaturation of a-La promotes the hydrophobic residues
exposure, which becomes more available to reduce the water/air interfacial tension
and, thus, improve the foaming properties, since it needs fewer units to cover the same
interfacial area.

Physical treatments such as high temperatures, high pressures and shear
forces have been reported as being able to improve the interfacial properties of a-La,
always through destabilizing its secondary structures (Diniz et al., 2014; Duerkop,
Berger, Dirauer, & Jungbauer, 2018; Jambrak, Mason, Lelas, & KreSi¢, 2010). Briefly,
these different studies showed that different physical treatments affect a-La interface
properties by different ways, and the destabilization of native secondary structures is
important to improve these properties, but the foam creation process also has a great
impact, since it also guides the form in which the hydrophobic and hydrophilic residues
are exposed at the interface.

6.5.2.2. Foam stability

Regarding the foam stability, as calculated, there is an increase in the foam
decay speed modulus with an increase in the system temperature, and, therefore, low-
temperature systems, such as apo- and holo-La at 4 °C, had the greatest foam

stability. The bubbles obtained at 4 °C are smaller than those obtained at higher
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temperatures (Figures 6f-h) and, although the holo and apo-La structures maintain its
original conformation at this temperature, the bubbles’ smaller size requires fewer
protein units to cover the interface. In addition, the lower kinetic energy at this
temperature reduces the movement and expandability of bubbles, reducing contact
between them and, consequently, reducing the destabilization by Ostwald ripening
(McClements, 2007), even though it produces a smaller foam volume. At the other
extreme of temperature (75 °C), higher decay modules are observed, with values of
0.523 and 0.299 for holo- and apo-La, respectively.

In this work, therefore, the foam stability was mainly sensitive to the
temperature variable, and the Ca®* presence or absence seems to be irrelevant in the
studied conditions. As the protein structures was simulated only in water, carefully, the
molecular dynamics can indicate that, after the a-La’s secondary structures
destabilization at 75 °C, the solvent features come to modulate the residues exposure
and govern the types and stability of interactions between protein-solvent molecules. It
is possible, therefore, that at 75 °C, the high kinetic energy of the solvent molecules in
both phases promote the destabilization of the foams, as observed in vitro. A second
cause pointed by Barbana & Pérez (2011), correlated further to the solvent
characteristics, is the air expansibility at higher temperatures, that promoted larger
bubbles and, consequently, reduced the interface film thickness, accelerating its
rupture and promoting a rapid foam destabilization. In contrast, Lajnaf, Picart-Palmade
& Marchesseau (2017) observed an increase in the foam's stability with the heat
treatment increase. However, their analysis methodology was different, when only
proteins were heat-treated and foams were prepared at room temperature,

corroborating with our conclusions.

6.6. Conclusion

This study has highlighted the promising application of molecular dynamics
simulation as a novel and innovative technique to be used in analyses of technological
aspects of food proteins at a molecular level, for instance, a-La with or without calcium
complexed in its structures and at different temperatures. In essence, it was found that
temperatures of 4 and 25 °C were not able to significantly change both structures, but
at 75 °C significant losses of its secondary structures were observed with the
maintenance of the a-La tertiary structure. So, we observed that at 4 and 25 °C the
structural stability was governed by H-bonds and hydrophobic intra-protein interactions,
while at 75 °C, the disulfide bonds were crucial for avoiding the irreversible
denaturation. At 75 °C, the Ca®* leaving the holo-La structure starts a sequence of
secondary structures destabilizations, with complete loss of h2b, h3c helices and S1,

S2 and S3 B-sheets, and partial loss of H1, H2 and H3 a-helices, promoting a new
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conformational organization of theses residues such as: i) the opening of Ca®* binding
site (for both structures) due to the electrostatic repulsion between the Asp82, Asp84
and Asp87 residues; ii) the creation of a “hydrophobic cluster”; and iii) the loss of inter-
domain stability, looking for an energetically more stable conformation as a function of
the phase nature. The improvements in foaming properties were associated only with
temperature and not with Ca®* complexed in the structure. The conformational changes
promoted by the temperature may be related to the increase and the interfacial tension
decrease promoted a significant increase in the a-La foaming capacity (FC). The no
significant differences between holo- and apo-La foam properties may be associated
with the similar flexibility level assumed for both structures after the heat treatment,
enough to cover better the water/air interface. At the end, low-temperature systems,
such as at 4 °C, had the greatest foam stability due to the lower kinetic energy which
reduces the movement and expandability of bubbles, reducing its destabilization by
Ostwald ripening. This in silico approach can impart further understanding at a
molecular level for not only the intra-residue interactions within a-La, but also its key

conformational features during thermal processing and storage for milk or whey.
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7. CONCLUSOES GERAIS

Por meio da presente tese foi possivel corroborar o enorme potencial de
aplicacdo que os métodos de modelagem molecular, de simulagdes de docking e de
dindmica molecular, possuem frente a estudos que lidam com biomoléculas
complexas, tais como aquelas comumente estudadas em CTA. Os estudos de caso
aqui desenvolvidos com o objetivo de elucidar as bases moleculares e 0 mecanismo
de acao de algumas biomoléculas de origem alimentar, nos permitiram alcangar niveis
de profundidade que raramente s@o encontrados em discussdes cientificas dessa
area, como:

i. que os peptideos obtidos do processo de tripsindlise aqui estudado,
apresentavam capacidade anti-hipertensiva melhor quando complexados a residuos
de aminoacidos especificos na enzima conversora de angiotensina | (ECA), como os
residuos Ala354, Glu384, Tyr523, His383, His387, Glu411 e o ion de zinco (Capitulo
2);

ii. que, uma vez complexado a ECA, o tipo de interagcdo em cada sitio ativo era o
fator predominante na promocao dos diferentes niveis de inibicdo, sendo que quanto
maior a capacidade do peptideo de desestruturar a coordenacgao tetraédrica do ion
de zinco, maior a inibicdo promovida e, consequentemente, maior sua atividade anti-
hipertensiva (Capitulo 3);

ii. que a 4 °C e a 25 °C a estrutura da a-La, com ou sem calcio, mantém suas
estruturas secundarias estaveis por meio de interacdes hidrofébicas e ligacbes de
hidrogénio intra-proteina. Ja a 75 °C, o ion célcio é depletado com posterior perda
das estruturas 2*° h2b, h3c, S1, S2 e S3, e a desestruturacéo parcial das hélices H1,
H2 e H3. Isso nos sugere que houve um aumento nas possibilidades de
reorganizacao dos residuos na interface ar/agua, com consequente reducao da
tensdo interfacial em relacdo a 4 °C e 25 °C e, portanto, aumento da capacidade
espumante da proteina a 75 °C (Capitulo 4).

A consolidacdo de tais ferramentas e técnicas em pesquisas relacionadas a
CTA nos permitira esclarecer uma série de questionamentos acerca da relagao
estrutura-fungcéo de diversas biomoléculas alimentares que ainda ndo fomos capazes
de elucidar em escala molecular. Além dos estudos de inibicdo enzimatica e de
termoestabilidade de proteinas apresentados nessa tese, o docking e a dinamica
molecular combinados podem nos auxiliar, por exemplo, a: i. descobrir e aprimorar
moléculas carreadoras de substancias termossensiveis com fungdes nutricionais e/ou
tecnologicas para alimentos; ii. entender a origem molecular do comportamento

espumante, emulsificante e gelificante de outras biomoléculas em alimentos e
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entender racionalmente como esse comportamento se altera em funcdo da
temperatura de tratamento térmico, pressao e pH do meio. Para tal, jA se encontram
disponiveis no PDB e em outras bases de dados mais de 20 mil estruturas
cristalograficas de biomoléculas relacionadas a alimentos, que sdo o ponto de partida
para as simulagcées de modelagem molecular.

Temos consciéncia, porém, que ainda ha algumas limitacbes para o uso
exaustivo de tais técnicas em CTA. Alimentos sdo matrizes complexas, formadas por
uma grande diversidade de moléculas bioquimicamente diferentes (proteinas,
carboidratos, lipideos, vitaminas, minerais e ions), que durante o processamento sao
submetidas a condicbes bastante variaveis (temperatura, pressado, atmosfera
modificada) e que precisam ser estaveis contra processos deteriorativos ao longo do
armazenamento (oxidagdo de lipideos, escurecimento enzimatico e ndo-enzimatico,
deterioracdo microbiolégica com alteracao de pH e da atmosfera do meio, estabilidade
de fases, estabilidade de substancias corantes e bioativas, etc.). Além disso, ha uma
limitagdo em relagdo a escala de tempo, pois 0 alto custo computacional demandado
ndo nos permite alcangar (ainda) amostragens suficientemente longas (na escala de
microssegundos ou milissegundos), para uma compreensdo mais abrangente de
sistemas alimentares complexos.

Com aprimoramento continuo dos campos de forca, observado durante os
poucos anos de desenvolvimento dessa tese, abordagens de dindmica molecular em
mesoescala, o aumento da utilizacdo de métodos hibridos envolvendo quimica
qguantica e mecanica molecular (QM/MM) e com a rapida evolucado da capacidade de
processamento dos computadores, cria-se a expectativa de que as limitagdes
anteriormente levantadas serédo ultrapassadas muito em breve, abrindo ainda mais
caminhos para o estudo do comportamento de biomoléculas alimentares.

Espera-se, portanto, que esse trabalho contribua efetivamente para o
desenvolvimento da CTA brasileira, ndo apenas devido aos relevantes resultados dos
estudos de caso aqui expostos, mas que também promova e desperte nos
pesquisadores nacionais da area o interesse em tais métodos. Para tanto, é
importante que se aumente a divulgacdo de trabalhos envolvendo simulacdes de
docking e dinamica moleculares em congressos e eventos em CTA, além de se
oferecer cursos e treinamentos relacionados a essas ferramentas, abrindo, assim,
novas perspectivas e frentes de trabalho para os pesquisadores dessa abrangente e

instigante area do conhecimento.
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The angioctensin-converting enzyme [ACE) plays a key role in blood pressure
requlation process, and itz inhibition i= the main drug target for the treatment of
cardiovascular system diseases. |n this work, docking studies and molecular dynamics
simulafions were performed to study the intermolecular interacions involved in
angiotensin-converting enzyme (ACE) inhibition by six different casein-derived peptides
(FFYAPFPEVEGK, FALPQYLK, ALNEINGEYQE, YLGYLEQLLR,
HOGLPOQEVILNENLLR and MAVPITPTLNR) Two possible poses for each peplide
(with N and C-terminal oriented towards the actives sites), and possessing the smallest
binding energies, were =elecled for dynamic. simulations and the resulls were
commelated to in witro ACE inhibition capacilty. Peptides belonging to chromatographic
fractions with better in vitro inhibitory capacity, as ALMEINQFYQK and NAYPITPTLNR
e = B80.7%), and FALPOYLK [ly- = 79.0%) perfomed shori hydrogen bonds at
angles greater than 120° with residues involved in the geomefric coordinafion of zinc
ion, His383, Hi=s3d87 and Glud11. Monetheless, peptides belonging to the
chromatographic fractions with lower inhibilory capacity, as HOQGLPOEVLNENLLRE
(lace=422%), FFVAPFPEVFGK and YLGYLEQLLR {l,.c= 47.8%) also interacted with
residues complexed to the zinc jon, but by elecirostatic and hydrophobic interactions.
The FALPOQYLK peplide haz an excelent inhibilory capacity in vitro (lae== 79.0 %),
probably due to an imeversible disruption of the tefrahedral coordination of the zinc,
through a hydrogen bond formed initially between FALPOYLK: Ala2: HN and ACE:
Glud11- OE1, which resulied in a large dizplacement of the ACEGIud411 residue. All
complexes showed similar RMSF profiles for ACE residues. However, the complex
ACE-ALNEINOFYQK C-ornented peplide promoted larmge fluctuations in ACE mesidues
comprized between His153-Asn155, likely i one of the reasons for itz high in vitro
inhibitory capacity. (la.g = 80.7%).

Palavras-chave: ACE inhibitory activity, Molecular docking, Molecular dymamics,
Bioactive

Orgao financiador: CNPg

158



1"CAPep
% e IHEIR-AMERILAN LUNLKESS w
(344 ON MOACTIVE IITIDES
In silico study of the molecular basis of
angiotensin-converting enzyme inhibition by
different casein-derived peptides
Thomas Valente de Olliveira
Guimardies, AP.; Maia, E.R,; Bressan, G.C,; Poléto, WD, Barbosa, S.V.; Coimbra, J.S.R,; De Ofveira. E.B,
Department of Food Technology
UFV - Brazl
04/12/2019
1"CAPe
.‘ ‘. IHENO-AMEHILAN P{)NUOQ)} m
o z ON SOALTIVE FEPTIDES
. : PNy
INTRODUCTION | Low blood pressure |

. Adrenal gland

.'«-' ‘ﬁ’.. o PR ' :’“M __

Angiotensinogen  Renin

|

‘
yom e ——————— : iotensin |
@ = | Angiotensin-converting ! bl
i

\ enzyme (ACE : X x
- o i Mo s S B R . o T na
x osterone
I Increased blood pressure l— Sa tion

159



I*CAPep
.‘f IBEHU-ANEHILAN LUNLHESS
oLt ON BOACTIVE MPTIDES
33 4 "
BACKGROUND = RS~
— 3 :;‘“ —’_'_'_'—,'—'1"_':*;‘ ",",'! : o0 ;
" [ Casein || Trypsin | asf (B[O | oo 8
9 | omoy (20imgL) s —— L
pH A0 pH 8,0 N M
. v Fraction %LB
L’ a é Fi 807
[ £2 70
i
| Casein-derived peptides | = w H Y ,
“=* Frootioning o 2 &
= ACE in vitro inhibitory activity
“=". Peptides identification Fs 4
1"ClAPep
“3 THENU-AMEHILAN CONGRESS
o,” ON BOACTIVE PEPTIDES
N B

OBJECTIVE

To gain a deeper understanding of the molecular basis of ACE inhibition by
these peptides by using docking and molecular dynamics simulations

g §

« Among intermolecular interactions identified, are there some more relevant for the
complex stability?

* Among intermolecular interactions identified, are there one or more which are
essential for an effective peptide inhibitory activity?
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Hyperension iz nowadays one of the major world concems in public health. Several
food proteins, among which caseins, can be substrates for generating peptides with
anfihypertensive potenfial. With the increasingly evolubon of computabonal tools, in
silico methodologies have gained prominence in studies of protein-ligand complexes in
different research fields, such a&s pharmaceutics and biochemical engineering.
Howewver, the applicafion of such tools in food-related research can be considered siill
embryonic. Thus, the present work infended to apply molecular modelling to elucidate
the molecular bases of the anti-hypertensive potential of mik caseins-derived peplides.
Hydrolysates obtained from a controlled trypsinolysiz of caseins were fractioned
according fo their mokecular weight, by ulirafiltration and RP-HPLC. The obtained
fractionz wers evaluated towards their in vitro inhibitory angiotensin-converding enzyme
activity (SelACE) Six fractions were identified and three of them displayed high ACE-
inhibition (F1: BD_68%; F2: 7.00%; and F4: 62.44%). The amino acid sequences of
peptides in each fraction were identified by MALDI-TORTOF. Finally, intermolecular
interactions networks in complexes formed between ACE and the identified peptides
were calculated through molecular docking. At the molecular level, a comelaton
between in vitro and in siico analysis was found: the peplides FFVAPFPEVFGK (F&),
FALPQYLK (F2, F4) and ALNEINQFYQK (F1) presented the lowest biding energies
and interacted by specific H-bonds, electrostatic and hydrophobic interactions formed
with in ACE aciive site 51 mesidues (Ala3s4, Glu3bd, Tyr 523) and the Zn2+s
coordinated residues (His383, His387, Glud411). The low FB %IACE is likely to be due
fo a low FFVAPFPEVFGK concentration in the same fraction.

Palavras-chave: ACE inhibitory activity, Food bicactive peptides, Molecular docking,
Protein-ligand interactions
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Six fractions were entfied and three of them displayed high ACE-
inhibition (F,: 807%: F.. TB.0%: and F,; 624%) The pepiides
FFVAPFPEVIFGK (F.). FALPQYLK {F.. F,) and ALNEINGFYZK {F,)
presented the lowest biding energies and interacted by specfic H-
bonds, eleciostatic and hydrophobic mieractons formed with m ACE
active site S1 residues (Ala354, Giuld4. Tyr 523) and fhe Zn*
coordinated residues {His383, His3E87, Gl 11).
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Objetivos
Utilizar metodologias in silico como simulagdes de dinamica
molecular e simulagdes de docking (ou ancoragem) molecular,
para o estudo racional @ menos empirico das aplicagdes
tecnologicas de proteinas alimentares.
Eaboraclo do Sistema Solvatagio & Neutatzagic Minimza8o de Energin

Entende-se, portanto, que estudos que visem 3 aplicacde
,‘Q desta poderosa e subutilizada feramenta cientifica para a

compreens3o dos fundamentos moleculares das propriedades

tecnologicas de proteinas alimentares s3o uma inovacdo
—— promissora, haja vista a variedade de proteinas alimentares
Pird=3 Yk (0= 4P * S Y%k 0-0F L%k, (1% cosing - g) com propriedades  técnico-funcionais  demonstradas
experimentalmente e cujas estruturas cristalograficas estdo
disponiveis.

o.'!o,
e

ey |

k{l=-cos2e)' E‘X‘MI ‘ Tu,




175

CURSOS MINISTRADOS



RAEX

Registro de Atividades de Extensao Pré-Reitoria de Extensao e Cultura

CERTIFICADO

Certificamos que THOMAS VALENTE DE OLIVEIRA participou do evento de extensdo "2° TREINAMENTO
EM MODELAGEM MOLECULAR APLICADA A MATERIAIS ALIMENTARES", registrado no Sistema de Registro
de Atividades de Extensdo, RAEX, sob o n°® EVE-3524/2019, no periodo de 19/08/2019 a 23/08/2019, como
Ministrante do tema: "INTRODUCAO AOS PRINCIPIOS DE DINAMICA MOLECULAR E DOCKING
COMPUTACIONAIS". Carga horaria total: 1200 minutos.

Vigosa, 19 de novembro de 2020.

Pr6 Reitor de Extensao e Cultura

U Universidade Federal de Vicosa

176



RAEX

Registro de Atividades de Extenséo Pré-Reitoria de Extensdo e Cultura

CERTIFICADO

Certificamos que THOMAS VALENTE DE OLIVEIRA participou do evento de extenso "1° TREINAMENTO
EM MODELAGEM MOLECULAR APLICADA A MATERIAIS ALIMENTARES", registrado no Sistema de Registro
de Atividades de Extensdo, RAEX, sob o n° EVE-2619/2019, no periodo de 04/02/2019 a 08/02/2019, como
Ministrante do tema: "INTRODUCAO AOS PRINCIPIOS DE DINAMICA MOLECULAR E DOCKING
COMPUTACIONAIS". Carga horaria total: 1200 minutos.
Vigosa, 19 de novembro de 2020.

Pro Reitor de Extensao e Cultura

Universidade Federal de Vicosa

177



178

PARTICIPACAO EM COORDENACAO E
ORGANIZACAO DE EVENTOS CIENTIFICOS



RAEX

Registro de Atividades de Extensao Pré-Reitoria de Extensdo e Cultura

CERTIFICADO

Certificamos que THOMAS VALENTE DE OLIVEIRA participou da comissdo coordenadora do evento de
extensao "2° TREINAMENTO EM MODELAGEM MOLECULAR APLICADA A MATERIAIS ALIMENTARES",
registrado no Sistema de Registro de Atividades de Extensé@o, RAEX, sob o n°® EVE-3524/2019, no periodo de
19/08/2019 a 23/08/2019. Carga horaria total: 1200 minutos.

Vigosa, 19 de novembro de 2020.

Pré Reitor de Extensao e Cultura

U Universidade Federal de Vicosa

179



RAEX

Registro de Atividades de Extensdo Pré-Reitoria de Extenséo e Cultura

CERTIFICADO |

Certificamos que THOMAS VALENTE DE OLIVEIRA participou do evento de extensao "2° TREINAMENTO
EM MODELAGEM MOLECULAR APLICADA A MATERIAIS ALIMENTARES", registrado no Sistema de Registro
de Atividades de Extensao, RAEX, sob o n° EVE-3524/2019, no periodo de 19/08/2019 a 23/08/2019, como

horaria total: 1200 minutos.
Vicosa, 28 de janeiro de 2020.

Pro Reitor de Extensao e Cultura

Universidade Federal de Vigosa

180



RAEX

Registro de Atividades de Extensao Pré-Reitoria de Extensdo e Cultura

CERTIFICADO

Certificamos que THOMAS VALENTE DE OLIVEIRA participou da comissdo coordenadora do evento de
extensdo "SIMPOSIO DE INTEGRACAO ACADEMICA - SIA 2017", registrado no Sistema de Registro de
Atividades de Extensao, RAEX, sob o n® EVE-942/2017, no periodo de 23/10/2017 a 28/10/2017. Carga
horaria total: 960 minutos.

Vigosa, 19 de novembro de 2020.

Pro Reitor de Extensao e Cultura

U Universidade Federal de Vicosa

181



	Casein-Derived...
	Abstract
	Introduction
	Materials and Methods
	Enzymes, Substrates and Other Chemicals
	Preparation of Bovine Casein Hydrolysates
	Separation of Peptides in Bovine Casein Hydrolysates by Ultrafiltration
	Fractioning of Peptides Permeates by RP-HPLC
	Assessment of the ACE-Inhibitory Activity of Peptides of the Chromatographic Fractions
	Peptide Identification, Sequencing, and Characterization by Mass Spectrometry
	Molecular Docking Study
	Preparation of the Target and Ligands
	Docking and Scoring Procedures


	Results and Discussion
	Separation and Fractioning of Peptides
	Identification and Molecular Characterization of Peptides
	Molecular Docking Study

	Conclusions
	References

	Abstract
	Introduction
	Materials and methods
	Computational resources
	Structure preparation
	Protein structure preparation (receptor)
	Peptides structures preparation (ligands)

	Molecular docking procedure
	Molecular dynamics (MD) procedure

	Results
	Molecular docking
	Molecular dynamics (MD)

	Discussion
	Conclusions
	Aknowledgements
	Disclosure statement
	References


