U

UNIVERSIDADE FEDERAL DE LAVRAS

ESTELLA GASPAR DA MOTA

PLANEJAMENTO RACIONAL DE AGENTES
ANTI-HIPERTENSIVOS MULTI-ALVO

LAVRAS - MG
2015



ESTELLA GASPAR DA MOTA

PLANEJAMENTO RACIONAL DE AGENTES ANTI-HIPERTENSIVOS
MULTI-ALVO

Tese apresentada a Universidade
Federal de Lavras, como parte das
exigéncias do Programa de Pds-
Graduacdo em Agroquimica, area de
concentracdo em Quimica/Bioquimica,
para a obtencao do titulo de Doutor.

Orientador
Dr. Matheus Puggina de Freitas

LAVRAS - MG
2015



Ficha catalogréfica elaborada pelo Sistema de Gerag de Ficha
Catalografica da Biblioteca Universitaria da UFLA, com dados
informados pelo (a) préprio(a) autor(a).

Mota, Estella Gaspar da.

Planejamento racional de agentes anti-lépsitos multi-alvo /
Estella Gaspar da Mota. — Lavras: UFLA, 2015.

108 p.

Tese (doutorado) — Universidade Federalaleds, 2015.
Orientador: Matheus Puggina de Freitas.
Bibliografia.

1. Hipertenséao arterial. 2. Anti-hipertensiv3. Renina. I.
Universidade Federal de Lavras. Il. Titulo.




ESTELLA GASPAR DA MOTA

PLANEJAMENTO RACIONAL DE AGENTES ANTI-HIPERTENSIVOS
MULTI-ALVO

S

Tese apresentada a Universidade
Federal de Lavras, como parte das
exigéncias do Programa de Pos-
Graduacdo em Agroquimica, area de
concentracdo em Quimica/Bioquimica,
para a obtencao do titulo de Doutor.

APROVADA em 23 de fevereiro de 2015.

Dr. Teodorico de Castro Ramalho UFLA
Dra. Elaine Fontes Ferreira da Cunha  UFLA
Dr. Alexandre Carvalho Bertoli UNIFAL

Dra. Melissa Soares Caetano UFOP

Dr. Matheus Puggina de Freitas
Orientador

LAVRAS - MG
2015



“Mas € preciso ter forca
E preciso ter raca
E preciso ter gana sempre
Quem traz no corpo a marca
Maria, Maria
Mistura a dor e a alegria.”

(Milton Nascimento)
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RESUMO

A hipertenséo arterial, ou pressao alta, € umagioearacterizada pela
elevacdo dos niveis de tensdo no sangue e por uspsc médicos e
socioecondmicos elevados, decorrentes, principaemeas suas complicacoes,
tais como doenca cerebrovascular, doenca artesiahariana e insuficiéncia
cardiaca. Os medicamentos empregados para 0 @ilgska doenca exibem
maior eficacia quando ministrados em conjunto carnos farmacos, fato que
potencializa os efeitos colaterais. Dentre as etasde anti-hipertensivos
utilizadas no tratamento, destacam-se as respdagiorenibir a acao da renina,
os inibidores da enzima conversora de angioterigi@4\) e os bloqueadores de
canais de célcio, entre outros. A proposta, neat®lho, consistiu em avaliar a
capacidade de modelagem do método MIA-QSAR para diaases de agentes
anti-hipertensivos: inibidores da renina e blogoeasl dos canais de célcio. Os
modelos construidos mostraram-se estatisticamehtestos e preditivos, sendo
escolhidos para a determinacdo da atividade biaodos novos inibidores da
renina e bloqueadores de canais de calcio, cormebigartir da estratégia de
combinar subestruturas quimicas das moléculas eft@mbioativas de cada
série. Dentre 0s compostos propostos, 0Ss poteramiddm mais ativos
apresentaram valores estimados depife 9,26 para os inibidores da renina e
12,77 para os bloqueadores de canais de célcieraup aqueles presentes na
literatura. Tais predicdes foram validadas pordmtidedocking Além disso, os
compostos propostos exibiram parédmetros farmaciodsé calculados
comparaveis aos compostos de referéncia, sendmcumteente de facil
absorcdo, distribuicdo, metabolismo e excrecBleste trabalho também
descrevem-se os estudos decking de compostos concebidos a partir da
combinacao de subestruturas de trés tipos de igmtiténsivos: inibidores da
renina, bloqueadores do canal de calcio e inib&lole enzima conversora de
angiotensina (ECA), objetivando, assim, a obtemgiom composto multialvo.
Alguns compostos propostos apresentaram valoresadores delocking score
e de interacao intermolecular ligante-enzima, pagas os trés alvos estudados,
pois estdo acima dos valores calculados para ogazios de referéncia
alisquireno (inibidor da renina), amlodipina (bleqdor de canais de calcio) e
captopril (inibidor da ECA), indicando perspectivasomissoras quanto a
estudos posteriores.

Palavras chave: Hipertenséo arterial. Anti-hipesiteos. Renina. Bloqueadores
de canais de célcio, Enzima conversora de angioterndlA-QSAR.Docking.



ABSTRACT

Hypertension, or high blood pressure, is a disedwwacterized by
elevated blood pressure levels and has high mealithkocio-economical costs,
arising mainly from its complications, such as beogascular disease, coronary
artery disease and heart failure. The drugs usamntrol this disease exhibit
greater efficacy when given in combination with esthdrugs, a fact that
enhances the side effects. Among the antihypektensiasses used for
treatment, the highlights are those responsiblénfuibiting the renin action, the
angiotensin-converting enzyme (ACE) inhibitors,caain channels blockers,
among others. The purpose of this study was tauat@lthe modeling capacity
of the MIA-QSAR method for two classes of antihypesive agents: renin
inhibitors and calcium channel blockers. The modelsveloped were
statistically robust and predictive, chosen foredsiining the biological activity
of new renin inhibitors and calcium channel bloskéesigned from the strategy
of combining chemical substructures of highly bibac molecules in each
series. Among the compounds proposed, the mostigirgmpresented plg
values of 9.26 (renin inhibitors) and 12.77 (caiciuchannels blockers),
exceeding those present in literature. Such pied&t were validated by
docking studies. Furthermore, the proposed compoumdibited calculated
pharmacokinetic parameters comparable to thosefefence compounds, being
potentially well absorbed, distributed, metabolizedl excreted. This work also
describes the docking studies of compounds designedhe basis of the
combination of substructures of three types ofhgmpiértensive drugs: renin
inhibitors, calcium channel blockers and angiotestsinverting enzyme (ACE)
inhibitors, in order to obtain a multi-target conpd. Some proposed
compounds showed encouraging values of dockingesaad intermolecular
ligand-enzyme interaction for all three targetsdstd, since these data were
higher than the values calculated for the referamrapounds Aliskiren (renin
inhibitor), Amlodipine (calcium channel blocker)da@aptopril (ACE inhibitor),
indicating promising prospects for further studies.

Keywords: Hypertension. Antihypertensives. Renialoim channel blockers.
Angiotensin-converting enzyme. MIA-QSAR. Docking.
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PRIMEIRA PARTE

1 INTRODUCAO

De acordo com a Organizacdo Mundial da Salde, ssfwearterial
elevada é um problema de salde publica. Estimatipastam que a doenca
cardiovascular atinge 2 bilh6es de pessoas, coiteidé 6bitos de 9 milhdes de
pessoas por ano, sendo a principal causa de momeundo e promovendo a
ocorréncia de ataques cardiacos e derrames (ORGXMBD MUNDIAL DA
SAUDE - OMS, 2013). Embora ainda ndo haja uma defnitiva para
hipertensdo, esta doenca pode ser controlada get#fia de um estilo de vida
saudavel e a utilizac@o de anti-hipertensivos.

Os anti-hipertensivos consistem de uma classe rdeaéds, dentre os
guais se tém os bloqueadores dos canais de cBICO)( os inibidores da renina
(IR) e os inibidores da enzima conversora de aeg#ia (ECA), entre outros.
Os BCC séo vasodilatadores e baixam a pressa@bper reduzir a resisténcia
periférica vascular, enquanto os IR e os inibidat@sECA atuam no sistema
renina-angiotensina-aldosterona (S-RAA), impedind® formacdo da
angiotensina Il. A angiotensina Il € um potenteocasstritor e estimula a
producao de aldosterona, que promove a retencéadile e agua.

O Brasil tem, aproximadamente, 20 milhdes de hépsds (BRASIL,
2014) e cerca de 80% deles ndo conseguem con&glaessao arterial com
apenas uma terapia. Esses pacientes, que necesd#tacombinacdo de
medicamentos e enfrentam o desafio da adesdo eerdds tratamentos,
poderiam ser beneficiados pela utilizacdo de agehigertensivos multialvo,
isto é, principios ativos que atuem em mais de lumenzimatico.

O planejamento racional de novos farmacos caraatsg por sua

complexidade e elevado custo. Assim, a possibilidde projetar compostos
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com propriedades bem definidas, evitando os culessinteses experimentais
exploratérias de grande nuimero de substanciasinipoisionado pesquisas na
area da Quimica Computacional. Os fundamentos sétes para um projeto

efetivo nessa area estdo na relacao quantitatinztga-atividade (QSAR). Nas

técnicas utilizadas em QSAR, considera-se que eexisia relacdo entre as
propriedades de uma molécula e sua estrutura cuieitenta-se estabelecer
relacdes matematicas simples para descrever egguida, prever uma dada
propriedade para um conjunto de compostos, gerddmegrtencentes a uma
mesma familia quimica (HANSCH et al., 2002; MARTINS10).

Uma aproximagdo aos modelos QSAR convencionaisalignte
preditiva, mas com algumas vantagens em termosimdglicddade e custo
computacional, foi desenvolvida em 2005 e nomeltldtivariate Image
Analysis applied to QSARU MIA-QSAR (FREITAS; BROWN; MARTINS,
2005). Os descritores MIA tém sido aplicados comesso ndo s6 para
correlacionar estruturas quimicas com atividadeigicas, mas também com
propriedades fisicas (GOODARZI; FREITAS, 2008, 200800DARZI;
FREITAS; RAMALHO, 2009).

Este trabalho foi realizado com o objetivo de aal capacidade de
modelagem do método MIA-QSAR para duas classes gintes anti-
hipertensivos: inibidores da renina e blogqueadales canais de calcio. A
proposta e o estudo das interagbes de um ou miEIBOSLOS que apresentem
atividade anti-hipertensiva multialvo também foraealizados, por meio de
estudos delocking Esses compostos sdo uma miscelanea de estrdagasias
classes de anti-hipertensivos aqui estudadas, @éélasse dos inibidores da
enzima conversora de angiotensina, presente ratlita (SILVA, 2013). A fim
de alcancar os objetivos propostos, este trabaltéodividido em duas partes.
Na primeira, verifica-se uma abordagem geral sobrema e, na segunda, sao

descritos os resultados, demonstrados em trésartig
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2 REFERENCIAL TEORICO

2.1 Sistema renina-angiotensina-aldosterona

O sistema renina-angiotensina-aldosterona (S-RAgur& 1) é um dos
principais reguladores da fisiologia humana. O aimela atividade desse
sistema esta associado as doencas cardiovasoglarbgpertensédo, assim como
danos em 6rgdos como o coracgdo e os rins (RAIZAEHERREIRA, 2007).

Trata-se de um sistema que promove a liberacdmgletansina (Ang)
Il, a qual exerce seus efeitos pela interacdo @maptores especificos (PAUL;
MEHR; KREUTZ, 2006). A Ang Il é gerada pela agdordnina, uma enzima
produzida pelos rins, sobre o angiotensinogénienpddico, produzido pelo
figado, formando o decapeptideo Ang | (Adpg®Val*-Tyr*lle®-His®-Pro-
Phé-His™-Leu'), que é clivado na ligacdo PHeis’ pela enzima conversora de
Ang |, presente em abundancia no endotélio pulmdibarando o octapeptideo
ativo Ang Il (Asp-Arg®Val®>-Tyr*lle®-His®-Prd-Phé) (MACIEL, 2013).

A etapa principal do S-RAA que contribui para ardgslacdo da
pressdo arterial ocorre com a formacdo da Ang dsponsével por ativar
negativamente um ciclo que sobrecarrega os 6rgaadvados na estabilidade
hemodinamica. Apdés realizar sua fungéo, o procfisatiza-se quando a Ang Il
€ inativada. Isso ocorre por meio da acéo de emszangiotensinases e, como

resultado, forma-se uma nova proteina: a Ang RIESSON et al., 2003).
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Anglotencmogenlo

g

Angiotensinall
Asp-Arg-Val-Tyr-lle-His-Pro-Phe-His-Leu (1-10)
1-2-3-4-5-6-7-8-9-10

\}f-
3 | o
\\ PO——
Angiotensina IlI - Angiotensina Il (1-8) Vasoconstrigao

@ Aldosterona

Reabsorcao de Na* e H,0

Figura 1 Sistema renina-angiotensina-aldosterona

2.2 Inibidores da renina

A renina é uma protease com dois lobos homoéloges ma sua fenda
interna, tem dois residuos de acido aspartico dontade catalitica. A renina
cliva o angiotensinogénio, gerando Ang |, que éexyrsora do produto ativo
do sistema renina-angiotensina-aldosterona (S-RAAXNg Il. A renina é
formada no rim, a partir do seu precursor inatavgrorenina que € inativa por
apresentar um propeptideo de 43 aminoacidos qabreea fenda com atividade
catalitica da renina. No rim, a remocao do progeptifforma a renina, também
denominada de renina ativa. A renina participanragira etapa da ativacdo do
S-RAA, clivando a ligacdo Leul0 — Valll do angisiangénio. Sua
localizacao privilegiada faz com que possa iniei@eterminar a velocidade de
toda a cascata enzimatica do S-RAA (RIBEIRO, 2006).
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Os inibidores da renina (IR) tém grande afinidadda prenina,
impedindo-a de clivar o angiotensinogénio. Agindgol na primeira reagéo que
gera a Ang Il, os IR promoverdo um bloqueio maisygleto de S-RAA. Isso
decorre do fato de a renina ser limitante da vdm® de reacdo e ter grande
especificidade pelo seu substrato, o angiotensimog® bloqueio direto da
renina, logo no inicio da ativacdo do S-RAA, dimiawprobabilidade de efeitos
colaterais (GOESSLER; POLITO, 2012).

O alisquireno (Figura 2) € o representante atussalelasse e promove

inibicdo direta da a¢éo da renina, com consequimiauicdo da Ang Il.

Iz
@]
T

[y

NH,

CH3 OH

Figura 2 Estrutura quimica do alisquireno

2.3 Inibidores da enzima conversora de angiotensina

A enzima conversora de angiotensina (ECA) humawgalifa-se na
membrana plasmatica e € uma metaloprotease quéntdh278 residuos de
aminoacidos e tem dois dominios homdlogos, cadaarmum local catalitico e
com uma regido de ligacdo do zinco (SOUBRIE et #)88). Essa enzima
glicoproteica zinco-dependente catalisa a remoedantinoacidos de diferentes
substratos peptidicos e é responsével pela covdasAng | em Ang Il. Trata-
se, portanto, de uma enzima chave no processadiacéo da presséao arterial,

por apresentar especificidade pela Ang I.
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Os inibidores da ECA precisam competir com o sabstnatural pelo
zinco (ll) no sitio ativo, bem como por meio deafijes de hidrogénio e
interacBes hidrofébicas (PAULA et al., 2005). A Ardb é um potente
vasoconstritor e estimula a producéo de aldosteureapromove a retencao de
sédio e 4gua. A enzima é estimulada pela secrezdeniha pelos rins quando
estes reagem a diminuicdo da sua perfuséo sangioéaibir essa enzima, 0s
inibidores da ECA produzem vasodilatacdo periféritianinuindo a presséo
arterial (BAKRIS, 2009).

Os principais representantes dessa classe de mmeditzs sdo o0
captopril e o enalapril (Figura 3), além do ciladlapdelapril, lisinopril e
fosinopril, entre outros (SILVA, 2013).
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Figura 3 Estrutura quimica do captopril e do endlap

2.4 Blogueadores de canais de calcio

O fon célcio (C&) é um importante mensageiro intracelular, sendo
fundamental nos mecanismos de excitacdo e cont@gdousculatura lisa do
miocéardio e dos vasos.

A concentracdo extracelular de’a de, aproximadamente, 5 M; sua

concentracdo intracelular oscila entre 0,1 e 10 Aesar desse gradiente
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eletroguimico transmembranar favoravel, d'Gam a sua entrada na célula
restringida, pois é mediada por canais e transpanga especificos existentes na
membrana plasmatica (PIMENTEL, 2003).

Os bloqueadores dos canais de calcio (BCC) imped#iuxo de calcio
para dentro as células, incluindo células muscsilesediacas, células do sistema
de conducéo do coracdo e da musculatura lisa @o pasbloqueio competitivo
com o C&' que entra pelos canais lentos voltagem-dependégpsndente de
um estimulo elétrico). Portanto, reduzem a exditdile do coracdo e a
frequéncia cardiaca. O periodo de relaxamentoléngado, o que leva a perda
da velocidade de conducgdo dos sinais do marca-gssidgico por todo o
miocardio (DOLLERY, 1991). Assim, a acdo anti-hipesiva dos BCC é
decorrente da diminuicdo da resisténcia vasculafépgea pela reducdo da
concentracdo de @anas células musculares lisas do vaso, relaxando a
musculatura lisa e promovendo vasodilatacio (BOMBIGVOA, 2009).

Ha pelo menos seis tipos de canais voltagem-deptrslencontrados
em varios tecidos: L, N, P, Q, R e T (OIGMAN; FR(8, 1998). Os BCC
terapeuticamente importantes atuam sobre os cémaiigo L que compreendem
trés classes quimicamente distintas de farmacosilaliguilaminas, di-
hidropiridinas e benzotiazepinas (BOMBIG; POVOADZD

A estrutura proteica do canal L é bem conhecidesam-se de uma
macromolécula composta por varias subunidadesjimutd alfal, alfa2, beta e
delta (a gama existe apenas no musculo esquel¢@MAN; FRITSCH,
1998).

Os farmacos de cada uma das trés classes quimieasiomadas
anteriormente ligam-se & subunidade do canal de Gado tipo L, mas em
locais distintos, que interagem alostericamenteeesite com 0 maquinario de
controle de passagem do canal, impedindo sua a®eztuconsequentemente,

reduzindo a entrada de Ca



21

v
II' I.l 3
E a @
= T Qo
Canais de calcio B
F

controlados por s

voltagem /’/ B -y

A
s

f', [}
[/
Q _Cell_.ila muscular
( lisa do vaso

Q Influxo deca’lcio{ |
diminuido 1

Figura 4 Canal de calcio tipo L, bloqueado poridrdpiridinas

Amlodipina e felodipina (Figura 4) sao derivadasdiéidropiridinas
bastante conhecidas comercialmente como farmadohkipertensivos (MOTA
et al., 2013).
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Figura 5 Estrutura quimica da amlodipina e felathpi
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2.5 Biodisponibilidade e regra de Lipinski

A biodisponibilidade é um termo farmacocinético gdescreve a
velocidade e o grau com que uma substancia ativa suwa forma molecular
terapeuticamente ativa é absorvida a partir de urdicamento e se torna
disponivel no local de a¢éo. A avaliagdo da biatfififilidade é realizada com
base em pardmetros farmacocinéticos calculados rér mhos perfis de
concentracdo plasmética do farmaco ao longo dodgKiBLLER; PICHOTA;
YIN, 2006)

A regra de Lipinski, também denominada de regra Sjoeem como
objetivo estimar a solubilidade e a permeabilidddefarmacos administrados
pela via oral, predizendo a influéncia da estrutyuwémica na absor¢édo de um
composto, uma vez que a previsdo dos processosdacméticos, logo nos
estagios iniciais da pesquisa, é de extrema impoééara o desenvolvimento
de um candidato a farmaco (DUCHOWICZ et al., 20&8gundo Lipinski, os
critérios a serem analisados sdo: a massa molmalando deve exceder a 500
g/mol; o log P, cujo valor limite é 5 e os grupasadores (NH + OH) e
aceptores (N + O) de ligacdo hidrogénio, cujas stmaa ndo devem ultrapassar
a 5 e 10, respectivamente (LIPINSKI et al., 20@bora existam farmacos de
sucesso que transgridam a regra de Lipinski, banmoatros que as obedecam
e que nao tenham chegado ao mercado, a regradiokipinski tem servido de
base para tracar tendéncias de perfis farmacomséticom frequéncia, ha
muitos anos. Os parametros da regra de Lipinski,cemunto com a area
superficial polar da molécula (TPSA, relacionadanca biodisponibilidade
oral), podem ser avaliados utilizando-se o programlinspiration
(MOLINSPIRATION CHEMINFORMATICS, 1986). Essas pragdades,
principalmente hidrofobicidade, ligacdes de hidragétamanho e flexibilidade

da molécula e, claro, presenca de caracteristizazatoféricas, influenciam o
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comportamento da molécula em um organismo vivo \erdeser levadas em
consideracao para propostas de novas drogas.

Introspeccdes similares acerca disso podem sercaldas utilizando-se
0 programa Hologram QSAR Technique, presente eeatitra (MODA et al.,
2008). Os modelos associados a base de dados pleggama conseguem
avaliar a absorcao intestinal humana, a biodisjlatdde oral, a penetracado a

barreira hemato-encefalica e a solubilidade de ::\éonacos.

2.6 Desenvolvimento de novos farmacos

A descoberta de farmacos pela industria farma@@eéticonsiderada, por
especialistas, uma atividade complexa, multifatorigara, demorada,
envolvendo a aplicacdo de técnicas e metodologiaslemas, e cuja
produtividade é questionada com base em dados em@rdtram a relacdo
inversamente proporcional entre 0s investimentos @masquisa e
desenvolvimento (P&D) e a descoberta de “New Chalrimtities” (NCES)
(MILNE, 2003).

As etapas envolvidas no processo de P&D baseiam-se,
simplificadamente, no estudo de compostos parataniento de doencas. A
primeira etapa consiste na descoberta de um compeosin atividade
terapéutica. Na segunda etapa, sdo feitos té@ste#tro para avaliacdo das
propriedades bioldgicas das moléculas obtidas, bemo por bioensaiom
vivo, estudando o0 metabolismo e investigando a farnmaética e a
farmacodindmica nos animais, 0 que é consideraéstwdo pré-clinico. Na
terceira e Ultima etapa do processo séo realizestoglos clinicos em humanos,
em varias fases, parte denominada estudo clinieRRIEIRA et al., 2009;
GUIDO; ANDRICOPULO; OLIVA, 2010; LOMBARDINO; LOWE2004).
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Introduzir um novo medicamento na terapéutica épumeesso longo e
bastante oneroso, como citado anteriormente. Togoooesso de P&D dura
cerca de doze anos, com probabilidade de sucesso peguena (LIMA et al.,
2003). Assim, de cada 30.000 moléculas sintetizagkasa de 20.000 (66,7%)
entram na fase de estudos pré-clinicos, 200 (0,&r#am na fase | dos estudos
clinicos, 40 (0,13%) passam para a fase Il, 124¢@)0entram na fase Ill e
somente 9 (0,027%) s&o aprovadas pelos Orgdosatédos. E importante
mencionar, ainda, que apenas um medicamento aprd@@03%) é incluido
nos protocolos terapéuticos (CALIXTO; SIQUEIRA JWR, 2008).

O sucesso comercial de um farmaco depende de afgtores, tais
como simplicidade estrutural (com possibilidade ndedificacdes, visando a
otimizacdo de seu perfil farmacoterapéutico), seambro de uma série
congénere com relagdo estrutura/atividade (SAR) éstabelecida e apresentar

boas propriedades farmacocinéticas (OPREA et@01)2

2.7 Quantitative Structure-Activity Relationship (QSAR)

Com o desenvolvimento da tecnologia, computadosefiwares e
hardwares, foram criados programas especificos param utilizados em
problemas quimicos. Criou-se, assim, um novo ramauimica, a Quimica
Computacional.

Uma técnica que tem se destacado nesse meio acaaeajuantitativa
entre estrutura-atividade, ou QSAR, do ingl@santitative Structure-Activity
Relationship O método baseia-se na possibilidade de a atiidatbu
propriedade ser uma funcdo da estrutura molecolarseja, correlaciona a
estrutura quimica com determinada propriedade gainfisica ou bioldgica,

com o objetivo de fundamentar o planejamento dassubstancias que tenham
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perfil terapéutico mais adequado as necessidadésVEN et al. 1998;
TAVARES et al., 2004).

A area desperta grande interesse, visto que dispeisteses
experimentais exploratérias de grande nimero depesios, pois consegue
projetar moléculas com propriedades bem definidagie diminui os custos e o
tempo (HANSCH et al., 2002; MARTINS et al., 2009).

As técnicas utilizadas em QSAR surgiram em 1863nda Cros, da
Universidade de Estrasburgo, observou que a t@deidde &lcoois em
mamiferos aumentava quando suas solubilidades em digninuiam. Crum-
Brown e Fraser postularam, em 1868, que existianelagdo entre as atividades
fisiolégicas e as estruturas quimicas. Mais tdRiehet propds que a toxicidade
de alguns alcoois e éteres era inversamente piopaft@s suas solubilidades
em agua. Por volta de 1900, Meyer e Overton, tnaloalo independentemente,
estabeleceram relages lineares entre a agdo inard# alguns compostos
organicos e uma distribuicdo de coeficientes debdalade em agua e em
lipidios, descrevendo um parametro que pode sesidenado um precursor do
atual log P, o coeficiente de particdo octanol-agim 1939, Ferguson estudou
o0 comportamento de propriedades diversas (soladididem &gua, particdo,
capilaridade e pressdo de vapor) em relacdo adatiei toxica de diferentes
séries homologas de compostos (CARBO-DORCA et 2000). Mesmo
considerando esses procedimentos como as raizasaoQSAR, no final da
década de 1930, Hammett propds o primeiro procedonmetodoldgico de
proposito geral, tendo verificado que as constadéegquilibrio de ionizacédo
dos acidos benzdicos meta e para substituidos aestaelacionadas. Essa
relacéo levou a definicdo da chamada constanteadeni¢tt, parametro que se
tornou um descritor capaz de caracterizar a atieidde muitos conjuntos de

moléculas.
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Em 1964, Free e Wilson postularam que, para uma dércompostos
similares, diferindo entre si apenas pela presafegaertos substituintes, a
contribuicdo desses substituintes para a atividaidigica seria aditiva e
dependeria apenas do tipo e da posicao do subsifdiARTINS, 2010).

A sistematizacdo das andlises em QSAR deve seciadaao trabalho
de Hansch e Fujita, surgido em 1964. As bases@aradelo de Hansch-Fujita
€ considerar que a atividade biolégica observamaedultado da contribui¢do de
diferentes fatores que se comportam de maneiraedife Cada contribuicéo
para a atividade é representada por um descritart@®l, enquanto a atividade
biolégica de um conjunto de compostos é ajustadaienmodelo multilinear.
Os descritores mais utilizados nas primeiras agmlide QSAR foram o
coeficiente de particdo octanol/dgua (log P), astonie de Hammett e o
parametro de lipofilicidade.

Nas ultimas décadas, muitos avancos significatimasn observados na
area de QSAR, destacando-se o desenvolvimento tEdmsébidimensionais
(QSAR 2D) (HONORIO; GARRATT; ANDRICOPOLOS, 2005) e
tridimensionais (QSAR 3D) (HONORIO et al., 2007k de métodos que
envolvem informacdes moleculares mais avancadasARQ8D e 5D). A
principal diferenca entre estes métodos estd olada com o tipo de
informacdo molecular utilizada para a construcdo ndadelo quantitativo
(DEBNATH, 2001).

A construcdo de um modelo QSAR segue cinco etapasipgais: (i)
selecdo de um conjunto de dados com uma série desdde resposta
conhecidos, (ii) calculo de descritores, (iii) d@ do conjunto de dados para
treinamento e conjuntos de testes para o desemaritdo do modelo e sua
posterior validagao, (iv) construcdo de modeldizatido diferentes ferramentas
guimiométricas e (v) validacdo do modelo desendolviom base interna e

estatisticas de validacédo externa.
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2.8 Multivariate image analysis applied to quantitative structure-activity
relationships (MIA-QSAR)

O método de andlise multivariada de imagem aplicaslarelacfes
quantitativas entre estrutura-atividade, ou MIA-GSAFREITAS; BROWN;
MARTINS, 2005), consiste numa técnica simples, drdst utilizada para
auxiliar nas propostas de novas drogas. Essa ajgrdmicia-se com a criacdo
de descritores binarios que sao obtidos a parti mixels de desenhos de
estruturas quimicas 2D. Essa técnica pode envoluso de programas de livre
acesso, facilitando o uso da metodologia. Por ser técnica com utilizacao de
imagens 2D para gerar descritores, eliminam-seasgibmplicacdes envolvidas
em QSAR 3D, tais como varredura conformacional gra® de alinhamento
tridimensional dos ligantes. Assim, pode-se alcanga avan¢o no custo
computacional (FREITAS et al., 2006).

A imagem 2D de uma molécula ndo representa efg@iawsculares,
como, por exemplo, interacdes estéricas ou de gemlgarametro fisico-
guimico, mas é uma forma geral para representa fo@strutura quimica.
Pequenas diferencas no desenho de uma estrutusmpeoadusar mudancas
significativas nas suas propriedades, ou seja, pa@h atua como um caédigo.
Os descritores sao binarios, em que os pixels prEmrespondem ao digito 0 e
a cor branca corresponde ao nimero 765, de acasdo @ sistema de
composicao de coresd-green-blugeou RGB. Como exemplo, os enantibmeros
R e Sde uma molécula quiral podem ser distinguidos gekenho de cunha ou
tracejado, para as ligacbes nesse centro (GOODARREITAS, 2009); isso
fard com que, se for o caso, diferencas substanoipropriedade estudada
sejam notadas (por exemplo, para as atividade§dials), ou seja, esse méetodo
€ altamente sensivel ao desenho. Tal fato é cadibrpor Tropsha ao ressaltar

gue o resultado ndo depende do nivel de repreSenticestrutura quimica, 2D
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ou 3D, mas da capacidade do método de distinguispde enantibmeros
(TROPSHA, 2010).Nesse sentido, o desenho das estruturas quimicas
compreende a etapa mais importante na construcdmdeodelo MIA-QSAR.

As moléculas devem ser desenhadas cuidadosameatgendo a mesma
disposicdo dos atomos, grupos substituintes eéatirda cadeia carbbnica para
todas as estruturaSQODARZI; FREITAS RAMALHO, 2009, o que consiste no

alinhamento bidimensional do conjunto de moléculas.

2.9 Parametros de validacéo

A validacdo de modelos de QSAR tem sido realizaola rpeio da
predi¢éo, tanto interna (utilizando os compostosét& de treinamento) quanto
externa (utilizando compostos que nao participadansérie de treinamento)
(LINDGREN et al., 1991).

Inicialmente, para validar um modelo QSAR, devemaliar a
qualidade do coeficiente de determinacé(ou R), que analisa a qualidade da
calibracéo e depende da variancia total da vardepéndenteSyy, de acordo

com a equacgao

[3¥]

142 — 17 Z(J.obs - J"mr'f)

em queyys € 0 valor experimental da atividade biolégicay.g. € o valor
calculado pelo modelo (KUBINYI, 1993). De forma gerconsidera-se que um
modelo QSAR pode ser aceito se o coeficiente derm@tacdo for maior que
0,70, embora a literatura néo seja taxativa a iesgesse namero.

Na estratégia de validag¢ado cruzada, amostras dontorde treinamento
sdo retiradas do modelo inicial, enquanto um noedeto é construido para as

restantes. A partir desse modelo, as atividaddédioas das amostras retiradas
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sdo preditas, calculando-se os residuos entre losesaobtidos e os valores
reais. Esse procedimento € repetido até que toslemmmstras tenham sido
excluidas ao menos uma vez. O procedimento deagdlacruzada mais comum
€ oleave-one-oufdeixe uma fora), em que uma Unica amostra @dsatide cada
vez para a construcao do modelo. Como resultade gescedimento, obtém-se
o coeficiente de determinacdo da validacdo cruzgid@u @), calculado de

acordo com a equagédo

2

q# - Z(J'obs — Y )1’
Z (J'.obs = Vinadio )_

O valor deg? é utilizado como um critério para avaliar a robustea
habilidade preditiva do modelo. Valoresafe> 0,5 sdo considerados aceitaveis
para a validacdo do modelo. A diferenca erfteg” ndo deve ser maior do que
0,30, pois uma diferenca substancialmente maioe frodicar um modelo com
ajuste forcadodverfitting) ou presenca de variaveis independentes irrelesant
ou, ainda, deutliersnos dados (ERIKSSON et al., 2003).

Outra abordagem que deve ser utilizada paralelanmerissas técnicas
de validagdo é a randomizacao das atividades al&gWOLD; ERIKSSON,
1995). Essa abordagem consiste em repetir 0 proeetth de construgcdo do
modelo com o0 bloco das varidveis dependentes datieis biologicas, por
exemplo) randomizadas e, em seguida, fazer umdae&al estatistica dos
modelos assim produzidos. Se todos os modelososbtidm as atividades
randomizadas apresentarem coeficientes de coroataedy’ elevados, significa
gue a correlacdo foi obtida por acaso e nao poagaBvidade bioldgica esta
definitivamente relacionada aos descritores empi@agao modelo. Isso implica
que nao sera possivel obter um modelo QSAR conf@am@ esse conjunto de

dados utilizando o método empregado. Em geral, lnedeeitaveis apresentam
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valor de K (ou r%.,9 menor que 0,50 (GRAMATICA, 2007; TROPSHA,
2005).

O processo de randomizacdo analisa a robustez doegso de
construcdo do modelo. Para avaliar se a diferentme eR e R, é
estatisticamente relevante, isto é, para se cartitjue B é, de fato, um valor
pobre e que o modelo pode ser considerado confidviita-se o parametro’R
do inglé\spenalizedR2 (MITRA; SAHA; ROY, 2009; ROY et al.,, 2009)0O
parametro R deve ser superior a 0,5 para que o modelo QSARapser
considerado confiavel e ndo o resultado de um raeaso. O valor de“Ré

obtido utilizando-se a seguinte formula:

No entanto, no caso ideal, o valor médio d%para 0s modelos
randomizados deve ser zero, isto &, deveria ser zero. Consequentemente, 0
valor de R deve ser igual ao valor d& Rara o modelo QSAR desenvolvido.
Assim, a férmula corrigida de °R(°R?%,), como proposto por Todeschini e
Consonni (2010), é dada por

Ry = Ry\/(R> = R).

Para refinar ainda mais a analise da capacidadktipaedos modelos
QSAR, outro parametro foi desenvolvido para deteatproximidade entre a
atividade observada e a prevista: o paramefrodo inglésmodified # (ROY;
ROY, 2008)0 r,? é calculado com base na correlacdo dos dadosvahissre
preditos (com e sem intercepto) e também pela tdosaeixos (ROY et al.,
2013).



31

De acordo com esse critério, para um modelo sariderado preditivo,

o valor de ¢ deve ser superior a 0,5 (OJHA et al., 2011).
2.10 Analise multivariada de dados

Para analises quantitativas pode-se utilizar aessgo por minimos
quadrados parciais (PLS) e, para analises quadiatpode-se utilizar a analise

de componentes principais (PCA).
2.10.1 Analise por componentes principais (PCA)

A analise de componentes principais (PCA, do ingb&mcipal
component analysi®€ uma técnica multivariada que consiste em toamsfr um
conjunto de variaveis originais em outro conjunt® \hriaveis de mesma
dimens&o, denominado componentes principais. Ezaelal sobre uma matriz de
dados que relaciona um conjunto de variaveis e @ma®s, geralmente, essa
matriz de dados X pré-processada é, entdo, dectenposproduto de trés
matrizes (BROWN, 1995).

Utiliza-se a PCA no intuito de reduzir a dimensiafzale dos dados
originais por meio da geracdo de novas variavagapuhinadas componentes
principais, preservando o maior nimero possiveinflermacao contida nas
variaveis originais (MATOS et al., 2003).

Como resultados da andlise de componentes priecigiod gerados dois
conjuntos de dados chamados de escores e pesgpgaissrazem informacdes
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sobre as amostras e as variaveis, respectivam@@&REIA; FERREIRA,
2007; MATOS et al., 2003).

Portanto, a PCA é um tratamento matematico quetiiidan no
hiperespaco das variaveis, a direcdo na qual esthda a maior parte das
informacfes. Assim, por meio da projecdo dos radaft analiticos de cada
amostra no espaco formado pelas novas componeritespais, é possivel
demonstrar diferengas entre as varias amostragtupos de amostras (grafico
de pontuacao), determinando, ao mesmo tempo, gad#veis principais estdo
envolvidas (BRUNS; FAIGLE, 1985; LAVINE, 2000; LAXE; WORKMAN,
2006).

2.10.2 Analise de regressao por minimos quadradoangiais (PLS)

Esta técnica foi desenvolvida na década de 197i@onan Wold. Foi
usada, primeiramente, em associacdo a espectrascopi regido do
infravermelho préximo, em que é dificil designamtbas para componentes
particulares. No modelo PLS, as informacfes esgsctfmatriz X) e as
informacdes das concentragbes (matriz Y) sdo emimiadas, a fim de se obter
uma relacgédo linear na fase de calibracdo. A regpepsr minimos quadrados
parciais, para a constru¢cdo do modelo, retira imé&pdes do conjunto de dados
da matriz espectral (matriz X) para correlacioman @s informacdes retiradas
do conjunto de dados de referéncia (matriz Y) erobtnimero de variaveis
latentes necessarios necessarias para fazer céuetmtre 0s espectros e as
concentragdes (HOPKE, 2003; MILLER; MILLER, 2000).

A variavel latente descreve a dire¢cdo de maximeneia que também
se correlaciona com a concentracdo. Portanto, adves latentes s&o, na
realidade, combinacdes lineares das componentesigais calculadas pelo
método PCA (FERREIRA et al., 1999). Para a condtugo modelo de
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calibracgéo, é utilizado um nimero de variaveisk&® que proporcione o menor

erro possivel de previsao.
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SEGUNDA PARTE - ARTIGOS

Esta parte do trabalho é dedicada a exposicao rdgssaelaborados
durante o desenvolvimento desta tese. Além de em@@s um estudo
computacional para o desenvolvimento de modelos-(IBAR e a proposicdo
de novos compostos inibidores da renina e bloqeddaanais de calcio, em
um terceiro artigalescrevem-se estudos dieckingde compostos concebidos a
partir da combinacdo de subestruturas de trés timsanti-hipertensivos:
inibidores da renina, bloqueadores do canal deocé&ldnibidores da enzima
conversora de angiotensina (ECA), a fim de se alstecomposto multialvo.

Os resultados aqui apresentados que facam refaréasiinibidores da
ECA se utilizaram de dados obtidos por SILVA (20X seu trabalho sobre
modelagem de novos peptideos modificados comadimies dessa enzima, no
gual o dipeptideo modificado captopril, um dos farmaowmais utilizados no

tratamento da hipertenséo, foi utilizado como costpde referéncia (Figura 1).

CH,
HS 0
%
0
) o
CAPTOPRIL

Figura 1 Estrutura quimica do captopril

Um breve resumo do trabalho de Silva (2013) é aptado a seguir,
para fins de contextualizacdo acerca dos inibiddeesCA empregados nos
estudos delockingdesta tese (Artigo 3).

Para a proposta de novos dipeptideos, Silva (2@k3)so de técnicas

computacionais (MIA-QSAR, QSAR-tradicional docking associadas a
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estratégia de combinar subestruturas quimicas d&coias altamente bioativas
como inibidores da ECAAssim, foram propostas oito novas moléculas,

presentes na Figura 2.
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Figura 2 Estruturas propostas usando a estratégiacambinacdo de
subestruturas dos compostos mais ativos da sése.vdlbres
preditos de plg, obtidos pelo modelo MIA-QSAR, estédo
apresentados entre paréntesis

Pode-se notar que as moléculas que contém um §idpmu SeH foram
mais promissoras do que as outras concebidas & partcombinacdo de
subestruturas quimicas sem esses grupos. A ami@idecking demonstrou a

influéncia dos 4tomos de enxofre e selénio, queeatam o poder de inibicao,
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pois realizam uma ligacédo de hidrogénio a mais (adBiu385) do que as outras
moléculas, validando as metodologias QSAR empreggada

A ultima modificacdo nas estruturas consistiu rigéadda dupla ligacdo
no anel de cinco membros dos compostasF, que deu origem as moléculas
e K (Figura 3), que apresentaram melhor comportam&udato, a parte indol
dessas moléculas pode exercer influéncia na atieidaologica em conjunto
com os atomos de enxofre/selénio, validando osdestucomputacionais

utilizados no trabalho em questao.

HO

SeH

Figura 3 Novas estruturas proposias K; uma dupla ligacdo foi acrescentada
nos compostoA eF, resultando em um indol modificado

As estruturas propostas exibiram propriedades feooiacticas
similares ou melhores que as do captopril, demamdtr que essas moléculas
apresentam potenciais propriedades farmacocinétpa uma adequada

absorcéo, distribuicdo, metabolismo e excrec¢éo.
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ARTIGO 1

THEORETICAL DESIGN OF NEW INDOLE-3-CARBOXAMIDE
DERIVATIVES AS RENIN INHIBITORS

Artigo redigido conforme normas da revista Mediti@hemistry Research

Estella G. da Mota, Mariene H. Duarte, Elaine Fd&Cunha, Matheus P.

Freitas

Abstract

Renin inhibitors pertain to a new generation clasanti-hypertensive agents.
There are only a few studies on the computationadlating of such class of
compounds and only one available drug in the market as renin inhibitor for
the treatment of hypertension, Aliskiren. The pnessudy reports the QSAR
modeling of the activities of a seriesinflole-3-carboxamide derivatives using
MIA-QSAR in order to propose new promising analogues renin inhibitor
candidates. The proposed structures were subntittetbcking evaluation to
search for the interaction modes responsible fercélculated bioactivities. In
addition, the drug-likeness of the proposed comgsumere investigated using
theoretical data related to pharmacokinetic progertOverall, at least two
promising candidates are proposed as highly acivé pharmacokinetically
acceptable renin inhibitors.

Keywords: docking studies, hypertension, indole-3-carboxasnidIA-QSAR,
renin inhibitors
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1. Introduction

According to the World Health Organization (www.wimd), high blood
pressure is a major public health problem. Estimatdicate that cardiovascular
diseases affect 2 billion people worldwide, whibeat 9 million people die each
year as a consequence of cardiovascular diseasétmugh there are not a
permanent cure for hypertension, this disease eaoobtrolled by adopting a
healthy lifestyle and through the use of antihypestve drugs (da Motet al,
2014).

The renin—angiotensin system plays a key role énréigulation of blood
pressure (Jingt al, 2012). The mechanism involves conversion of aeggin |
(inactive) into angiotension Il through the angisi®n-converting enzyme
(ACE), which is active and responsible for mospoéssor effects (Paet al,
2006). Some antihypertensives act by inhibiting A@E, while recent studies
are devoted to develop drugs capable of actingnirearlier stagej.e. the
inhibition of renin, which is responsible for hytiping angiotensinogen from
the liver into angiotensin | (Jingt al, 2012; Woockt al, 1987).

In the last decades, substantial efforts have begmorted with the aim at
discovering renin inhibitors and overcoming issliles low oral bioavailability.
Aliskiren (SPP100), an orally active renin inhibiteith four chiral centers (Fig.
1), is currently the only compound which has redctiee market (Scheipeat
al., 2010). Aliskiren-based drug design against Hlgrbtease has also been
performed to try eliminating side-effects relatedhypertension and diabetes
and also to facilitate AIDS therapy (Tzoupisal, 2012).



46

CHs
CHj

07 “NH,

H,N 2
CHs o

Figure 1 Aliskiren: Common renin inhibitor for the treatmeafthypertension

In this study, we propose the building of a QSARdelocapable of
estimating accurately the bioactivities of nawlole-3-carboxamide derivatives
as renin inhibitors. In order to realize new amnpiégensive drugs with low
structural complexity and high biological activiiyd oral bioavailability, some
new classes of direct renin inhibitors have beeenty developed (Scheipet
al., 2010; Corminboeufet al, 2010), among which nonpeptide indole-3-
carboxamide derivatives appear to be good candid#telole-3-carboxamide
derivatives have no chiral centers and possess nmecular weight and
considerable rigidity. Thus, their synthesis cartieen by molecular structures
conceived computationally.

Computational molecular modeling, like quantitatsteucture—activity
relationship (QSAR) analysis, can be effective irugd design, since the
bioactivities of new drug candidates can be esthaven before synthesis and
biological tests. This can be achieved by cornetagxperimentally available
bioactivities of a given class of drug like molesulwith the corresponding
molecular descriptors, which are numerical dateodimg molecular structures
(Guimarae=t al, 2014).

In this work, multivariate image analysis applied to QSAR (MIA-
QSAR) was the technique used to generate MIA dascs for further
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regression with the corresponding biological dasingl partial least squares
(PLS) regression. In MIA-QSAR (Freitas, 2007), dgsgors are pixels
(binaries) of images, corresponding to the 2D chahstructures as wireframes;
the substructural diversity among the set of comgsyusually the substituents)
explains the variance in the bioactivity valuesjlevthe congruent substructure
of the series is used for 2D alignment.

To validate the predictions obtained by the QSARdehoand to
understand the interactions ruling the bioactisite new proposethdole-3-
carboxamide derivatives as direct renin inhibitatscking studies were carried
out to accompany the trends in calculatedspl@ terms of docking scores (the

energy of interaction between ligand and enzyme).

2. Methods and Materials

The QSAR model was developed using the MIA-QSARtsgy, in
which descriptors correspond to pixels (binaries)2D chemical structures
drawn with the aid of the ChemSketch program (AC@@Sketch, 2006).
Then, each image was saved as bitmaps (.bmp fde8D array in which the
variable pixels (substituents) correspond to theiatde moiety in each
molecule; these changes along with the series ofpoands explain the
variance in the activities block (tlyecolumn vector in the regression analysis).
The pixels were converted to numerical values usiregMatlab (Mathworks,
2007) platform, and the superposed images of FiguHestrate the variance in

the chemical drawings.
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45 lines: compounds

X matrix (regression with Y block using PLS)

Figure 2 Construction of the 3D-array and subsequent uifgitb a 2D-array
(X matrix). The arrow in the structure indicates fireel used for the
2D alignment. The detail on the right represengsstiperposed images
to illustrate the data variance

A series of 45indole-3-carboxamide derivativegere taken from the
literature (Jinget al, 2012) (Table 1) and were converted into images0af x
500 pixels size each, as described elsewhere (@ichmat al, 2011). The

images were grouped to give a three-way array ok 400 x 500 dimension,
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which was subsequently unfolded to a 45 x 250,080im Columns with zero
variance (corresponding to blank space or congriseitstructures in the
workspace) were removed to minimize computing ¢ogitdng a 45 x 6951
matrix, theX matrix.



Table 1 Series of 45 indole-3-carboxamide compounds armd dbrresponding experimental, fitted and predicted
biological data (Jingt al, 2012)
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Table 3.Continuation
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Table 4.Continuation
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Table 5.Continuation
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Table 6.Continuation
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Table 7.Conclusion
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The X matrix was split into training (35 compounds,. 78%) and test
(10 compoundsca. 22%) set compounds (Table 1). These matrices were
regressed against tlyecolumn vector (the plg values, IG, in mol L* as the
50% inhibitory concentration toward renin inhibitam fluorogenic peptide
substrate) using partial least squares (PLS) reigmes The calibration
performance was evaluated by means of RMSEC (raannsquare error of
calibration) and?, defined as 1 - ¥(yi-5)%Z(y-¥)?), in whichy; corresponds to
the experimental pl§g values, y; are the predicted plg values, andy
corresponds to the mean p§Cvalues. Leave-one-out cross-validation
(statistically evaluated using RMSECV aqd defined similarly as above) and
external validation (statistically evaluated usRMSEP and?.s) were used to
validate the QSAR model; also, Y-randomizationgdstean of 10 repetitions)
were carried out to attest the model robustnesgigstally evaluated using
RMSEG,.¢ and rzrand). Additional statistical parameters proposed by Rbal.
(2006) and Mitra et al. (201Mamely modified? (r%,) and corrected penalized
r? (°r%), were used for validation purposes. Whilg = 0.5 guarantees that not
only a good correlation between the experimental predicted plg, values
was obtained for the test set, but also that theolate experimental and
predicted plG, values are congruent, theé, parameter gives insight about the
statistical difference betweert and r?..q (values= 0.5 are acceptable). The
modified r* is described as.? = r* (1 - (* - r)¥), whereinr? and ry?
correspond to the squared correlation coefficieities between measured and
predicted values for the test set with and withiatgrcept, respectively, while
the corrected penalizedis described a%% =r (r* - r’and™>

The activities of the proposed compounds were estich using the
calibration model built. These procedures were afformed using the
Chemoface program (Nunes al, 2012) and the Matlab platform (Mathworks,
2007).
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New indole-3-carboxamide derivativewere proposed based on the
combination of substructures of the most active pommds within the series.
Their bioactivities were estimated using the regjoes parameters obtained in
the MIA-QSAR model and the results were validatedhparing the predicted
plCso with the docking scores obtained from receptoetaanalyses. The
crystal  structure of  2-(3-fluoro-2-methylbenzyldethyl-1-phenyl-3-
(piperazin-1-ylcarbonyl)-1H-indol-5-ol inside thenin active site was obtained
from the Protein Data Bank (PDB code: 300T) (Scled al. 2010) and used
for docking and alignment of the proposed struaid . The calculation of the
docking energies of the ligands inside the rentivacite was performed using
the software Molegro Virtual Docker(MVD®) (Thomsen and Christensen,
2006). The MolDock scoring function was used toesimppose the flexible
molecule onto a template molecule. The dockingckealgorithm used in MVD
was based on optimization using guided differergiadlution (da Cunhat al,
2013), which combines the differential evolutiortiogzation technique with a
cavity prediction algorithm during the search psseThe active site exploited
in docking studies was defined as a subset redidi® A from the center of
the ligand. The interaction modes between the dgamd renin active site were
determined as the highest energy score in the ipriij@and complex used
during docking, and the conformers of each compouece mostly associated
with bioactive conformations of 2-(3-fluoro-2-methgnzyl)-4-methyl-1-
phenyl-3-(piperazin-1-ylcarbonyl)-1H-indol-5-ol (Ralhoet al, 2010).

The pharmacokinetic profiles of the proposed dragdidates were
evaluated using calculated data for the Lipinskilge of five and other
direct/indirect parameters related to the molecplalar surface area, human
intestinal absorption, solubility (in buffer withHp6.5) and plasma protein
binding. These data were achieved using the Madliaspn program

(www.molinspiration.com) and the Percepta Moduléhef ACD/Labs program.
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3. Results and Discussion

The optimum number of latent variables (PLS compts)eused for
further analysis was four, given the decay in et mean square error of cross-
validation (RMSECV) as a function of the number lafent variables. The
calibration gives insight about the modeling apitif the MIA descriptors and it
was performed over 35 out of 45 compounds;rthef 0.863 (RMSEC = 0.40)
attested the high performance of the model (ilatstt in Figure 3), which is
suggested to be achieved whér 0.8. To guarantee that this value was not due
to chance correlation, a robustness test basedmtomization of the block
and subsequent regression with the intaamnatrix using 4 PLS components
gave arr? . of 0.590 (mean of 10 repetitions). In order tovshbatr? andr?ng
are statistically distinct, tHe®, parameter (Rogt al, 2009) was calculated to be
0.485 (only marginally inferior to the recommendeaue > 0.50); then, the

acceptable result of calibration is neither a fibotus correlation nor over fitted.
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Figure 3 Plot of experimental vs. fitted/predicted gdQising the MIA-QSAR
model for the serie®f indole-3-carboxamide derivatives as renin
inhibitors

Model validation is required to attest the relidbiland prediction
performance of the QSAR model. The leave-one-oucemure was firstly
performed for cross-validation, givirg of 0.567 (RMSECV = 0.72), which is
satisfactory, giving the recommended value of >. GHowever, external
validation is assumed to be the only way to esthbéi reliable QSAR model
(Golbraikh and Tropsha, 2002); therefore, 10 sam@adomly chosen from the
overall 45 compounds (attempting to avoid bordeEsplvalues and having
broad range of bioactivities) were used and theliptien of their plG, values
fitted very well with the experimental onds. r%est = 0.519 (RMSEP = 0.91).
This result is strongly affected by compound 32psénresidual in the predicted
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plCso compared to the experimental value was signiflgamigh (2.26). Thus,
this compound was considered as an outlier andr afs exclusion,r?es
enhanced to 0.788 (RMSEP = 0.60). To prove thatonbt a good correlation
between the experimental and predictedspl@lues was obtained, but also that
the absolute experimental and predictedspl@lues are consistent, af,
calculation was performed according to describethanliterature (Rot al,
2006; Ojhaet al, 2011), resulting in the 0.482 value, which isyomarginally
inferior to the recommended0.5. The use of the recently developed aug-MIA-
QSAR method (Nunes and freitas, 2013) to modehthiities of this series of
compounds did not give improved statistical resuitsen compared to the
traditional MIA-QSAR. Becausér® and r%, were slightly worse than the
recommended values, further validation using comparwith docking studies
will be useful to attest the reliability of the MI®@SAR model. This will be
shown further, while new drug candidates can bpgsed and their bioactivities
predicted using the MIA-QSAR model.

Novel indole-3-carboxamid@erivatives with expected high biological
activities can be designed by mixing substructofesvo or more highly active
compounds of different series, keeping the commmaffald unaltered. This
combination has shown to be synergistic in a wariétstudies (da Motat al,
2014; Guimaraest al, 2014; Silveet al, 2012; Deelet al, 2012). Accordingly,
the most active compounds of each series 38e39, 40 and 41, whose
substructures were combined to give the proposegboandsA-I of Figure 4. It
is worth mentioning that the pharmacophoric groliputd contain a piperazin-
1-yl-methanone moiety as;Rnd a phenyl ring aszRwhile the aromatic rings
of the indolyl and R (either as -OAr or -CHAr groups) moieties should be
substituted by 5- or 6-OH and/or 4-ghfoups in the former and 3- or 5-F and
2-CH; groups in the later. Thus, these groups capablpedbrming dipolar,
hydrophobic and hydrogen bond interactions withative site of renin (further
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analyzed using docking studies) should play theerdghant role for the
bioactivities of the proposed molecules.

The plGy values of theseindole-3-carboxamidederivatives were
predicted using the MIA-QSAR model, and compourdsB, D, E and F
exhibited plGo values higher than the largest value found withive
experimental data, indicating the synergistic affesentioned above. The
chemical structure of the most active, predictechpoundB compared to the
other purposes suggests that the effect ofisRindependent on the group
bridging the indolyl moiety with the phenyl rindy& pattern substitution in the
later makes difference, with a 2-GB-F di-substitution preferred over both
monosubstitution and 2-GE-F di-substitution. In addition, di-substitutidm
the indolyl benzene ring at the 4-¢tldnd 5-OH positions is preferred over
monosubstitution and 4-Gkand 6-OH di-substitution.
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Figure 4 The proposed compounds A-l (the predictedspl@re given in
parenthesis)

In order to attest if these QSAR predictions agdlyeaeliable, docking
studies were performed to compare the docking soeith the predicted plg
for A-l. Initially, we have performed a re-docking caltida. The ligand

binding process was validated by “re-docking” ok tho-crystallized 2-(3-
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fluoro-2-methylbenzyl)-4-methyl-1-phenyl-3-(piperaA -ylcarbonyl)-1H-
indol-5-ol inside the renin active site. In dockisighulations, we expect that the
best results generate RMSD values below 2.0 A, wiempared to
crystallographic structures. We verified that tigahd became bound in the
renin crystal structure, similarly to preexisting-crystallized ligand (RMSD =
0.54). After that, the docking scores was compavith the experimental plg
of selected compounds with low, moderate and higtivides (Figure 5a,
containing data for compounds2, 15, 20, 26, 29, 33, 39, 40 and 41). The
determination coefficient of 0.706 guarantees tipd€s, values is well
reproduced by the docking scores and, thereforg,réteptor-based approach
can be used to validate the MIA-QSAR predictionstifie proposed compounds,
as well as to understand the interactions goverttiagr biological activities.
The correlation between the predicted lénd docking scores f@-1 indicate
that either the first data were underestimated h@ tlocking scores are
overestimated fo€, G andH, since they shift from the linear relationshig (R
0.884) observed in Figure 5b for the remaining pemg compounds.
Nevertheless, the predicted g§@or A, B, D, E, F andl were validated by the
docking methodology, confirming that and especially8 are promising direct
renin inhibitors. Figure 6 showé and B interacting with the amino acid
residues through hydrogen bond, which is an importdescriptor for the

binding mode and activity of compounds in an actite.
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Figure 6 Compound# andB docked inside the renin active site

A drug must have good ADMET (absorption, distribati metabolism,

excretion and toxicity) profile in addition to highioactivity. Some of these
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pharmacokinetic parameters can be calculated te igisight about the drug-
likeness of the proposed compounds in comparisdh trie commercially
available Aliskiren and some experimental drug odateés of Table 1. The
Lipinski’s rule of five (Lipinskiet al, 1997) states that most "drug-like"
molecules have ldg < 5, molecular weighk 500, number of hydrogen bond
acceptors (g\) < 10, and number of hydrogen bond donorgu(n) < 5;
molecules that violate more than one of these romag have problems with
bioavailability. These parameters, together with itiolecular polar surface area
(TPSA, related to oral bioavailability), were as®sb using the Molinspiration
program (www.molinspiration.com) (Table 2). Theules are encouraging for
the proposed compounds, since no rule of five wakted for any of them,
while Aliskiren has an exceedingly high moleculaslume and number of
hydrogen bond acceptors. In addition, accordinteccriteria established by the
Percepta program<(0.01 mg mL* highly insoluble, 0.01 to 0.10 insoluble,
0.10 soluble), compound would be soluble at pH 6.5 even in the neutrainfor
(the protonated form is not possible to be calealptwhile the human intestinal
absorption (HIA) is 100% and the plasma proteindlsig (PPB) is similar to
Aliskiren.
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Table 8 Calculated parameters of the Lipinski’s rule wéfitotal polar surface
area (TPSA) and computed pharmacokinetic paramei@rsthe

proposed compounds (A-l), for reference compoumndsAdinkiren?

Cpd I S iolati MIA - PPB Solub
P Og) MW Non  NOHNH TPSA Violations (%) (%) olub.

Aliskiren 415 553.7 10 7 166.4 2 95 86 10.88
33 094 4465 6 3 713 0 100 97 0.06
39 124 4445 5 3 62.1 0 100 98 0.01
40 124 4445 5 3 62.1 0 100 98 0.07
41 209 4585 5 3 62.1 0 100 97 0.04
A 179 4605 6 3 713 0 100 97 0.08
B 211 4585 5 3 62.1 0 100 97 0.18
C 132 4605 6 3 713 0 100 97 0
D 094 4465 6 3 713 0 100 97 0.01
E 164 4585 5 3 62.1 0 100 97 0
F 127 4445 5 3 62.1 0 100 98 0.01
G 162 4585 5 3 62.1 0 100 97 0
H 130 4605 6 3 713 0 100 97 0
I 092 4465 6 3 713 0 100 97 0.01

2 HIA, PPB and solubility (mol mt) were calculated for the neutral, deprotonated
indole-3-carboxamide derivatives

4, Conclusions

Our QSAR model was reliable in predicting the dtitig of newindole-
3-carboxamide derivatives as direct renin inhilsitavith the support of docking
studies. Compoun@ was found the be the most promising drug candidate
because of its high predicted activity and goodcudated pharmacokinetic
profile, related to ADME. Di-substitution at the nzene ring of the indolyl
moiety with 4-CH and 5-OH groups, together with di-substitution tiag¢
benzene ring in Rwith 2-CH; and 5-F appear to be relevant when designing
corresponding analogues for further synthesis. étyein bonds involving some
of these groups with amino acid residues of thivasite of renin should play a
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significant role for the intermolecular enzyme-dudite interaction governing
the biological activities of this class of compoand
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ARTIGO 2
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Artigo redigido conforme normas da revista Molec@anulation
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Matheus P. Freitas

Abstract

The rational design of novel 1,4-dihydropyridinelcaam channel blockers
(CCB) is reported in this work. First, a QSAR madglwas carried out to
predict the plG, of new drug-like compounds, which are miscellariythe
substructures of the most active molecules withendata set. Subsequently, the
descriptors based on multivariate image analysi® wealyzed using principal
component analysis (PCA) for pattern recognitiog, to classify drug-like
compounds into three levels of efficacy accordmthe substituents. The QSAR
estimations were validated by docking studies, tviiave not been performed
extensively for CCB in current studies in the fiekahd insights about ADME

properties are given.

Keywords: calcium channel blockers; hypertension; 1,4-dibpgridine
derivatives; QSAR; docking studies.
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1. .Introduction

Cardiovascular diseases are the main cause of deatldwide
according to the World Health Organization (www.whty accessed in July
20th, 2013). There is not cure for hypertension, ibican be controlled by
healthy lifestyle changes and by the use of anghymsives. Calcium channel
blockers (CCBs) have widespread use as antihypeves) like the well-known
amlodipine and felodipine (Figure 1), which are sorh4-dihydropyridine
(DHP) derivatives. They act by blocking the movemenh calcium (C&)
through calcium channelgsge. CCBs work by blocking voltage-gated calcium
channels in cardiac muscle and blood vessels. Thixeases intracellular
calcium, leading to a reduction in cardiac and uksccontraction (vasodilation)
and, consequently, to an increase in arterial diemé&asodilation decreases
total peripheral resistance, while a decrease idi@a contractility decreases
cardiac output. Since blood pressure is determibngdcardiac output and
peripheral resistance, blood pressure drops [14. Ftype CCBs are assumed to
be responsible for the regulation of smooth andiaamrmuscle contraction [2-4].
The access of DHPs to L-type CCBs has been stumieskveral groups [5-7]
and the consensus is that DHPs reach their birgltagwvithin the pore-forming

a;-subunit from the extracellular side.

Iz

Amlodipine Felodipine

Figure 1 Common DHPs used as CCB for the treatment of hgpsitn
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A series of DHPs has been synthesized [8-11] amiksaf them have
shown to be more active than amlodipine and feladigplG;, of 6.6 and 8.3,
respectively [12]; 1G in M). Moreover, a QSAR analysis for this serids o
compounds provided predictive models based on & pb@hysicochemical
descriptors [13], while many properties were fowmdbe important for calcium
channel antagonist activity, namely electronic dezt¢ of some groups, dipole
moment, molar refractivity, surface area, electiagty and electronegativity.
In this work, we aimed at systematizing substituerdfiles of this series of
compounds using principal component analysis arittlibg a QSAR model
capable of estimating accurately the bioactiviGEeew DHPs.

In order to achieve this, a multivariate image gsialapplied to QSAR
(MIA-QSAR) was performed, and the descriptors wegressed against the
corresponding biological data using partial leapiases (PLS) regression. In
MIA-QSAR [14], descriptors are pixels (binaries) iofages, corresponding to
the two-dimensional chemical structures as wireésinthe variable moiety of
the whole set of chemical structures (usually thbsstuents) explains the
variance in the bioactivities block, while the camgnt substructure of the series
is used for 2D alignment. The QSAR model was adplie predict the
antagonist activity toward L-type calcium channthew, proposed DHPs. To
validate these predictions, docking studies wergiezh out to accompany the
trends in calculated plgin terms of docking scores (the energy of inteéoact

between ligand and enzyme).

2. Materials and Methods

The compound classification using principal comparanalysis (PCA)
and the QSAR model were accomplished using muidit@rimage analysis
(MIA), in which descriptors correspond to pixelsingries) of 2D chemical

structures drawn with the aid of the ChemSketchgianm [15]. Then, each
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image was saved as bitmaps (.bmp files), a 2D amragich the variable pixels
(substituents) correspond to the variable portibthe molecules; these changes
explain the variance in the activities block (theolumn vector in the regression
analysis). The pixels were converted to numeriedlies using the Matlab [16]

platform and the superposed images of Figure 2tithbe the variance in the

chemical drawings.

[
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ﬂ outspread

250000 columns: pixels {descriptors)

72 lines; compounds

Xoamateix {regression with Y block using PLS)

Figure 2 Construction of the three-dimensional arrangenaent unfolding of
the 3-way array to give the X matrix. The arrowthe structure
indicates the pixel used for the 2D alignment

A series of 72 DHP derivatives was taken from ftexdture [13] (see
data set in the (Table 1) and converted into imagé&®0<500 pixels size each,

according to described above and elsewhere [148]7,1
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Table 1 Series of calcium channel blockers used in the {QI®AR modeling
and the experimental and fitted/predicted values pt€ss: (A)
symmetrical and (B) unsymmetrical compounds

O,N O,N
HC—n_ N HC—n_ N
o) o) o] o]
R°n(H,C)—0 ) O—(CHpnR" rRZ0 ) 0—(CHpNR"
HsC N CHs HsC N CHs
H H
(A) (B)

Compound R R? N Exp. Calib. LOOCV Test
1 n-Butyl Ethyl 0 11.49 10.37
2 n-Butyl n-Butyl 0 112¢ 11.28 10.09
3 OCH; i-Propyl 2 1221 1229 11.64
4 OH Methyl 2 11809 1153 9.94
5 COCH; Methyl 3 1183 1218 11.57
6 CN i-Propyl 2 1183 11.63 11.07
7 OH i-Propyl 2 1153 1147 10.85
g OH Ethyl 2 11.45 10.80
9 OCH; Methyl 2 1138 11.36 10.95

1¢° OCH; Ethyl 2 1117 11.48
11 c-hexyl Methyl 0 901 899 9.18

12 c-hexyl Ethyl 0 840 8.29 8.38

13 c-hexyl Methyl 1 g57 855 8.63

14 c-hexyl Ethyl 1 go26 8.94
15 c-hexyl Methyl 2 840 8.32 9.07

16° c-hexyl Ethyl 2 78 8.12
17 c-hexyl Methyl 3 g3 836 8.42

18 c-hexyl Ethyl 3 828 840 8.82

19 c-hexyl Methyl 4 g30 841 9.83

20° c-hexyl Ethyl 4 gos 8.20
21 c-Pentyl Methyl 3 873 858 8.50

22 c-Pentyl Ethyl 3 840 8.64 8.94

23 c-Propyl Methyl 1 748 7.69 9.75

24 c-Propyl Ethyl 1 713 7.40 8.30

25 Phenyl Methyl 1 770 7.73 8.48

26° Phenyl Ethyl 1 77¢ 7.85
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Compound R R? N Exp. Calib. LOOCV Test

27 Phenyl Methyl 2 770 7.59 7.79

28 Phenyl Ethyl 2 756 7.66 7.89

29 p-tolyl Methyl 2 7.90 7.68 7.35

30 p-tolyl Ethyl 2 7.32 7.32 7.78

31 Phenyl Methy! 3 761 755 7.48

32 Phenyl Ethyl 3 742 7.55
33 Phenyl Methy! 4 757 745 7.30

34 Phenyl Ethyl 4 721 7.29 7.31

35 Phenyl Methyl 5 714 7413 7.10

36 Phenyl Ethyl 5 7.0¢ 7.02 7.49

37 c-hexyl c-hexyl 0 1785 7.87 9.18

3¢ c-hexyl c-hexyl 1 931 8.53
39 c-hexyl c-hexyl 2 g8t 8.84 8.45

40 c-hexyl c-hexyl 3 75k 7.50 7.35

41 n-Propyl n-Propyl 0 1005 10.61 11.45

42 c-Propyl c-Propyl 1 757 7.41 7.14

43 c-Pentyl c-Pentyl 3 7.8¢ 7.88 8.48

44 Phenyl Phenyl 1 g58 7.76
45 Phenyl Phenyl 2 842 8.24 7.69

46 p-tolyl p-tolyl 2 7.2¢ 7.17 7.70

47 Phenyl Phenyl 3 735 7.45 7.22

48 Phenyl Phenyl 4 6.89 6.97 7.49

49 Phenyl Phenyl 5 5095 5.95 7.03

50 i-Butyl i-Butyl 0 11.36 11.45 10.65

51 ONG, Methyl 2 1159 1161 11.29

52° ONO, Ethyl 2 1093 11.31
53 ONG, i-Propyl 2 1202 1199 11.41

54 ONGO, Methyl 3 113z 1084 10.21

55 ONG, Ethyl 3 1111 11.30 11.59

56 ONGO, i-Propyl 3 1175 11.98 12.16

57 ONG, Methyl 4 116 11.82 9.95

58 ONG, Ethyl 4 1087 11.11
59 CH(CH,ONO,), Methyl 0 1141 1152 11.56

60 CH(CH,ONO,), Ethyl 0 1166 11.16 10.72

61 N(CHa), i-Propyl 0 1161 11.74 12.08

62 N(CHa), Methyl 3 g14 852 9.73

63° N(CHa), Ethyl 3 8.9¢ 8.77
64 N(CHa), i-Propyl 3 9.32 8.80 9.01

65 N(CHz), Methyl 2 8.50 9.03 9.72
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Table 3,Conclusion

Compound R R? N Exp. Calib. LOOCV Test
66 N(CHs), Ethyl 2 931 934 9.66
67 N(CH,), i-Propyl 2 1013 975 8.84
68° t-Butyl Methyl 0 9.74 10.05
69 t-Butyl Ethyl 0 1031 1039  10.36
70 n-Pentyl Ethyl 0 1213 1213 11.45
71 Methyl Ethyl 0 1113 1107  9.90
72 n-Pentyl Methyl 0 123: 12.07 11.47

& Test set compounds

The images were grouped to give a tree-way array 2x600<500
dimension, which was subsequently unfolded to ®23R000 matrix. Columns
with zero variance (corresponding to blank part€amgruent substructures in
the workspace) were removed to minimize computiogts; giving a 724634
matrix, theX matrix. These data were mean-centered and PCAcarsied out
using the Pirouette program [19]. Samples weresitlad as highly active (plé
> 11), moderately active (8 < pl&< 11), and poorly active (pkg< 8). New
compounds obtained from the combination of subgiras of the most active
compounds within the series were proposed and ifieoduced in PCA to
evaluate in which class they would fall within. &nthe chemical structures
have aC, symmetry, the classification capability of Rhd R groups were
analyzed individually, in order to find out wheth&ioactivity has any
relationship with a given half of the molecule;achieve this, the images were
taken only partially (an image corresponding omythie R part, and another
corresponding only to the,Rnoiety), and PCA was carried out for both data,
namedXg; andXg, matrices.

The X matrix, as well as the partiag; and Xg, matrices, were
randomly split into training (58 compounds. 80%) and test (14 compounds,

ca. 20%) set compounds (Table 1). These matrices regressed against tlye
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column vector (the plg values, IG, in mol L' as the 50% inhibitory
concentration toward calcium channel in Guineadfggm) using partial least
squares (PLS) regression. The calibration perfoomaras evaluated by means
of RMSEC (root mean square error of calibratiory en defined as 1 - H(y:-
$)4=(y-¥)%, in whichy, corresponds to the experimental gl@alues; are the
predicted plG, values, ang corresponds to the mean pd@alues. The model
was validated through leave-one-out cross-validatfstatistically evaluated
using RMSECV andy’, defined similarly as above) and external valfati
(statistically evaluated using RMSEP arfg); also, Y-randomization tests
(mean of 10 repetitions) were carried out to attdkst model robustness
(statistically evaluated using RMSEG and rzrand). Additional statistical
parameters proposed by Roy et al. [20-28mely modifiedr? (r%,) and
corrected penalized (°r%), were used for validation purposes. Whilg > 0.5
guarantees that not only a good correlation betwien experimental and
predicted plG, values is obtained for the test set, but also thatabsolute
experimental and predicted plGralues are congruent, theé, parameter gives
insight about the statistical difference betweérand r%,q (values> 0.5 are
acceptable). The activities of the proposed comgsurere estimated using the
calibration model built. These procedures were @dformed using the
Chemoface program [24] and Matlab platform [16].

The L-type calcium channel structure from the huntamdiac ol
subunit (code CAC1C_HUMAN in the SWISS-PROT databagas modeled in
this study.al Subunit consists of four repeating motifs, eadtiintomprising
six segments. Recent models of calcium channeR@&re based on different
alignments of the pore-forming S6 segments withMiZesegment of KcsA. In
this study, the alignment scheme was based onptbgbsed by Zhoroet al.
[27] (Figura 8). The X-ray structure coordinates KifsA K+ channel were
obtained from the Protein Data Bank (PDB code: 1BLB
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1 11 21

KesA M1 ALHWRAAGAATVLLVIVLLAGSYLAVLAE
CACIC HUMAN 185 STTKAMVPLLHTALLVLEVITIYATIGLE
B 1185 SLLNSVRSIASLLLLLFLFIIIFSLLGMQ
11185 CVEVATIRTIGNTVIVTTLLOFMFACIGVQ
VS5 TFIKSFQALPYVALLTVMLEFTYAVIGMO
KesA M2 GRCVAVVVMVAGITSFGLVTAALATHE
CACIC HUMAN 186 WIYFVTLITTIGSFFVINLVLGVLSGEF
B 1156 CIYFIILFICGNYILLNVFLAIAVDNL
T11S6 STFFITIYITITAFEMMNTFVGEVIVTE
TVS6 VEYFISFYMLCAFLTINLEVAVIMDNE

Figure 3 Alignment between KcsA and human calcium channel

CompoundsA-F (Figure 4) and amlodipine were docked in the catciu
channel binding site using the Molegro Virtual DeckMVD) [28], a program
for the prediction of the most likely conformatiohhow a ligand would bind to
a macromolecule. Ligand and protein are considitegible during the docking
simulation. The MolDock scoring function used by BIN's derived from the
piecewise linear potential (PLP), a simplified puial whose parameters are fit
to protein—ligand structures and binding data sgpriunctions and further
extended in Generic Evolutionary Method for molacuDOCK with a new
hydrogen bonding term and new charge schemes. ddiénd) scoring function,
Escore IS defined by the following energy terms:

EScore: Elnter + Elntra
whereE; is the ligand—protein interaction energy:
Ere= Y Y |Eeie(ri)+ 332039
idligand  jOprotein 4'rij

TheEp p term is a ‘piecewise linear potential’ using twiffatent sets of
parameters: one set for approximating the steran(der Waals) term between

atoms, and another stronger potential for hydrolgends. The second term
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describes the electrostatic interactions betweamngell atoms. It is a Coulomb
potential with a distance-dependent dielectric tammsgiven by: D(r) = 4r. The
numerical value of 332.0 adjusts the units of thecteostatic energy to
kilocalories per mole [28Ein is the internal energy of the ligand.

In summary, these functions are used to automBbtisaperimpose a
flexible molecule onto a rigid template moleculéweTdocking search algorithm
used in MVD is based on an evolutionary algorithwhere interactive
optimization techniques inspired by Darwinian eviol theory, and a new
hybrid search algorithm called guided differentidolution. The guided
differential evolution algorithm combines the diffatial evolution optimization
technique with a cavity prediction algorithm duritige search process, which

allows for a fast and accurate identification ofgmial binding modes (poses).

3. Results and Discussion

Principal component analysis (PCA) is an useful toelassify samples
with similar properties. PCA [29] creatgs latent variables Y) as linear
combinations of the origingd variables X), in such a way that new orthogonal
axes (principal components, PCs) are built to éxplae maximum variance

possible in only a few dimensions.

Yi= e X = e X+ epXo+ ... + 6%,

where the unknown vect@& establishes théh linear combination, for =
1, ...,p.

A biplot of PC3x PC4 was capable of clustering most of compounds
with high bioactivities (positive scores in PC3drfr those with moderate and
low bioactivities (Figure 3a). When only those imagorresponding to the R

portion are analyzedXg: matrix), a well-defined group in PC% PC2 is
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observed for the highly bioactive compounds, wifilé5 €g. in the biplot of

PC4x PC5) appears to be the component capable for gn@u® (Xr. matrix)
responsible for the high activity of compounds.nBipal component analyses
over Xgr; andXg; (Figure 3b,c) indicate that most of; Bubstituents with high

bioactivities contains electronegative atoms, whike is preferentially a

noncyclic hydrocarbon.
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Figura 4 PCAs for the series of calcium channel blockess.Gonsidering the
whole chemical structure of the series, most ofhhigctivity
compounds are clustered as circled; (b) when cerisgl the
structural portion comprising the;Rsubstituent only, most of the
highly active compounds are clustered as indicat@); when
considering the structural portion comprising thesRbstituent only,
the most active compounds are clustered mainhegative scores in
PCA4, as indicated
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Based on these chemical insights, a series of nowelpounds were
proposed (Figure 4) and the corresponding MIA dpsans were included in the
PCA; theE compound falls within the cluster comprising theselecules with
high antagonist effect toward calcium channels.sTluguantitative analysis can
be performed using MIA-QSAR to estimate the l@alues of the proposed

compounds.

E (pIC, =11,19) F (piC_=1242)

Figure 5 Series of compounds proposed
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The optimum number of latent variables (PLS compts)eused for
further analysis was seven, given the decay inrtlo¢ mean square error of
cross-validation (RMSECV) as a function of the nembf latent variables. The
calibration gives insight about the modeling apitif the MIA descriptors and it
was performed over 58 out of 72 compoundsrZaaf 0.99 (RMSEC = 0.214)
attested the high performance of the model (ilatstt in Figure 5 and), which is
suggested to be achieved whér 0.8. To guarantee that this value was not due
to chance correlation, a robustness test basedmtomization of the block
and subsequent regression with the intaamnatrix using 7 PLS components
gave anr’.nq of 0.74. In order to show thaf andr?..q are statistically very
distinct, thecrzp parameter [20] was calculated to be 0.50; themgthod result

of calibration is neither a fortuitous correlatioor over fitted.

[y
w

m  Calibration
x  External validation n
o LOOVC o

= = =
o [ )
1 " 1 1

Fitted/predicted pICgg
©

5 6 7 8 9 10 11 12 13
Experimental pICgg

Figure 6 Plot of experimenta¥s. fitted/predicted plG, using MIA-QSAR, for
the series of calcium channel blockers
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Table 2 Statistical data for the MIA-QSAR model

Parameter Calibration LOOCV Test set Y-randomizétio
r’ 0.99 0.80 0.86 0.74+0.02
RMSE 0.214 0.832 0.539 0.684+0.033

“mean of 10 repetitions’y= 0.81;%,= 0.50

Nevertheless, model validation is required to atthe reliability and
prediction power of the QSAR model. A leave-one-ptdcedure was firstly
performed for cross-validation, givirgf of 0.80 (RMSECV = 0.832), which is
very satisfactory, giving the recommended value>d.5. However, external
validation is assumed to be the only way to esthbéi reliable QSAR model
[30]; therefore, 14 samples randomly chosen from dkierall 72 compounds
(attempting to avoid border pigvalues and comprising compounds having
broad range of bioactivities) were used and theliptien of their plG, values
fitted very well with the experimental oné. est = 0.86 (RMSEP = 0.539).
To prove that not only a good correlation betwebr txperimental and
predicted plG, values was obtained, but also that the absolyierarental and
predicted plG values are consistent, arf, calculation was performed
according to described in the literature [21-28%uiting in the 0.81 value. Thus,
the MIA-QSAR is reliable and ready to predict theagonistic effect of new,
congeneric calcium channel blockers.

Before, howeverXg; and Xg, were regressed against theblock to
evaluate if only a given R substituent could explahe variance in the
bioactivities. Indeed, a high correlatiorf € 0.96) was found when usifk,
while regression usinr, resulted in a negligible correlation. This inde&sat
that plG, is more affected by changes in fRan in R, probably because the
latter refers to nonpolar substituents, while ®®mprises nonpolar chains and
groups containing electronegative heteroatoms. ikkguomparison between

plCso values and Rreveals that most of compounds with high gl€bntains R
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with heteroatoms, such as that found by PCA, dedRitin the experimentally
most active compound is arpentyl group.

Other QSAR models have been built using DHP ddvigat for
pharmacophoric identification and classificatiors waell as to find highly
predictive methods to support experimental data3[-36]. Our findings were
used to propose new drug candidates; novel DHRognes with expected high
bioactivities can be designed by combining subgires of two or more highly
active compounds of different series, keeping thi@roon skeleton unaltered.
Somewhat surprisingly, this combination has showhé synergistid,.e. some
compounds risen from this methodology have shownutaed bioactivities
higher than the parent compounds [37,38], sincdés¢ moiety of each original
compound was used. The most active compounds bfsaies arg, 50, 53, 70
and72, whose substructures were interplayed to give camg@sA-F of Figure
4. In fact, compound®\ and E have already been synthesized and tested
elsewhere [39]. The plgvalues of these DHP derivatives were predictedgusi
the MIA-QSAR model (obtained from thé matrix), and compound, C and
F exhibited plGo values higher than the largest value found inetkgerimental
data, indicating the synergistic effect mentionbdwe.

In order to validate these predictions, compoufes and amlodipine
were docked into calcium channel in order to intermaximally with the
residues Thrl6-1lIS5, GIn20-1I1S5, Tyr7-111S6, 11d8S6, llell-111IS6, Metl5-
11S6, Met16-111S6, Tyr7-IVS6, Met8-IVS6, lle15-IV& lle16-IVS6 and Asnl7-
IVS6. The overall docking scores of the proposethmaunds correlate very
well with the predicted plg values obtained by the MIA-QSAR model*(R
0.81, Figure 6). Figure 7 shows the superimpositibthe best conformation of

compoundB and amlodipine into the active site of the calcichlannel.
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Figure 7 Correlation between the predicted gi@alues of A-F using MIA-
QSAR and the docking scores

Figure 8 Superimposition of the best conformation of commbB (black) and
amlodipine (gray) into the active site of the catoichannel

Drug-likeness can be estimated by predicting pheokiaetics
parameters in addition to bioactivity values. Tté® be achieved by accounting
for the Lipinski’s rule of five [40], which statéisat most "drug-like" molecules

have lod® < 5, molecular weighg 500, number of hydrogen bond acceptors
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(non) < 10, and number of hydrogen bond donorsufp) < 5; molecules
violating more than one of these rules may havélpros with bioavailability.
These parameters, together with the molecular poldace area (TPSA, related
to oral bioavailability), were readily assessechggshe Molinspiration program
(www.molinspiration.com) and indicated that the maactive, predicted
compoundsB andC) would not have any problem with absorption (TaR)lg~
and a symmetrical compound with twepentyl substituents presented Fogr

non Values higher than recommended.

Table 3 Calculated parameters of the Lipinski’s rule g&fand TPSA for the
proposed compoundg{F), and for reference compounds

Compound logP MW Non Nopne  TPSA Violations
Amlodipine 2.58  408.9 7 3 99.9 0
Felodipine 4.42 370.2 5 1 64.6 0
R! and B = n-pentyl 529 4625 10 0 128.3 1
A 2.53 392.4 10 1 128.3 0
B 4.47 448.5 10 1 128.3 0
C 4.09 4345 10 1 128.3 0
D 3.27  420.5 10 1 128.3 0
E 2.90 406.4 10 1 128.3 0
F 2.32 436.5 11 1 137.5 1

Also, the pharmacokinetic data in Table 4 obtaibgdthe Hologram
QSAR Technique (www.pkdb.ifsc.usp.br) [41] indicatkat the proposed
compounds should have comparable properties whempaed to the

commercial CCBs Amlodipine and Felodipine.
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Table 4 Computed pharmacokinetic parameters for the pemba@mpounds
(A-F), and for reference compourls.

Compound HIA (%) BBB (log BB)  Solubility (log S)
Amlodipine 84.58 -1.18 -4.10
Felodipine 100.00 -0.49 -5.16
R! and R = n-pentyl 100.00 -0.35 -6.20
A 81.27 -0.28 -1.83

B 84.10 -0.28 -1.69

C 83.53 -0.24 -1.86

D 81.59 -0.27 -1.80

E 81.43 -0.28 -1.83

F 85.50 -0.39 -1.75
Error (+/- 13) (+/- 0.30) (+/- 0.82)

2HIA = human intestinal absorption; BBB = blood ibraarrier penetratiol. To obtain
solubility in g L%, multiply logS by the molecular weight of the comupd.” To obtain
solubility in g/L multiply logS by molecular weiglof the compound

In summary, some improved DHPs have been desigsad) MIA-
QSAR, as confirmed by docking studies and comparati drug-likeness
assessment. Compoun8sandC were found to be more promising, given their
high predicted activities and pharmacokinetic detanparable to those of
known calcium channel blockers. Despite the presesfcan R polar group
(together with a noncyclic hydrocarbon chain) inctdiing enhanced
bioactivities, the presence ofngpentyl group seems to play a key role for the

development of promising DPH analogues.
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ARTIGO 3

EXPLORING STRUCTURE-BASED DRUG DESIGN FOR THE
DEVELOPMENT OF MULTI-TARGET ANTIHYPERTENSIVES

Artigo redigido conforme norma da revidtetters in Drug Design & Discovery.

Estella G. da Mota, Elaine F. F. da Cunha, MatlieUsreitas

Abstract

This work reports the docking studies of compoumnttsigned from the
combination of substructures of three types ofhgpirtensives: angiotensin
converting-enzyme (ACE) inhibitors, calcium channdbckers and renin
inhibitors. Consequently, multi-target compounds erpected to be obtained.
Indeed, a few purposes showed both docking scarésnéermolecular ligand-
enzyme interaction towards all three targets highiean the reference
compounds Captopril (ACE inhibitor), Amlodipine [cam channel blocker)
and Aliskiren (renin inhibitor). These results, aiwere discussed in terms of
ligand-enzyme interactions (especially hydrogendimg between amino acid
residues and ligands), indicate promising perspestifor synthesis and

biological tests.
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Graphical Abstract:

Keywords: antihypertensives; angiotensin converting-enzyeaiium channel;

renin; docking studies; intermolecular interactions
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1. Introduction

Hypertension, or high blood pressure, is associaitil cardiovascular
diseases and accounts for 9.4 million deaths wadie\wvery year [1]. It can be
prevented by means of healthy lifestyles and cdiattasing antihypertensives.

There is a variety of antihypertensive types, idirlg angiotensin
converting-enzyme (ACE) inhibitors, calcium channdbckers and renin
inhibitors. Captopril (Figure 1) is a widely antpgertensive that acts by
inhibiting the activity of ACE, an enzyme respomailfor the conversion of
angiotensin | to angiotensin I, a potent vasoaisist [2]. Recently, some
Captopril analogues were virtually modeled and ¢beresponding calculated
bioactivities for some of them were found to behiaigthan for the parent
compound [3]. Similarly, the predicted bioactivitie of some 1,4-
dihydropyridines as calcium channel blockers weghdr than the calculated
value for the reference drug Amlodipine (Figure[4)) Lastly, somendole-3-
carboxamide derivatives have shown to be promigiagdidates as renin
inhibitors [5,6], whose only marketed drug is Alig (Figure 1).

o]
HaCO.
cl

N OH

R HsCOOC COOCH,CHj
o)\\\ ||

SH H3C N CH,OCH,CH,NH,

HoN

OH
Captopril Amlodipine Aliskiren

Figure 1 Chemical structures of Captopril (an ACE inhibjtohmlodipine (a
calcium channel blocker) and Aliskiren (a reninilnitor)

Some drugs are administered simultaneously, likesame anti-HIV
cocktails, in order to inhibit different enzymatiargets and to improve the
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efficacy in the treatment. A single drug capableindfibiting more than one
enzymatic target, a multi-target drug, would beniefim a less exhaustive and
more efficient treatment. Thus, this work repofte tdocking study of new
molecules originated from the combination of sulmgtires of chemical
compounds computationally known as promising ceatdsl either as ACE
inhibitors or calcium channel blockers or renin ibitors. Consequently,
pharmacophoric moieties responsible for each ty@etivity are combined in a
single compound to hopefully give a promising mtdftiget anti-hypertensive.
The three compound classes have structural sityil#Rigure 2), enabling

superposition during the docking alignment.

Rs
N HO
‘ R2 L \>7R2
\ oN”

R, CHs

ACE inhibitor Ca?* CB Renin inhibitor

Figure 2 General frameworks of ACE inhibitors, calcium chahblockers and
renin inhibitors used in this study. The commonssulzture used for
docking alignment is bold faced
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2. Materials and Methods

The most promising renin inhibitor, ACE inhibitongicalcium channel
blocker @, 19 and 27, respectively) within the corresponding series of
compounds available in the literature [3,4,6] wesed to give rise to new multi-
target drug candidates, whose chemical structureee vderived from the
combination of the substructures in these paremipomnds. The explored

multi-target drug candidates are given in Table 1.

Table 1Proposed multi-target antihypertensivieg7

CHj; Rs Rs
HO N
TOC0- O
N\ N\ ON N\
Ry Ry CH3

1-12 13-24 25-27
Ry R2 R;
A B @ D E F G
= a o 0
.| A
O | e 0 AR

s HO ] H *”=“\/J
Compound R R, Rs
1 A C F

2 A C G

3 A D F
4 A D G

5 A E F

6 A E G

7 B C F

8 B C G

9 B D F
10 B D G
11 B E F
12 B E G
13 A C F
14 A C G
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Table 1, continuation

Compound

15

16

17

18

19°

20

21

22

23

24

25

26

27 -
2 parent compound with high inhibitory activity agsti renin [6].° Parent compound
with high inhibitory activity against ACE [3]° Parent compound highly active as
calcium channel blocker [4]

F MW WmWW W > > > >y
FOTMOTEOTO TGO ML

MOOMMOUUOOMMmMOO|Z

The docking studies were performed for the propasedpoundsl-27
and also for the reference onis, Captopril, Amlodipine and Aliskiren (Figure
1). The crystal structures with the active sitesAGfE (Captopril inside) and
renin (Aliskiren inside) were obtained from the feio Data Bank (PDB codes
1UZF and 2V0Z, respectively). In this study, thetype calcium channel
structure from the human cardiad-subunit (code CAC1C_HUMAN in the
SWISS-PROT database) was modeled similarly as quslji reported [4].
Because of recent alignments based on the porafgr86 segments with the
M2 segment of KcsA [7,8], we used the scheme pregdxy Zhorov et al. [9],
taking into account the structure coordinates o§AX&p channel available in
the Protein Data Bank (code: 1BLB). The dockingcpdure was carried out
using the Molegro Virtual Docker (MVD) program [1d]ligand and protein
were considered flexible during the docking simolat According to the

MolDock scoring function available in MVD, a piecew linear potential are fit
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to protein-ligand structures and binding data sapfunctions, further extended
in genetic evolutionary method including an hydmodgending term and charge
schemes. The docking scoring functiBiy,.e is defined by the following energy
terms:

EScore: Elnter + Elntra

whereE, ., is the ligand—protein interaction energy:

Bz > Y {Epr(rij)+ 332022’}

iOligand  jOprotein ij

Er.p is the ‘piecewise linear potential’ that uses parters to account
for the steric term between atoms (Van der Waatg) laydrogen bonds, in
addition to another term to describe electrostatieractions between charged
atoms. Further details can be found elsewhere B}, is the internal energy of
the ligand. In this workEs..e Was used to account for the drug-likeness of the
proposed molecules, since this parameter has stot@ highly correlated with
bioactivity values in a variety of studies [3,4,5:13]. However, thd, ., term,
which corresponds to the ligand-enzyme interactarergy, will also be
considered, becaugg, can vary significantly from one compound anothes d
to their structural diversity. In addition, the ¢tdbution from hydrogen bond,
which is an important parameter describing ligandyene interaction, was also
computed.

3. Results and Discussion

Compounds4, 19 and 27 have been computationally found to be
promising antihypertensives because of their higgdigted activities against
renin, ACE and calcium channel, respectively [3,4%nce all three classes of

compounds contain a congruent pharmacophoric gr@kigure 2), the
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substituents R R, and R of 4, 19 and27 can be exchanged in order to give a
single molecule with properties related to renirCEA and calcium channel
inhibition/blockage. This can be estimated by dogkall proposed compounds
1-27 in all three enzymatic targets and then compathmeg results with the
reference compounds, namely Aliskiren (renin irtiol)j Captopril (ACE
inhibitor) and Amlodipine (calcium channel blocker)

The first approach compared the docking scoresl-@f7 with the
corresponding values of the reference compoundsein respective enzymatic
targets (Table 2). Some prospectively sounding damdidates appeared with
docking score energies below (more negative) tfererce compounds in their
respective active sites, but only compourwas found to be more promising
than the reference compounds in all three targétss, compound8 is most
likely the best multi-target drug candidate amornlgese of Table 2. Despite the
good correlation between docking scorés.{9 and the intermolecular enzyme-
ligand interactionsHer), i.€. R? = 0.87 for renin, 0.85 for ACE and 0.88 for
calcium channel, the intramolecular energy computghin the docking score
values can vary significantly from one ligand amotdue to the high structural
diversity within the series. Thus, tlig, was further evaluated to confirm the
best inhibitor towards all three targets accordimghe intermolecular enzyme-
ligand interaction.

The intermolecular interaction energies were coasisvith the docking
scores, since, in general, compounds with high idgckcores were also those
with the highest intermolecular energies. The Halted data in Table 2 show
compounds with both docking score and intermolecateergy more negative
than the reference compounds. Again, compdihdxhibited better theoretical
performance than all three reference compoundsénréspective enzymatic
targets, except for the intermolecular energy ia tknin active site. Even

though, the calculated intermolecular energy betwemin and compounit8
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was the highest within the series of proposed cam@® and comparable to that

of Aliskiren (-201.4 against -205.8 kcal rithl Compoundl8 carries a Rgroup

which is typical of highly active calcium channdbdkers, while the Rand R

substituents are present in known renin inhibit@ensequentlyl8 is expected

to strongly target ACE even not having substituesitsilar to those found in

inhibitors of this enzyme.

Table 2 Results from the docking modeling (in kcal ol

Compound ACE C4 channel Renin

EScor( EInter EHB EScon EInter EHB EScor( EImer EHB
Captopril -68.5 -76.1 -6.6
Amlodipine -65.8 -63.0 -0.1
Aliskiren -153.C  -205.& -15.€
1 -71.4 -71.8 -7.0 -63.8 -62.6 -2.7 -934 -93.2 2.2
2 -79.2 -81.3 -154 -79.8 -76.1 -39 -107.7 -113.8 -05
3 -76.1 -83.4 -24 -88.4 -92.2 25 -71¢€ -68.2 -1.C
4 -1.3 -21.2 2.2 -98.€ -97.1 0.C -182.% -169.1 -2.7
5 -82.9 -65.6 -50 -1051 -821 -2.1 -1509 -149.1 -8.0
6 -19.C -1.0 -5.8 -125.¢ -104.¢ -0.¢ -72:Z -78.€ -5.E
7 -74.4 -78.2 -10.¢ -53.€ -50.7 0Cc -811 -82.2 -24
8 -98.6 -949 -109 -74.6 -63.0 01 -91.9 -84.4 -11.4
9 -33.9 -52.6 0.0 -54.8 -63.7 -2.7 -1204 -131.0 0.0
10 -48.4 -68.C -4.8 -82.2 -87.¢ -0.1 -144¢ -147.: -8.3
11 -4.5 -2.6 -22 -835 -743 -28 -1147 -1155 -44
12 -53.9 -46.7 -5.0 -86.0 -90.6 -12 -7238 -88.4 -2.8
13 -88.8 -914 58 -48.2 -49.5 00 -821 -86.4 2.7
14 -97.¢ -101.€¢ -7.5 -65.C -68.¢ -4.7 -132.& -132.z -11.C
15 -72.2 -96.2 0.0 -72.9 -75.2 00 -1104 -1156 0.0
16 -62.1 -68.0 -19 -1026 -953 -25 -1216 -1503 ~-15
17 -74.1 -92.t -2.5 -94.€ -102.¢ -0.2 -152¢ -172.€¢ -1.8
18 -88.7 -106.3 2.5 -130.4 -121.0 -40 -1628 -2014 -2.2
19 -76.2 -75.2 -3.8 -32.9 -44.5 0.0 -69.6 -74.6 -3.1
20 -95.1 -100.¢  -3.1 -48.C -57.1 0.c -98¢ -111.2 -7.€
21 -51.0 -66.1 0.0 -26.7 -53.9 00 -79.2 -94.3 -3.7
22 -68.2 -69.9 -85 -84.8 -89.5 -25 -1222 -157.3 -55
23 -121.¢  -125¢ -94 -95.4 -103.¢« -2 -103¢ -144:z 58
24 -101.8  -141.(C -6.8 -120.1 -113.2 -2.1 -141¢ -163.C -7.€
25 -54.1 -62.5 -75 -27.6 -31.0 0.0 -457 -49.7 -3.4
26 -68.2 -62.9 -4.0 -46.7 -43.3 -0.1 -87.7 -85.0 -2.5
27 -69.5 -57.2 -2.0 -84.2 -74.€ -1.C -1153 -116.2 -34
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Hydrogen bonding (HB) is an important descriptorligand affinity
towards the active site of an enzyme. Indeed,ast for Aliskiren, HB seems to
rule its affinity towards renin, since this intetiao is calculated to be
responsible byca. 15 kcal mof of ligand:enzyme stabilization. The most
promising multi-target compouriB was calculated to present strong interaction
with amino acid residues in the active site of icedtchannel due to HB (Table
2). On the other hand, this interaction does npeapto play a determinant role
for its activity against ACE, while it stabilizete 18renin interaction only
modestly (byca. 2 kcal mot'). Figure 3 shows compouri8 inside the active
sites of each enzyme, where HB is depicted asdltities (especially relevant
for the calcium channel), while other interactiossch as hydrophobic and

electrostatic contributions, should operate.

Figure 3 Compoundl18 (red) superposed with the reference compoundg)blu
Aliskiren, Captopril and Amlodipine in the respeetiactive sites of
docked inside the active sites of reni),( ACE B) and calcium
channel C)

(...continua...)
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Overall, some proposed compounds showed better ulatd
performance in comparison to the reference compmuntile compound8 is
particularly suggested for synthesis as multi-taeggihypertensive, because of
its expected simultaneous affinities towards re®@E and calcium channel,
which are higher than those affinities of the refexe, marketed drugs Aliskiren,
Captopril and Amlodipine, respectively. An impottacontribution for this
behavior as calcium channel blocker comes fromdnein bonding between the
substituents in the molecule with the active siteér®@ acid residues, while other

interactions appear to rule its affinity towardsireand ACE.
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CONSIDERACOES FINAIS

Este trabalho possibilitou a construcdo de doiselo3dQSAR, um para
os inibidores da renina e outro para os blogqueadime canais de célcio, ambos
estatisticamente testados, demonstrando robustagaeidade de predicao, fato
que foi confirmado pelos estudos decking. Esses modelos foram utilizados
para a predicdo de novas moléculas com atividabiglima da renina e também
novos bloqueadores dos canais de cdlcio. Os nowo¥aAstos propostos
apresentaram elevados valores calculados de, p$€ndo alguns deles mais
ativos do que os relatados na literatura.

Estudos delockingde compostos concebidos a partir da combinagéo de
subestruturas dos trés tipos de anti-hipertenserasquestéo (inibidores da
renina, bloqueadores do canal de calcio e inib&ldi@ enzima conversora de
angiotensina) também foram realizados. No gerglyral compostos propostos
apresentaram melhor desempenho calculado em cogAparam 0S coOmpostos
de referéncia. O composi® é particularmente indicado para a sintese, como
anti-hipertensivo multialvo, em razdo de suas dfides simultaneas com o sitio
ativo da renina, da ECA e do canal de calcio, Guessiperiores as apresentadas
pelos compostos comercializados alisquireno, captop amlodipina,
respectivamente.

A capacidade de modelagem e as informac8es quinaiceecidas pelos
modelos QSAR podem conduzir a sintese de novossepoientes inibidores da
renina e bloqueadores dos canais de calcio. Oftagss animadores obtidos
para o desenvolvimento de anti-hipertensivos muttimbrem possibilidades
para que futuros trabalhos sejam realizados, tmido para a elaboracao de

novos farmacos.



