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RESUMO

A carne bovina tropical tem baixa marmorizagdo e lipidios intramusculares variaveis, fazendo
com que a carne apareca entre seca e suculenta devido a falta de gordura intramuscular. O
objetivo deste trabalho € obter a estrutura 3D do PPARG bovino e descobrir novos compostos
que o ativem. A sequéncia alvo utilizada mostrou uma elevada identidade de sequéncia com o
modelo da proteina PPARG humana. Os pardmetros de ancoramento molecular foram valida-
dos através da Curva ROC e do re-docking, e uma triagem virtual resultou em 274 compostos
para investigacdo posterior. Apés a aplicacdo de filtros, 12 compostos apresentaram melhor
afinidade com o PPARG e menor toxicidade em comparacao com a ligante de referéncia. O
composto 4 mostrou interacBes favoraveis com o PPARG em simulagdes de dindmica mole-
cular, aumentando as expectativas para a descoberta de novos ativadores.

Palavras-chave: docking molecular; lipogénese; PPAR; PPARG; carne bovina.



ABSTRACT

Tropical beef has low marbling and variable intramuscular lipids, making the meat ap-pear
between dry and juicy due to the lack of intramuscular fat. The objective of this work is to
obtain the 3D structure of bovine PPARG and discover new compounds that activate it. The
target sequence used showed high sequence identity with the human PPARG protein model.
The docking parameters were validated through ROC Curve and re-docking, and a virtual
screening resulted in 274 compounds for further research. After applying filters, 12 com-
pounds showed better affinity with PPARG and lower toxicity compared to the reference li-
gand. Compound 4 showed favorable interactions with PPARG in molecular dynamics simu-
la-tions, raising expectations for the discovery of new activators.

Keywords: molecular docking; lipogenesis; PPAR; PPARG; bovine meat.
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PRIMEIRA PARTE - MONOGRAFIA
1 INTRODUCAO

A industria da carne tem um impacto significativo na economia, na alimentacéo, na
cultura e no ambiente. O gado bovino tem sido consistentemente o principal produto de ex-
portacdo em termos de valor desde 1961 (Figura 1a), destacando a sua popularidade entre os
consumidores (FAO, 2021). A bovinocultura de corte possui um papel de extrema relevancia
dentro do cenario econdmico do pais. Estima-se que o plantel nacional esteja em torno de
234,4 milhdes de cabecas, segundo o Instituto Brasileiro de Geografia e Estatistica (IBGE).
Embora o Brasil seja 0 segundo maior produtor de carne bovina com 0sso, fresca ou resfriada
(FAO, 2021), a qualidade da carne aqui produzida é considerada ainda regular pelo mercado
internacional. Embora o preco seja atrativo (Figura 1b), ndo ha vantagens em termos de quali-
dade (BRIDI; CONSTANTINO; TARSITANO, 2011).

Figura 1 - Panorama econémico do mercado de carnes.
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Legenda: Os dados representados podem ser encontrados na plataforma FAOSTAT (FAO, 2021), para
(a) na sessdo Value of Agricultural Production (Livestock) e para (b) em Crops and livestock products,

onde é representado os dados de exportacdes e importacdes nacionais exclusivamente da carne bovina.
Fonte: (FAO, 2021)

O conceito de qualidade da carne é amplo e inclui varios aspectos. O marmoreio refe-
re-se a quantidade de gordura intramuscular e é considerado uma caracteristica importante,

pois esté diretamente relacionado com as caracteristicas sensoriais da carne, que podem ser
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apreciadas pelo consumidor (COSTA et al., 2002). No entanto, 0 marmoreio é considerado
uma das caracteristicas mais importantes dentro dos parametros de qualidade da carne. A bus-
ca por incorporar 0 marmoreio na carcaca desses animais tem sido intensamente explorada
para produzir um produto mais rentavel para o produtor e que atenda as exigéncias do merca-
do consumidor atual (OLIVEIRA et al., 2017).

No Brasil, a maioria do rebanho € composta por bovinos zebuinos, principalmente da
raca Nelore (Bos taurus indicus). A carne desses animais geralmente € menos macia e apre-
senta menos gordura intramuscular em comparagdo com a carne do gado taurino, especial-
mente da raga Angus (Bos taurus taurus) (RODRIGUES et al., 2017; LAGE et al., 2012).
Essa caracteristica reduz a atratividade da carne zebuina, uma vez que a maciez e 0 marmo-
reio sdo considerados os principais atributos de palatabilidade pelos consumidores (FUR-
NOLS; GUERRERO, 2014).

Uma forma de compreender a regulacdo destes depdsitos de gordura intramuscular é
através dos fatores de transcricdo PPAR (CALKIN et al., 2007). Estas proteinas tém o poder
de regular a expressdo de varios genes que afetam o metabolismo dos lipidios (TAJNSEK et
al., 2020).
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2 REFERENCIAL TEORICO

Este capitulo objetiva apresentar a teoria utilizada como base para a realizacdo deste
trabalho. Aqui é disposto o referencial tedrico relacionado aos fatores bioquimicos referentes
as proteinas PPAR, como sua fungdo e estrutura, com enfoque a PPARYy e sua relagdo com o
marmoreio da carne bovina. Também serdo apresentados os métodos computacionais utiliza-

dos neste trabalho, com maior detalhe ao Ancoramento Molecular e Dindmica Molecular.
2.1  Qualidade da carne bovina

Na inddstria de carne bovina, em que racas de Bos taurus como Angus dominam, a ra-
ca Bos indicus Brahman conquistou um lugar distinto devido a sua adaptacdo ambiental
(FRANKE, 1980; TURNER, 1980). O gado de influéncia Brahman e Brahman é amplamente
utilizado nas regides do Sudeste e Costa do Golfo dos Estados Unidos. Sua tolerancia ao calor
e resisténcia a parasitas, entre outras adaptacdes, fazem do Brahman parte integrante dos re-

banhos bovinos em climas subtropicais (TURNER, 1980).

No estudo realizado por Shelby A. Wright e colaboradores, foram avaliados os escores
de qualidade de cruzamentos entre Brahman e Angus. A medida que a influéncia de Brahman
aumentou, observou-se um aumento na dureza da carne (WBSF) e uma diminuigdo na sensi-
bilidade sensorial. Os bovinos com maior influéncia de Brahman apresentaram bifes mais

resistentes e uma menor degradacao proteica (WRIGHT et al., 2018).
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Figura 2 — Caracteristicas de sabor em lombos de novilhos cruzados Angus x Brahman.
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Legenda: (a) Os escores de marmoreio (MAB) no lombo de carcacas de novilhos variando em compo-
sicdo racial de 0% Brahman (100% Angus) a 100% Brahman. (b) Sensibilidade objetiva avaliada pela
WBSF (Forca de Cisalhamento Warner Bratzler, do inglés: Warner-Bratzler Shear Force). A linha
tracejada esta em 43,1 N (4,4 kg), o limite entre resistente e tenro conforme descrito pelo USDA
(ASTM, 2011).

Fonte: (WRIGHT et al., 2018).

Além disso, foi observado que o escore de marmoreio diminuiu com o aumento da
porcentagem de Brahman (Figura 2a). A medida que a porcentagem de Brahman aumentou, a
dureza da carne também aumentou (Figura 2b). De acordo com o Programa de Ternura do
USDA, os bifes sdo considerados macios se tiverem um valor WBSF menor ou igual a 4,4 kg
ou 43 N (USDA, 2011). Além disso, os escores sensoriais de suculéncia e tecido conjuntivo
também diminuiram com o aumento da influéncia de Brahman, indicando que os bifes se tor-

naram menos suculentos e apresentaram mais tecido conjuntivo.
2.2  Fatores de transcricdo PPAR

Os peroxissomas sdo organelas subcelulares encontradas nas células animais ou hu-
manas. Eles desempenham um papel fundamental em processos metabolicos, como o metabo-
lismo de &cidos graxos, colesterol e lipidios (MICHALIK, 2006), que melhoram a sensibili-
dade a insulina no corpo. Os PPARs (Receptores Ativados por Proliferadores de Peroxissoma,
do inglés Peroxisome proliferator-activated receptor) atuam como fatores de transcricdo que
regulam a expressao de genes. Existem trés tipos de PPARs: PPARa, PPARy e PPARJB/6 que

sdo diferencialmente expressas entre os tecidos (TYAGI et al., 2011). As trés isoformas dos
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PPARs sdo predominantemente expressas nos tecidos relacionados ao metabolismo energéti-
co. Embora compartilhem uma grande homologia, as diversas isoformas dos PPARs apresen-
tam padrdes distintos de distribuicdo nos tecidos e desempenham funcoes fisiologicas diferen-
tes (CIMINI et al., 2005).

O PPARa é predominantemente expresso no figado, coracdo, masculo esquelético e
rim, promovendo o catabolismo de acidos graxos e atuando como alvo molecular de medica-
mentos que atuam no controle dos niveis de colesterol. O PPAR desempenha um papel na
regulacdo de diversos processos, como a diferenciacdo de queratindcitos, cicatrizacao de feri-
das, utilizacdo de lipidios e glicose. O PPARYy é altamente expresso em adipécitos e macréfa-
gos, sendo essencial na diferenciacdo de adipdcitos, armazenamento de lipidios e regulacdo da
inflamagdo. Além disso, o PPAR-gama é o alvo molecular das Tiazolidinedionas, que sdo
medicamentos sensibilizadores & insulina utilizados no tratamento do diabetes tipo 2 (MAT-
SUDA; KOBAYASHI; KITAGISHI, 2013; YOUSSEF; BADR, 2013). A Tabela 2.1 apresen-

ta a distribuicdo e funcdo dos PPARs nos tecidos metabdlicos.

Quadro 1 - Distribuicéo e funcdo dos PPARS nos tecidos.

Tecido PPARa PPARp PPARy
Tecido Oxidacdo de &cidos N . Diferenciacéo,

. ¢ Oxidacao de &cidos ¢ -
adiposo graxos e . armazenamento de lipi-

. graxos e termogénese. .
marrom termogénese. dios.
Oxidag&o de &cidos . :
¢ ]\ Oxidacéo de glicose,

. graxos, cetogénese, . . B Armazenamento de

Figado inflamacéo, captacéo de

armazenamento de
lipidios.

. . lipidios
lipoproteinas.

Oxidacdo de &cidos
graxos, oxidacao de

Adipogénese,

Tecido adiposo Oxidacdo de acidos -
armazenamento de lipi-

ran : i .
branco graxos glicose e BCAA. dios.
Células - Oxidacao de &cidos Oxidacdao de acidos S
fo: Lipogénese.
pancreaticas graxos, GSIS. graxos, GSIS.

Oxidacéo de acidos

Oxidacéo de acidos

Supresséo do

Coragéo graxos, menor graxos, oxidagéo de crescimento e
captacéo de glicose. glicose. inflamac&o no coragéo.
Oxidacao de acidos  Oxidacao de acidos graxos,

Musculo graxos, diminuicdo  captacdo e armazenamento Gasto energético.

captacdo de glicose. de glicose.

Legenda: O(s) subtipo(s) mais importante(s) de PPAR expresso(s) em niveis mais altos em cada tecido
sdo indicados em negrito e preto, enquanto 0s subtipos expressos em niveis mais baixos sdo indicados
em cinza.

Fonte: (POULSEN; SIERSBZAK; MANDRUP, 2012).
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2.3  PPARy e 0 marmoreio da carne bovina

O PPARy esté localizado no cromossomo 3p25 e € principalmente expresso em adipd-
citos, onde estimula sua diferenciacdo e armazenamento de lipidios (SONG; LI; HE, 2022).
Os agonistas PPARYy, como as Tiazolidinedionas, ativam o receptor e melhoram a sensibilida-
de & insulina em todo o corpo. Eles reduzem os niveis de &cidos graxos livres no sangue e
alteram os niveis de adipocinas, reduzindo a sintese de glicose no figado e aprimorando a en-
trada de glicose em musculos esqueléticos e tecidos adiposos, 0 que aumenta a liberacdo de

insulina pancreética.

Os PPARs sdo alvos de medicamentos que possuem sobreposicdo e diferencas em su-
as funcdes bioldgicas. Alguns agonistas seletivos PPAR, moduladores PPAR duplos e pan sdo
usados para tratar o metabolismo lipidico e diabetes (MUSTAFA et al., 2020). Entre eles, a
Rosiglitazona - um dos principais compostos da classe das Tiazolidinedionas - diminui 0s
niveis de triglicerideos (TG) e acidos graxos livres (AGL) (DEROSA; SAHEBKAR; MAF-
FIOLI, 2017), mas € relacionada a causa de efeitos adversos, como infarto do miocéardio, aci-
dente vascular cerebral, fraturas 6sseas, edema, insuficiéncia cardiaca e morte (CHEANG et
al., 2015; LEBOVITZ, 2019). Por outro lado, outros agonistas PPARY, como os fibratos, sdo
usados como tratamento para ataques cardiacos e acidentes vasculares cerebrais ha muitos
anos (KHUCHUA et al., 2018), mostrando assim a importancia e a amabilidade da PPARy

para doencas cardiacas.

Uma das principais estratégias utilizadas para a sintese de adipocitos in vitro € a su-
plementacdo por coquetel de diferenciacdo adipogénica (SCOTT et al., 2011) na tentativa de
aumentar o marmoreio da carne bovina. Este protocolo consiste numa combinagéo de trés ou
quatro indutores adipogénicos que s&o normalmente adicionados ao meio em trés fases: indu-
cdo, progressao e manutencdo (MITIC et al., 2023). Enquanto a insulina é uma proteina endo-
gena, trés dos indutores de diferenciacdo sdo sintéticos: Dexametasona, 3-Isobutil-1-

metilxantina (IBMX) e Rosiglitazona.

Rada Miti¢ e colaboradores investigaram a exclusdo completa e trés concentracdes di-
ferentes de cada componente (Rosiglitazona, insulina, IBMX e Dexametasona). A remogéo de
insulina ou rosiglitazona do protocolo tradicional resultou em uma diferenciacéo significati-

vamente diminuida em comparacdo com o controle, revelando sua necessidade (MITIC et al.,
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2023), como mostra a Figura 2.2. No entanto, a Rosiglitazona € toxica e, por conseguinte, ndo
é compativel com os alimentos (NISSEN; WOLSKI, 2017).

Figura 3 - Quantificacdo de acimulo lipidico.
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a0, 25 e 400% de suas concentragdes-padrdo. IBMX: 3-1sobutil-1-metilxantina; Ros: Rosiglitazona;
Dex: Dexametasona; -ctrl: controle negativo (do inglés: negative control); cDM: (do inglés: meio de
controle de diferenciagdo (control differentiation medium).
Fonte: (MITIC et al., 2023).

Alguns estudos utilizam a Rosiglitazona (EDVARDSSON et al., 1999) ou a Troglita-

zona (GRANT et al., 2008), que sdo Tiazolidinedionas ativadoras potentes do PPARYy, para

promover a diferenciacdo adipogénica e o acumulo de lipidios (PU; VEIGA-LOPEZ, 2017).

Figura 4 - Troglitazona como agonista parcial da PPARy.
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Legenda: Troglitazona (V) e Rosiglitazona (m).
Fonte: (CAMP et al., 200).

Porém, a Troglitazona foi relatada sendo um agonista parcial do PPARy (CAMP et al.,
2000), sendo um ligante que induz uma resposta subméaxima mesmo com uma ocupagéo total

do receptor, como mostra a Figura 2.3 do experimento conduzido nas pesquisas de H S Camp
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e colaboradores. Foi referido que a ordem das poténcias de ligacdo ao PPARYy das Tiazolidi-
nedionas conhecidas é a seguinte: Rosiglitazona > Pioglitazona > Troglitazona = Ciglitazona
(WILSON et al., 1996).

Os métodos computacionais surgem como uma abordagem eficiente e promissora. Es-
ses métodos permitem uma avaliacdo virtual de milhares de compostos, selecionando aqueles
que possuem maior potencial de atividade e menor toxicidade, antes mesmo de qualquer sin-
tese ou experimentacdo in vitro. Com isso, € possivel otimizar o processo de descoberta de
novos agonistas a PPARYy inspirados na estrutura do principal agonista, Rosiglitazona, garan-
tindo atividade semelhante, porém, menos toxico. Nesta sec¢éo, exploraremos detalhadamente
como o0s métodos computacionais podem ser aplicados para acelerar a identificacdo de novos

agonistas a PPARYy.
2.4 Métodos computacionais

A disponibilidade de programas computacionais de quimica e os bancos de dados s&o,
atualmente, ferramentas fundamentais para a descoberta e o design de novos farmacos. Essas
informacBes permitem uma analise rapida da estabilidade de moléculas complexadas frente as
enzimas, bem como predicdo de propriedades fisico-quimicas de uma série de moléculas de
interesse, especificamente neste trabalho, os compostos com o0 mesmo padrdo farmacoférico
da Rosiglitazona. Os modelos moleculares gerados pelo computador sdo resultantes de equa-
¢cOes matematicas que estimam uma nova perspectiva a quimica, estimando as posicfes que
garantem maior afinidade entre duas estruturas, nesse caso entre a PPARy e compostos poten-
cialmente agonistas, entre o alvo molecular e pequenas moléculas, respectivamente. Dentre as
inimeras ferramentas computacionais, destacam-se o Ancoramento Molecular (do inglés:
Molecular Docking) e simulagfes de Dindmica Molecular (do inglés: Molecular Dynamics),
métodos bem versateis e praticos na estimativa de estabilidade uma molécula frente a cavida-

de uma enzima.
2.5 Ancoramento Molecular

O Ancoramento Molecular € uma técnica computacional que visa prever a ligagdo nao
covalente entre macromoléculas, como receptores ou alvos moleculares, e uma pequena mo-
lécula, chamada de ligante. Seu principal objetivo é prever as conformagdes mais estaveis dos

ligantes e calcular o valor de afinidade da interacdo com o receptor (JENSEN, 2017). Essa
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afinidade depende da contribuicdo das interacGes intermoleculares e intramoleculares
(TROTT; OLSON, 2009).

O Molecular Docking é uma poderosa ferramenta para o desenvolvimento de novos
candidatos & farmacos, pois permite substituir virtualmente um ligante original por outros
compostos na estrutura tridimensional cristalogréfica da proteina com o ligante original. Essa
substituicdo possibilita identificar moléculas com uma afinidade mais acentuada pelo receptor
(JENSEN, 2017).

Uma etapa crucial do processo de Molecular Docking € definir a regido no alvo mole-
cular onde o ligante deve se posicionar para obter poses mais estaveis. Softwares de ancora-
mento utilizam diferentes abordagens para delimitar o sitio ativo das enzimas. Por exemplo, 0
Molegro Virtual Docker utiliza uma esfera chamada de Binding Site para determinar onde os
ligantes devem se encontrar durante o processo de ancoramento. Ja o AutoDock Vina usa um
paralelepipedo — nomeado como grid box - que podem ser ajustadas as coordenadas e dimen-
sOes ideais para englobar a cavidade de interesse do alvo molecular em estudo (TROTT; OL-
SON, 2009).

O Autodock Vina é um programa de ancoragem molecular gratuito desenvolvido por
Trott e Olson (TROTT; OLSON, 2009). Ele trabalha em conjunto com o Autodock Tools para
ajustar e preparar as moléculas para o processo de Molecular Docking, além de definir o local
de ligacdo entre elas. O software utiliza a Equacdo 2.1 para calcular os termos energéticos,

somando as interacGes intramoleculares e intermoleculares.

C = Cinter T Cintra = z htitj(dij) (2.1)
i<j
Essas interacdes sdo representadas por varidveis que correspondem aos atomos do
complexo proteina-ligante por meio dos indices i e j. Na equagdo acima, o termo d;; repre-
senta a superficie de distancia, que € dado pela diferenca entre a distancia interatbmica (r;;) e
o0 raio de Van der Waals (R;) para os atomos como mostrado na Equacao 2.2, calculo inspira-
do no trabalho de A N Jain (JAIN, 1996).

dij = 1ij — Ry, — Ry,

(2.2)
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O programa também considera as interacfes estéricas pelo termo htitj, pela soma

ponderada das interacGes que consideram os pesos representados na Equacao 2.3.

gauss,(d) = e~(d/05 Ay’

gauss, (d) = e~[(@=31)/2AT 2.3)

d? sed <0

repulsdo(d) = { 0sed>0

As interagdes hidrofdbicas sdo representadas por funcdes lineares, enquanto as liga-
c¢Oes de hidrogénio sdo tratadas por uma equacdo especifica. Os termos hidrofébicos e de liga-
c¢do de hidrogénio sdo calculados de acordo com as distancias interatdbmicas e os raios de Van

der Waals. Nesta implementacdo, as funcdes de interacdo sdo cortadas em uma distancia de

8A.

No programa Autodock Vina, as interacdes hidrofébicas sdo representadas por funcoes
lineares em pares. Quando ambos os 4&tomos s&o hidrofobicos, a equagéo int. hidrofobicas é
adicionada a soma das interacdes estéricas. Por outro lado, quando um par de atomos é for-

mado por um doador de hidrogénio e um atomo receptor, a equacdo Hbond ¢ utilizada.

1,sed < 0.54A
int. hidrofébicas(d) = 4 interpolacio linear se 0.5A < d < 1.5A
0,sed > 1.5

(2.4)

1,sed < —0.7 A
Hbond(d) = { interplacio linear se —0.7A < d <0
0,sed >0

O termo hidrofébico é igual a 1 quando a distancia d é inferior a 0,5 A, 0 quando d é
superior a 1,5 A, e interpolado linearmente entre esses valores. O termo de ligacdo de hidro-
génio é igual a 1 quando a distancia d é inferior a -0,7 A, 0 quando d é superior a 0, e interpo-

lado linearmente no meio. Todas as funcgdes de interagdo (htit].) sdo desprezadas em uma dis-

tancia de 8 A.
2.6 Previsao de toxicidade

Ao considerar um potencial composto, € crucial avaliar seu potencial toxico. Uma me-

dida padrédo comum da toxicidade aguda € o valor da dose letal, ou LD50, que permite avaliar
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a toxicidade relativa de diferentes moléculas. O LD50 representa a dose de um composto ad-
ministrada de uma s6 vez, levando a morte de 50% de um grupo de animais de teste. O mode-
lo utilizado pela plataforma pkCSM (https://biosig.lab.ug.edu.au/pkcsm/) desenvolvida por
colaboracéo entre o Instituto René Rachou (Fiocruz Minas), University of Melbourne e Uni-
versity of Cambridge baseou-se na anélise de mais de 10000 compostos em ratos e prevé o
LD50 em mol/kg.

2.7 Dinamica Molecular

Os atomos presentes nas biomoléculas estdo sempre em movimento, e tanto a ativida-
de molecular quanto as interacGes intermoleculares dependem dessa disposi¢do das molécu-
las. Para observar as biomoléculas em acdo, perturba-las em nivel atbmico e analisar suas
respostas, a técnica de Dindmica Molecular (em inglés: Molecular Dynamics) € uma simula-
cdo computacional importante no estudo dos fenbmenos experimentais relacionados as bio-
moléculas (HOLLINGSWORTH; DROR, 2018). As simulacdes de Dindmica Molecular
(DM) permitem prever como cada &tomo em uma proteina ou outro sistema molecular se mo-
vera ao longo do tempo, com base em um modelo geral da fisica que governa as interacbes
entre atomos (KARPLUS; MCCAMMON, 2002).

Essas simulacdes tém a capacidade de capturar uma ampla variedade de processos bi-
omoleculares relevantes, como mudangas em conformacdes, interagcdes energéticas entre li-
gantes e macromoléculas, e o dobramento de proteinas, revelando as posi¢cdes de todos os
atomos em uma resolucdo temporal de femtossegundos. E importante destacar que essas Si-
mula¢des também podem prever como as biomoléculas responderdo, em nivel atbmico, a per-
turbacGes como mutagdes, fosforilagdo, protonacdo, adicdo ou remocdo de um ligante, e sua
estabilidade em relagéo ao alvo molecular (HOLLINGSWORTH; DROR, 2018).

Na simulacéo, a molécula é tratada como um conjunto de atomos esféricos, e as liga-
¢des quimicas sdo modeladas como molas. Os atomos no sistema sdo representados por esfe-
ras, onde a massa da particula corresponde a massa atdbmica. A descri¢cdo dos atomos é feita
apenas por meio das coordenadas do ndcleo, seguindo a aproximacgdo de Born-Oppenheimer.
Essa abordagem pressupde que, devido a grande diferenca de massa, os elétrons se movem
em uma escala de tempo muito mais rapida do que os nucleos, permitindo a separagéo de seus
movimentos (HASSANALI et al., 2014; ADCOCK; MCCAMMON, 2006).
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A execucdo da simulacdo envolve a resolucdo numérica das equagdes newtonianas do
movimento para cada 4tomo. Isso é realizado através da evolucdo em intervalos de tempo de
nan + 1, onde uma sequéncia extensa desses passos resulta em uma trajetoria no espaco.
Para um atomo i, com massa m;, a equacao newtoniana do movimento é expressa pela equa-

¢do 2.5.

. d*x

Fxl = Fmi (25)

Para expressar a variacdo da posi¢do x de um atomo i em relacéo ao tempo, € necessa-
rio conhecer a forca (F, ) atuando sobre 0 atomo i em uma posigao x especifica. A temperatu-

ra proporciona a energia que induz os atomos a acelerarem, alterando suas posi¢Ges no espa-
¢o. No entanto, devido a ligacdo dos &tomos em moléculas, que por sua vez interagem com
outras moléculas, esses atomos estdo sujeitos a forcas interatbmicas e intermoleculares. O
calculo dessas forcas é realizado por meio de um conjunto de fungdes matematicas que com-
pdem o campo de forca. Cada campo de forca define um conjunto especifico de equacgdes
matematicas destinadas a replicar caracteristicas do comportamento molecular, como a exten-
sdo de ligacbes quimicas, a deformacdo de angulos de ligacdo ou a torcdo de diedros. Essas
equacOes sdo parametrizadas para reproduzir de maneira precisa 0 comportamento dos com-
postos de interesse (VERLI, 2014).
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3 OBJETIVOS

3.1 Obijetivo geral

Propor um composto adipogénico por meio de técnicas computacionais, dada a substi-
tuicdo da rosiglitazona por um agonista PPARY, sendo assim adequado para a producgdo de

gordura cultivada.

3.2 Objetivos especificos

e Modelagem do fator de transcricdo PPARy bovino por homologia;

e Validacdo do software de Ancoramento Molecular mediante ROC Curve e céalculo de
RMSD;

e Fazer a Triagem Virtual Baseada em Ligantes, inspirada na estrutura da Rosiglitazona,
bem como a aplicacdo de sucessivos filtros;

e Realizar o calculo de Ancoramento Molecular e previsdo de LDsp com 0s compostos
oriundos da Triagem Virtual pelos parametros anteriormente validados;

e Estudo de propriedades farmacocinéticas dos compostos triados mais bem ranqueados;

e Execucdo do célculo de Dindmica Molecular com o composto mais promisso do con-

junto e com o ligante de referéncia, Rosiglitazona.
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ABSTRACT

Tropical beef has low marbling and variable intramuscular lipids, making the meat ap-
pear between dry and juicy due to the lack of intramuscular fat. The objective of this work is
to obtain the 3D structure of bovine PPARy and discover new compounds that activate it. The
target sequence used showed high sequence identity with the human PPARy protein model.
Virtual screening and molecular docking identified compounds that activate human PPARYy.
The docking parameters were validated through ROC Curve and re-docking, and a virtual
screening resulted in 274 compounds for further research. After applying filters, 12 com-
pounds showed better affinity with PPARy and lower toxicity compared to the reference li-
gand. Compound 4 showed favorable interactions with PPARY in molecular dynamics simula-

tions, raising expectations for the discovery of new activators.

Keywords: molecular docking; lipogenesis; PPARy; bovine meat.
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1. INTRODUCTION

The meat economy plays a significant role in several areas, including the economy,
food, culture, and environmental issues. The bovine cattle have led the ranking of export va-
lues since 1961 (FAOQ, 2021) as shown Figure 1, certifying its preference to consumer tastes.
According to de Felicio (2000), tropical meat is practically devoid of marbling, where the
results of hundreds of analyses reveal a range of 1.5 — 3.5% of intramuscular lipids in sirloin
steaks. The juiciness of the meat varies from dry to succulent, due to the lack of intramuscular
fat, which corroborates that tropical meat is treated as a regular commodity (de Felicio, 2000;
Lage et al., 2012; Rodrigues et al., 2017)
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Figure 1. Value of Meat Production between 1961 and 2021.
The data represented can be found in the Value of Agricultural Production (Livestock) section on the
FAOSTAT platform.

The animal body’s lipid reserve is represented by a state of equilibrium between fat
synthesis and catabolism. Once the balance is destroyed, fat deposition is increased or de-
creased (Liu et al., 2021) to re-establish the previous balance. According to Hausman (2009),
subcutaneous, internal, seam and intramuscular adipose tissue deposits are all economically
and physiologically important in meat animal production, where it is claimed that deciphering
the regulation of each adipose deposit can lead to new animal production strategies (Hausman
etal., 2009).

In Brazil, most of the herd is made up of zebu cattle, mainly of the Nelore breed (Bos
taurus indicus). The meat from these animals is generally less tender and has less marbling
compared to meat from taurine cattle, especially the Angus breed (Bos taurus taurus) (Lage et
al., 2012; Rodrigues et al., 2017). This characteristic reduces the attractiveness of zebu meat
since tenderness and marbling are considered the main attributes of palatability by consumers
(Font-i-Furnols & Guerrero, 2014; Polkinghorne & Thompson, 2010). Marbling refers to the
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amount of intramuscular fat and is considered an important characteristic because it is directly
related to the sensory characteristics of the meat, which can be appreciated by the consumer
(Costa et al., 2002).

One way of understanding the regulation of these deposits, as advocated by Hausman
(2009), is through the PPAR (Calkin et al., 2007). These proteins have the power to regulate
the expression of various genes affecting lipid and carbohydrate metabolism (Tajnsek et al.,
2020). One of the main strategies used to synthesize adipocytes in vitro is supplementation
with an adipogenic differentiation cocktail (Scott et al., 2011) to increase beef marbling. This
protocol consists of a combination of three or four adipogenic inducers that are usually added
to the medium in three phases: induction, progression, and maintenance (Miti¢ et al., 2023).
Insulin is commonly used in combination with the synthetic differentiation inducers dexame-

thasone, 3-I1sobutyl-1-methylxanthine (IBMX) and rosiglitazone.

Rada Miti¢ and colleagues investigated the complete exclusion and three different
concentrations of each component (rosiglitazone, insulin, IBMX and dexamethasone). Re-
moving insulin or rosiglitazone from the traditional protocol resulted in significantly de-
creased differentiation compared to the control, revealing its necessity (Miti¢ et al., 2023).
However, rosiglitazone is toxic and therefore not compatible with food (Nissen & Wolski,
2007).

The aim of our work, therefore, will be to propose an adipogenic compound, given the
replacement of rosiglitazone by a PPARY agonist to be less toxic and thus suitable to produce

cultured fat.
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2. METHODS

2.1 Transcription factor target selection and Modelling by homology

Homology modelling was used to predict the three-dimensional structure of bovine
PPARy. For this purpose, a known and experimentally validated three-dimensional structure —
human template was used as the base protein (or template) and experimentally validated
three-dimensional structure - human PPARy (Gampe et al., 2000), PDB ID: 1FM6 (resolution
=2.1 A). The amino acid sequence of the bovine PPARY used for modelling is present in the
UniProt database (Bateman et al., 2023) with the code UniProtkKB/SwissProt: AOA6P5DU6GS

of the organism Bos taurus indicus.

The SWISS-MODEL server (Bienert et al., 2017; Waterhouse et al., 2018) was used
to perform homology modelling. The criteria for evaluation of the constructed model were:
(1) Sequence Identity; (2) Ramachandram chart (Chen et al., 2010); (3) QMEANDiscCo
(Studer et al., 2020).

2.2 Structure-based Virtual Screening

The virtual screening of potential PPARy activators was performed in the MolPort,
Mcule and ZINC molecule banks, using the Pharmit Search Engine platform
(https://pharmit.csb.pitt.edu) for the first two banks and the ZINCPharmer platform for the
last one. The chemical structure of Rosiglitazone (RGZ) used during the virtual screening is
the crystallised form together with human PPARy (PDB ID: 1FM6) (Gampe et al., 2000).The
set of hits obtained was initially submitted to the SwissADME (Daina et al., 2017), where a
qualitative toxicological analysis was performed that consisted of separating only the hits that
do not have violations of the rules and parameters of Lipinski (Lipinski et al., 2012), PAINS
(Baell & Holloway, 2010) and Brenk (Brenk et al., 2008) simultaneously.

2.3 Molecular Docking Study and Analysis

To validate the use of the proposed programme for molecular docking of the proposed
ligands to PPARY, AutoDock Vina (Eberhardt et al., 2021; Trott & Olson, 2009), the statisti-
cal means chosen were the area under curve the Receiver Operating Characteristic (ROC)
Curve and the molecular re-docking. For the construction of the ROC curve, five compounds

active (Table 2) to the PPARy with activity values recognised were chosen (Willson et al.,
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1996) has been used to generate false-positive compounds, for aim to predict software’s abil-
ity to distinguish between active compounds and false actives, which are referred to as de-
coys. For each of the active compounds, 50 decoys were generated using the DUD.E platform
(Mysinger et al., 2012). The assessment of molecular re-docking involved the calculation of
the root mean square deviation. This value was obtained from aligning the docked structure
with the crystallographic structure (rosiglitazone) through superposition.

Following these validations, the sets of compounds associated accepted in the term
toxicity (no alerts and violations to Lipinski, PAINS and Brenk) were docked within the ac-
tive site using AutoDock Vina with total of 30 exchanges were executed. From the analysis of
ligand-protein interactions, the conformation with the most affinity was chosen. Also, the set
of screening compounds were assessed for their qualitative toxicity by means of the Oral Rat
Acute Toxicity (LDso) via the pkCSM platform (Pires et al., 2015).

The group of the compounds has been ranked by the best affinity values simultaneous-
ly with the lowest LDso values. The top compounds ranked was evaluated by BBB permeant

and Pgp substrate, using the BOILED-Egg chart.

2.4 Molecular Dynamic (MD) simulation

Molecular dynamics (MD) simulations elucidate the temporal interatomic interactions
within a protein and other molecular systems, closely resembling their natural conditions.
These simulations effectively capture a spectrum of biological processes, including ligand
binding, complex stability, and protein folding (Hollingsworth & Dror, 2018; Karplus &
McCammon, 2002). In this current investigation, molecular dynamics simulations were car-
ried out using the software GROMACS-5.1.2 (Schmid et al., 2011), with the support of La-
boratory of Molecular Modelling at the Federal University of Lavras (UFLA), Lavras, Brazil.
This was carried out on the Bos taurus indicus PPARYy, as well as its complexes with the ref-
erence ligand Rosiglitazone, along with the highest-ranked compound MCULE-1323064686.
The simulation procedure closely adhered to the protocol outlined in our previous publication
(Gongalves et al., 2022; Tavares et al., 2023). In brief, ATB Version 3.0
(https://atb.ug.edu.au/) was used to create topology files for the ligands. The simulation was

carried out in an SPC water environment, along with counter ions (Na*/CI") to neutralise the

system.


https://atb.uq.edu.au/
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The NVT/NPT ensemble was established at a temperature of 300 K and an atmospher-
ic pressure of 1 bar. The simulation utilized the GROMOS54a7 force field. The simulation
duration was defined as 150 ns. After carrying out the 150 ns molecular dynamics steps, as
described in the methodology section, the Hydrogen Bond, Interaction Energy, RMSD (Root
Mean Square Deviation) and RMSF (Root Mean Square Fluctuation) graphs were generated

and analysed for each system.
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3. RESULTS AND DISCUSSION

3.1 Homology Modelling of PPARy

It is important to note that the absence of a crystallographic structure of bovine PPARy
is a significant limitation in understanding the structure and function of this important molec-
ular target. Therefore, modelling the molecular target by homology becomes a valuable tool to
fill this gap. Based on the crystallographic structure of another known PPARy, homology
modelling allows the creation of a three-dimensional representation of the target protein.

The homology modelling using the human PPARy (PDB ID: 1FM6) and the primary
sequence UniProtKB: AOA6P5DUG8 of the organism Bos taurus indicus presented a cover-
age range equal to 54% (234-505). The 272 residues present in the model created presented
equivalent sequence identity 98.90%, having only 3 residues (SER-296, PRO-301 and ASN-
330) that differ from the template as shown in Figure 2 with the alignment between the se-
quences of the two structures, the three residues that differ are not present in the cavity of the
protein to be molecular docking.

1FM6 206 PESADLRALAKHLYDSYIKSFPLTKAKARAILTGKTTDKSPFVIYDMNSL 255

PPARy MODEL 234 PESADLRALAKHLYDSYIKSFPLTKAKARAILTGKTTDKSPEFVIYDMNSL 283
] ok kK kK ok ok kK Kk ok ok ok kK ok ok ok ko ok ok kK ok ok ok kK ok ok kX ok ok ok ok kK K ok ok ok

1FM6 256 MMGEDKIKFKHITPLQEQSKEVAIRIFQGCQFRSVEAVQEITEYAKSIPG 305
PPARy MODEL 284 MMGEDKIKFKHISPLQEPSKEVAIRIFQGCQFRSVEAVQEITEYAKNIPG 333

KAXKXKAKAKAKAKAKAKAAK e AAXAKX AAKXAAAAKAAKXA AKX AKX A AKX A A AKX A AKXk k) %% *%k%

1FM6 306 FVNLDLNDQVTLLKYGVHEIIYTMLASLMNKDGVLISEGOGFMTREFLKS 355
PPARy MODEL 334 FVNLDLNDQVTLLKYGVHEIIYTMLASLMNKDGVLISEGQGFMTREFLKS 383

KKK A KA A A A A KA A KA A A A A A A A A A A A A KA A KA AR A A AR A A AR A A AR AR AR AR kK

1FM6 356 LRKPFGDFMEPKFEFAVKFNALELDDSDLATIFIAVIILSGDRPGLLNVKP 405
PPARy MODEL 384 LRKPFGDFMEPKFEFAVKFNALELDDSDLAIFIAVIILSGDRPGLLNVKP 433

KKK A KA A A A A A KA A KA A A A A A A A A A A A A A KA KA A KA A A A AR KA AR AR AR AR AR KRR kK

1FM6 406 IEDIQDNLLQALELQLKLNHPESSQLFAKLLOQKMTDLRQIVTEHVQLLQV 455

PPARy MODEL 434 IEDIQDNLLQALELQLKLNHPESSQLFAKLLOKMTDLRQIVTEHVQLLQV 483
Kk ok k ok k ok k ok k ok k ok k ok k ok k ok ok k k ok k ok k ok k ok k ok k ok k ok kR k ok kR k ok ok ok ok ok ok ok ok

1FM6 456 IKKTETDMSLHPLLQEIYKDL 477

PPARy MODEL 484 IKKTETDMSLHPLLQEIYKDL 505
kK Kk Kk k ok ok ko k ok ok ok ok kK k ok ok ok

Figure 2. Alignment template with the modelled transcription factor.

Fully conserved residues are indicated with an asterisk (*), while (:) and (.) indicate residues with
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strongly similar and residues with weakly similar properties, respectively. Residues marked in red are

present in the cavity and inside the docking grid box.

The platform SWISS-MODEL returned the value of Ramachandran Favoured equal to
92.22%. In the calculation of a Ramachandran plot (Fig. 3), the atoms are treated as hard
spheres whose dimensions correspond to their van der Waals radii, if the combination of the
angles ® and Y results in the collision of the spheres is considered sterically unfavourable,
thus identified as outlier residues. The residues known as Ramachandran Outliers in the mod-
el created are: PRO-387; GLN-299; LEU-298; ASP-271; MET-491; SER-492; SER-296;

ARG-385; PRO-297; PRO-301.

180°
o

l

180°

(a)

Figure 3. Ramachandran plot and structure of the model.

The residuals colored by the degree of confidence based on the QMEANDIsCo metric, where navy
blue represents very high confidence (QMEANDisCo > 0.9), blue indicates confidence (0.7 < QME-
ANDisCo < 0.9), yellow indicates low confidence (0.5 < QMEANDIsCo < 0.7) and orange indicates

very very low confidence (QMEANDiIsCo < 0.5).

Among the outlier residues, five belong to the cavity that contains the Rosiglitazone
molecule in the human PPARY used as template for the modelling, which are: SER-296, PRO-
297, LEU-298, GLN-299 and MET-491. However, none of the outlier residues perform in-

termolecular interactions with Rosiglitazone, as shown in Figure 4b.
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Figure 4. PPARy — Rosiglitazone interactions on a 2D diagram.

(a) 1FM6 — Rosiglitazone interactions; (b) PPARy _model — Rosiglitazone interactions.

The cavity to be used in the docking was calculated using the Cavity tool (Yuan et al.,
2013) present in the platform Cavity Plus (Wang et al., 2023). The cavity was chosen because
of the location of Rosiglitazone (RGZ) crystallized in the human PPARy (PDB ID: 1FM6).
GMQE and QMEANDisCo provide an overall measurement of model quality between 0 and
1, with higher numbers indicating higher expected quality. The calculation of the GMQE pa-
rameter is coverage dependent, a model that covers only half of the primary sequence used is
unlikely to score above 0.5. As expected, the GMQE found was equal to 0.44, since the cov-
erage range was 54% (234-505). In contrast, QMEANDIsCo evaluates the current model,
without explicitly depending on the coverage range. After this consideration, the expectation
that the QMEANDIsCo value would be higher than the GMQE was fulfilled, with the QME-
ANDisCo value equal to 0.77 + 0.05.

3.2 Virtual Screening

Virtual Ligand-Based Screening (TVBL) is a strategy that employs compounds with
known biological activity as a starting point, regardless of the structure of a molecular target.
This approach aims to identify molecules that have certain structural similarity and thus simi-
lar activity when interacting with the molecular target (Geppert et al., 2010). One strand be-
longing to the set of TVBL approaches is the search by determining the pharmacophoric pat-

tern.

The construction of the pharmacophore pattern used was done considering the atoms

and regions of Rosiglitazone that interact with PPARy (Fig. 4) and by the pharmacophores
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considered by Justin et al., 2020 and Nanjan et al., 2018.The pharmacophore pattern was de-
signed considering the thiazolidinedione ring as the acid polar head of Rosiglitazone and se-
lected only the pharmacophores that performed interactions with PPARY (Fig. 4), being: (1)
Oxygen of the amide as Hydrogen Acceptor; (2) Nitrogen of the amide as Hydrogen Donor
and (3) the Sulfur atom as Hydrophobic group, for not having options in the platforms that
best described it. Justin et al., 2020 presents the disubstituted benzene ring of the structure as
an aromatic spacer, complementing the positioning, Nanjan et al., 2018 presents the same ring
as a hydrophobic connector, thus the pharmacophores (4) Aromatic and (5) Hydrophobic were

used to describe this region of the Rosiglitazone molecule.

To describe the other hydrophobic end effectively the pharmacophore (6) Hydropho-
bic was chosen, having its sphere located on the pyridine ring. On the same ring is also locat-
ed the pharmacophore (7) Aromatic, due to the vast number of interactions of Pi nature identi-
fied in this region. As the methyl radical located as one of the substituents of the tertiary
amine performs several Alky interactions, this region was described by the pharmacophore (8)

Hydrophobic.

The libraries of molecules chosen (Table 1) under the action of the pharmacophore
pattern (Fig. 5) and the Lipinski Rule returned 274 hits, of which 24 are repeated molecules,
thus leaving 250 hits. Among the 250 hits, only 209 were submitted to the Molecular Docking
and LDso calculations, as they did not present alerts (PAINS and Brenk) and violations
(Lipinski) following the SwissADME system.

Figure 5. Pharmacophoric pattern of the Rosiglitazone.
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Table 1. Virual Screening results.

Web server Libraries Updated Hits
MolPort 2023-May-13 103
Pharmit Search Engine
MCULE 2023-Jun-13 164
ZINCPharmer ZINC Purchasable 2014-Dec-20 7

3.3 Validation Data

Prior to conducting the docking calculations using the 209 selected compounds, the
AutoDock Vina program was validated. The structures Ciglitazone, Englitazone, Pioglitazone,
Rosiglitazone and Didehydro rosiglitazone, (5Z)- were chosen. In the context of Molecular
Docking software validation, the AUC metric was used to summarize the overall model per-
formance across all possible cut-off points (Maia et al., 2020). The AUC ranges between 0
and 1, where 0.5 represents a randomly performing model, while 1 indicates a perfect model.
In our experiment, an AUC value of 0.8408 was obtained, as shown in Figure 6a. This score
suggests that the Molecular Docking parameters used in AutoDock Vina software have a good
ability to distinguish between the classes of true positives (Table 2) and false positives (50

decoys), indicating a promising performance.

Table 2. Thioglitazones activity.

Active compound Affinity (kcal mol?)
Ciglitazone -8.0
Englitazone -9.1
Pioglitazone -8.7

Rosiglitazone -8.5
Didehydro rosiglitazone, (52)- -8.7

In this study, the DockRMSD (Bell & Zhang, 2019) structural superposition algorithm
has been used to align the structures and calculate the RMSD. The RMSD value obtained for
the two structures was 1.703 A, indicating considerable structural similarity (Fig. 6b). This
value suggests that the two structures are highly overlapping, with minor variations in atom
positions. This low discrepancy between the structures is indicative of a possible functional

and structural conservation of both Rosiglitazone molecules.
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Figure 6. Receiver characteristics (ROC) and Re-docking.
Rosiglitazone crystallised (red) and Rosiglitazone pose docking (blue).

3.4 Molecular Docking, LDsg, BOILED-Egg

After selecting the Virtual Screening, the 209 compounds that did not show alerts
(PAINS and Brenk) and violations (Lipinski) according to the SwisSADME system were
evaluated. This evaluation was carried out using the scatter plot (Fig. 7), where the Affinity
and LDsp values were plotted and analysed. Hits that are in the quadrant formed by the limits
established by the Affinity (< -8.5 kcal mol™?) and LDso (> 2.713 mol kg?) values of Rosig-
litazone are promising to consider a prosperous affinity with bovine PPARy and safety by the
calculated toxicity value. The molecules belonging to the quadrant were submitted to the first
ranking by Euclidean distance (Equation 1), where it was established that the molecules with

the greatest potential are in the region with a high LDso value and a large Affinity modulus.

3.5

Others ligands
Compound 4

R osiglitazone
Actives compounds

bR OO

LDsp, presm (molkg!')
.

———
-12 -11 -10 -9 -8 =7
Afinidade atoDock vina (kcal mol ™)

Figure 7. Scatter plot: Affinity and LDso.
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The Affinitymin and LDso, max Values correspond to the most favourable affinity and
toxicity results, respectively, among the 209 compounds that passed the qualitative toxicology
test. The Affinitymin and LDso, max COOrdinates represent the values of a hypothetical ideal
compound within this set, where Equation 1 is used to calculate the distance to this hypothet-

ical point with the best affinity and toxicity values.

. .. .. 2
dlSti = \/(Afflnltyi - Afflnltymin)z + (LDSO - LDSO,max) )

The value of Affinitymin used was -11.1 kcal mol? in reference to compounds
MCULE-3391486348 and MCULE-5173208549, while the value of LDso, max used was 2.924
mol kg, value belonging to compound MCULE-9385738471. The 12 molecules located
within the quadrant are sorted in ascending order (Table 3) by the distance values calculated
by Equation 1.

Table 3. Ranking by the Euclidean distance equation.

Ranking MCULE Affinity LDso BOILED-Egg P-gp
(kcal mol?) (mol kgt) region substrate
RGZ 8293284864 -8.5 2.713 HIA -
1 0385738471 -9.3 2.924 Out -
2 2321610882 9.1 2.838 BBB +
3 2772386084 9.1 2.805 HIA -
4 1323064686 -9.1 2.781 HIA +
5 1362639167 -9.0 2.721 BBB +
6 5835167846 -9.0 2.717 Out +
7 1302121223 -8.9 2.795 BBB -
8 1468861772 -8.7 2.774 BBB -
9 7373425071 -8.7 2.723 Out -
10 9059019223 -8.6 2.785 BBB -
11 7585853459 -8.6 2.721 HIA -
12 8688852980 -8.5 2.796 BBB -

The analysis of the ranking exposed in Table 3 was performed with the aid of the
BOILED-Egg graph (Fig. 8), where all hits belonging to the quadrant limited by Rosiglita-
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zone (Fig. 7) were submitted to the calculation of pharmacokinetic properties prediction
(WLogP and TPSA) for plotting the BOILED-Egg graph (Fig. 8). The area in yellow corre-
sponds to penetration into the BBB (Blood-Brain Barrier), the region in white corresponds to
the HIA (passively absorberd by the gastrointestinal tract), while the hits located in the grey
territory are predicted to be very low absorbed into the gastrointestinal tract and non-brain
penetrative. To obtain an absorption like that of rosiglitazone and which is biologically avail-
able to carry out its function, the molecule chosen for the continuation of the methodology

was Compound 4.
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Figure 8. BOILED-Egg of top twelve compounds targeting PPARy Bos taurus indicus.

As part of the analysis of the interactions between Compound 4 and the PPARY recep-
tor (Fig. 9), the 2D Diagram visualises the molecular interactions between the two entities in
detail. H-Bonds with residues ARG-316 and GLU-319, Pi-Sigma with residue ILE-369 and

the various van der Waals interactions along the structure of Compound 4 stand out.
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Figure 9. 2D Diagram interactions between PPARy model and Compound 4.

The diagram was made using the best pose of Compound 4 in Molecular Docking.
To analyse the stability of the interactions of Compound 4 (Fig. 9) and Rosiglitazone
(Fig. 4b) with the PPARY receptor over time, a study of Molecular Dynamics simulation has
been performed. In this line, our findings revealed a detailed analysis of the fluctuations and
behaviour of the residues over an extended period. Understanding how these interactions can
influence the activity of the receptor and its biological effects is crucial for the development

of effective pharmaceutical compounds that modulate PPARY activity.
3.5 Molecular Dynamics Simulations
3.5.1 Root-mean-square deviation (RMSD)

RMSD calculations were carried out between the PPARYy structure with its backbone
when it is complexed to the Rosiglitazone structure and Compound 4. The main objective was
to assess whether there was any substantial change in the initial structure during the simula-
tion. Figure 10 shows the RMSD results for PPAR complexed to the respective activators.
Based on the analysis of the RMSD graphs, it was found that PPARYy, when coupled to Com-
pound 4, showed greater stability than when complexed with Rosiglitazone, corroborating the
relative difference in affinity that the two ligands showed in the Molecular Docking calcula-
tion. In Figure 10, the structure of PPARY underwent constant conformational changes during
the initial nanoseconds of the simulation. This allowed rapid and simultaneous interactions

with the ligands, since at the beginning of the simulation the structures already undergo a ma-
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jor structural change, reaching RMSD values that remain practically unchanged throughout
the rest of the simulation.

—— PPARy (Rosiglitazone)
7 PPARy (Compound 4)
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Figure 10. RMSD values of PPARY monitored over 150 ns in MD simulations.

3.5.2 Root mean square fluctuation (RMSF)

To assess structural stabilisation in the simulation environment, the root mean square
fluctuation (RMSF) was calculated based on the average position of each amino acid residue
in PPARYy. Figure 11 shows the RMSF graphs for the Rosiglitazone/PPARy and Compound
4/PPARY systems.
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Figure 11. The average residual fluctuations over a 150 ns in MD simulations.
RMSF values (a) Rosiglitazone/PPARY and (b) Compound 4/PPARYy. The analysis was specifically
performed for the backbone.
From Figure 11, the higher RMSF values indicate residues that showed greater oscilla-
tion in relation to their initial positions. In the Rosiglitazone system, these residues were

THR-270, ASN-281, GLY-286, ILE-295, PRO-301, GLY-333, LEU-337, PRO-387, GLY-
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423, LEU-429, LEU-451, SER-456, THR-489 and LEU-504. In the Compound 4 system, the
waste was THR-270, ASN-281, GLU-287, PHE-292, PRO-301, THR-325, GLY-333, LEU-
429, SER-457, MET-491, THR-505. Among the residues with the highest fluctuations, the
only one present in the interaction diagram of the Compound 4/PPPARy complex was GLU-
287, which has a favourable non-classical H-Bond interaction called Carbon H-Bond. Most of
the residues with the greatest fluctuation are part of protein loops, which are regions charac-
terized by flexibility. Furthermore, although both systems were made up of the same protein
and the same simulation criteria, fluctuations were observed in different amino acids, possibly

due to interactions with different inhibitors.

Among the residues that showed greater flexibility, the only residue close to the site
that was interacting with one of the compounds was GLU-287, as shown in Figure 9. The
presence of residue GLU-287 among the residues with the greatest fluctuation can be ex-
plained by the fact that it does not interact strongly with Compound 4 and is also part of a

protein loop.
3.5.3 Analysis of interactions in the PPARy active site

In our analysis, the hydrogen bonds formed between PPARy and the chosen ligands
hve been studied. A maximum donor-acceptor distance of 3.5 A in Gromacs has been adjust-
ed. The number of hydrogen bonds formed during the simulation was plotted in Figure 12.

7 | —— PPARYy - Rosiglitazone
354 PPARY - Compound 4

Number of H-Bonds
" I
|

0 25 50 75 100 125 150
Time (ns)

Figure 12. Number of hydrogen bonds between the ligands and PPARY.
(a) Rosiglitazone and PPARY, (b) Compound 4 and PPARYy during the simulation period.

From the graphs, the reference ligand Rosiglitazone (Fig. 12a) had the most consistent
hydrogen bond interactions throughout the simulation period, varying between one and two



49

interactions throughout the simulation. Compound 4, on the other hand, reached three hydro-
gen bonds during the simulation at sporadic moments, but more recurrently than the reference

ligand, corroborating the docking results shown in Figure 4b and Figure 9.
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Figure 13. Protein-ligand interaction energies Molecular Dynamics.
(a) Rosiglitazone/PPARy and (b) Compound 4/PPARy.

To better evaluate protein-ligand interactions, GROMACS MD simulation trajectories
were used to extract two crucial energy terms: short-range Coulomb energies (Coul-SR) and
short-range Lennard-Jones energies (LJ-SR). For both ligands, negative values were observed
for Coul-SR, but positive values for LJ-SR, as shown in the supplementary material. Consid-
ering the short-range Lennard-Jones and short-range Coulomb potential energy calculations
between the protein and the ligands, it was observed that Compound 4 interacts in a similar

way to Rosiglitazone within the PPARY active site (Fig. 13).

During the 150 ns simulation period, the mean values (z standard deviation) of the
sum of the Coul-SR and LJ-SR energies were -858589.2 (+ 23634.7) and -859268.4 (+
21366.0) kJ/mol for the Rosiglitazone (Fig. 13a) and Compound 4 (Fig. 13b) ligands, respec-
tively. These findings suggest that Compound 4 can form a thermodynamically stable com-

plex with bovine PPARY.

During the simulation analysis, the distribution of average interactions was examined
using pharmacophore maps (Fig. 14), plotted at the points of minimum Interaction Energy
between the ligands and PPARy. Remarkably, the H-bond interactions involving residues
SER-317 and TYR-501 predicted in the molecular docking calculation were maintained
throughout the molecular dynamics, as were the interactions with residues GLY-312, LEU-
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358, MET-392 and other residues present in both interaction diagrams of the Rosiglita-
zone/PPARYy system (Fig. 14a).
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Figure 14. Interactions performed during 150 ns in the molecular dynamics (MD) simulation
for (a) Rosiglitazone/PPARY and (b) Compound 4/PPARY.
The diagrams were performed on frame 23.81 ns and 43.64 ns, respectively.

In the case of the Compound 4/PPARy complex (Fig. 14b), the residues responsible
for the H-bonds in the Molecular Docking calculation were ARG-316 and GLU-319, while in
molecular dynamics they were GLN-299 and SER-370. The simulation results suggest that
other intermolecular interactions, such as Alkyl and Pi-Alkyl interactions, and hydrophobic
interactions involving several residues, including ILE-295, SER-296, PHE-380, LEU-381,
LYS-395 contribute significantly to the stabilisation of Compound 4 in the PPARY active site.

CONCLUSION

In conclusion, Compound 4 as an alternative PPARY activator showed similar predict-
ed activity to the reference compound, Rosiglitazone, as well as exhibiting a higher theoretical
LDso value, raising expectations for new PPARY activators that are safer than those currently
on the market. Bovine PPAR, derived from homology modelling, exhibited remarkable simi-
larity to the three-dimensional structure of human PPARy. Therefore, a logical inference

would suggest that Compound 4 could be considered a potential activator of PPARy in hu-
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mans. This approach aims to modulate apoptosis in diseases such as cancer by exploiting the

activation of this transcription factor.
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