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RESUMO

Identificacdo de novos inibidores do Receptor de Interagdo de Proteina Tirosina
Quinase 2 com potencial atividade anti-inflamatdria através do ensino da Quimica
Medicinal

Introducédo: O Receptor de Interacéo de Proteina Tirosina Quinase 2 (RIPK2) desempenha
um papel importante na patogénese das doencas inflamatérias, que sinaliza a jusante dos
sensores intracelulares Nucleotideos de Oligomeriza¢do de Dominio 1 e 2 (NOD1 e NOD2)
para promover uma resposta inflamatéria produtiva. No entanto, a sinalizacédo excessiva de
NOD?2 tem sido associada a varias doencgas, incluindo doenca de sarcoidose e artrite
reumatoide, de modo que a inibicdo farmacolégica de RIPK2 € uma estratégia de afinidade
que demonstra uma expressdo aumentada de atividade de secrecdo proé-inflamatoria.
Objetivo: Assim, o objetivo deste estudo foi planejar novos inibidores do RIPK2 com
potencial atividade anti-inflamato6ria em artrite reumatoide. Metodologia: Foi construido um
modelo farmacoférico baseado na pose cristalografica do Ponatinibe, um potente inibidor
de RIPK2 e outros 30 inibidores selecionados a partir do banco de dados BindingDB. A
selecdo dos compostos foi realizada a partir da base de dados ZINC através de compostos
disponiveis, seguida de previsdes in silico farmacocinética, toxicologica e atividade
biolégica potencial dos compostos selecionados. Em seguida, o acoplamento molecular foi
realizado para identificar as provaveis interagdes, bem como a afinidade de ligacdo com
RIPK2. Apos, realizou-se a sobreposicdo molecular dos compostos aqui selecionados e
foram analisados em relacdo ao Ponatinibe e WEHI-345, também usado como controle. E
por conseguinte, determinou-se a viabilidade do composto ser sintetizado. Resultados e
discussdes: ApoOs calculos, o composto ZINC91881108 mostrou uma analise
farmacocinética e toxicoldgica in silico dentro dos parametros estabelecidos e afinidade de
ligacdo boa quando comparada a pose cristalografica de WEHI-345 em complexo com
RIPK2. Conclusfes: Esse composto também possui acessibilidade sintética moderada,
resultando em um potencial e promissor inibidor de RIPK2 para ser investigado com
interesse em diferentes doencas, em especial as inflamatorias.

Palavras-Chave: RIPK2; Ponatinibe; WEHI-345; Artrite reumatoide; Anti-inflamatério.
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ABSTRACT

Identification of new inhibitors of the Protein Tyrosine Kinase 2 Interaction Receptor
with potential anti-inflammatory activity through the teaching of Medicinal
Chemistry

Introduction: The Receptor Interacting tyrosine Kinase 2 (RIPK2) plays an important role
in the pathogenesis of inflammatory diseases, which signals downstream of intracellular
sensors nucleotide-binding oligomerization domain 1 and 2 (NOD1 and NOD2) to promote
a productive inflammatory response. However, excessive NOD2 signaling has been
associated with several diseases, including sarcoidosis disease and rheumatoid arthritis, so
that the pharmacological inhibition of RIPK2 is an affinity strategy that demonstrates an
increased expression of proinflammatory secretion activity. Objective: Thus, the purpose of
this study was to plan new inhibitors of RIPK2 with potential anti-inflammatory activity in
rheumatoid arthritis. Methodology: A pharmacophoric model was constructed based on the
crystallographic pose of Ponatinib, a potent inhibitor of RIPK2 and another 30 inhibitors
selected from the BindingDB database. The selection of the compounds was performed from
the ZINC database through available compounds, followed by pharmacokinetic,
toxicological and biological activity predictions potential of the selected compounds. Then,
the molecular coupling was performed to identify the likely interactions as well as binding
affinity for RIPK2. Thereafter, the molecular overlap of the compounds selected herein and
were analyzed for Ponatinib and WEHI-345, also used as a control. And therefore, the
viability of the compound to be synthesized was determined. Results and discussion: After
calculations, the compound ZINC91881108 showed a pharmacokinetic and toxicological
analysis in silica within the established parameters and good binding affinity when compared
to the crystallographic pose of WEHI-345 in complex with RIPK2. Conclusions: This
compound also has moderate synthetic accessibility, resulting in a potential and promising
inhibitor of RIPK2 to be investigated with interest in different diseases, in particular the
inflammatory.

Keywords: RIPK2; Ponatinib; WEHI-345; Virtual Screening; Rheumatoid Arthritis; Anti-inflammatory.

Acknowledgements: LMQC, UEFS, FCFRP, PPGCF.
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1 INTRODUGAO

1.1 ARTRITE REUMATOIDE

O Receptor de Interacdo de Proteina Tirosina Quinase 2 (RIPK2) desempenha um
papel essencial na resposta imune e é sugerido como alvo em doencgas inflamatdrias, tais
como a doenca de Crohn, doenca inflamatéria do intestino, asma e artrite (TIGNO-
ARANJUEZ et al., 2014).

Os primeiros indicios da Artrite Reumatoide (AR) foram relatados em esqueletos
indigenas datados de 4.500 a.C., descobertos no presente estado norte-americano do
Tennessee. Em 1591 foi estabelecida a primeira escritura especifica sobre AR através de
Guillaume de Baillou, um médico da faculdade de medicina da Universidade de Paris. Para
entdo, em 1859 o inglés Alfred Baring Garrod, denominar o termo “artrite reumatoide”
(SILVA, 2009).

De acordo com dados do ministério da saude AR é uma doenca autoimune,
inflamatdria, sistémica e cronica (BRASIL, 2015). Os dados no Brasil sobre esta doenca
séo limitados, bem como os casos relacionados ao curso clinico, os sintomas extra-
articulares e os desfechos (ALMEIDA; ALMEIDA; BERTOLO, 2014; DAVID et al, 2013;
MOURA et al, 2012).

A AR é predominante no sexo feminino, com preponderancia de aproximadamente,
1% na populacao brasileira, que é equivalente aos dados relatados na literatura mundial,
considerada bastante heterogénea, em termos de gravidade, com tendéncia a surgir apos
a quarta década de vida (BRENOL et al, 2007). No Amapa, de acordo com dados da
Pesquisa Nacional de Saude do IBGE (2013), conta-se com aproximadamente, por
amostragem, um total de 8,2% de pessoas com diagndéstico médico de artrite reumatoide
(IBGE, 2014).

Os aspectos fisicos, psicoldgicos e sociais podem ser afetados em um individuo que
possui AR, pois em sua fase tardia, representa uma enfermidade de grande impacto na
gualidade de vida de uma pessoa, em relacdo a outras enfermidades (FERREIRA et al,
2008; CHORUS et al, 2003; TIJHUIS et al, 2001).

Existem mais de 100 doencas reumaticas que estdo associadas a processos
patologicos de tecidos conectivos, musculos e ligamentos. Para tanto, o termo artrite

constitui qualquer tipo de inflamagao e lesdo em uma articulagéo. Assim, no que se refere
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a classificacdo das categorias sobre as causas da artrite, tem-se 0s aspectos associados
ao sistema imunologico, além daqueles associados a degeneracao das articulacdes e por
fim, os aspectos metabdlicos e depdsito de cristais nas articulagbes (PANUS et al, 2011).

A articulacdo humana é formada por sinovidcitos, tipo fibroblastos que produzem um
liquido sinovial. Quando esta é afetada pela artrite reumatoide, nota-se um infiltrado e um
inchaco com a presenca de sinoviécitos tipo: fibro-tipo, fibréfagos, macrofagos, varias
populacdes de células T e células B. Os macréfagos sdo ativados por complexos imunes
gue se ligam aos receptores Fc-y e aos receptores complementares, Figura 1 (SCOTT;
WOLFE; HUIZINGA, 2010).

Figura 1 - Articulagdo humana com comportamento alterado por artrite reumatoide.

Células T

Receptor @ @

Células B

Cartilagem

Receptor
complementar

v
@

Sinovidcitos
Sinoviocitos semelhantes a fibroblastos com comportamento alterado

Fonte: Adaptado de Scott; Wolfe; Huizinga (2010).

Detectou-se o0 antigeno leucocitario humano, como o principal fator genético no
desenvolvimento da AR (BRASIL, 2015). A gravidade e a incidéncia da AR tem a ver
também, com o nivel socioeconémico e o estagio de desenvolvimento dos paises, além dos
fatores genéticos e ambientais. Esses estudos sugerem que pacientes com AR com
diferente origem étnica podem exibir distintas manifestacbes e desfechos (ALMEIDA;
ALMEIDA; BERTOLO, 2014).

1.2 MECANISMO INFLAMATORIO E ARTRITE REUMATOIDE

O processo inflamatoério advém a partir de uma leséo, infeccédo e estresse fisico ou
quimico. O qual impulsiona fatores de transcricdo que monitoram a expressao de varios
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intervenientes inflamatérios (CRAIG; STITZEL, 2011). Nesse sentido, no processo
inflamatorio, ha participacao de varios mediadores a exemplo de: citocinas pro-inflamatdérias
(TNF-alfa, IL-1, IL-8), prostaglandinas, leucotrienos e peptidios liberados das terminacdes
nervosas (substancia — P) e relacionados ao gene da calcitonina (SAKATA; ISSY, 2008).

Existem trés fases da resposta inflamatoria, a inicial que envolve aspectos de
percepcao, a segunda denominada de platé que estéa relacionada a mecanismos efetores
e a fase de resolucéo que é a final, onde ha a regeneracao do tecido original ou, caso nao
seja possivel, a restauracdo do espaco lesado por fibrose (FUCHS; WANNMACHER,
2010).

O processo de destruicdo e desativacao de organismos invasores no organismo é
uma tentativa que surge a partir da formacdo do processo inflamatério, como forma de
retirar os irritantes e preparar o cenario para a restauracao tecidual. De modo que, quando
a recuperacao esta completa, normalmente o processo inflamatério cessa. Todavia, pode
ocorrer ativacdo imprépria do sistema imune resultando em inflamacdo e causando
doencas imunomediadas, como por exemplo, a artrite reumatoide (CLARK et al, 2013).

O fato de um processo inflamatério ser considerado autoimune e cronico faz deste
um mecanismo fundamental para a lesdo do tecido e o aparecimento de doencas
idiopéaticas a exemplo da artrite reumatoide (AR), que possui 0 seu sitio de lesdo nas
articulacOes diartrodiais (PANUS et al, 2011).

A AR é um processo onde se tem citocinas inflamatérias que mediam uma
inflamacé&o crénica da sindvia das articula¢des periféricas. Em suma, esse processo ocorre
guando células T CD4*, que sédo as principais mediadoras do desenvolvimento da AR,
invadem, infiltram a articulacéo e liberam IL-2, IL-6 e interferon gama, que acabam por ativar
células B e macréfagos, que por sua vez, quando essas células B sdo ativadas liberam o
fator reumatoide, que da inicio ao dano cartilaginoso e 6sseo. Assim, 0os macréfagos
ativados na sindvia liberam IL-1 e TNFa que degradam a articulacdo ao ativarem a
proliferacéo de células endoteliais e fibroblastos, a neovascularizacdo e o remodelamento
da articulacdo. De forma que, essas ocitocinas ativam osteoclastos que causam a protedlise
do osso que cerca a articulagao (KESTER et al, 2008).

A destruicdo articular ocorre na membrana sinovial que é a principal fonte de
citocinas pro-inflamatérias em combinacdo com osteoclastos e condrdcitos. Logo,
projecdes de tecido proliferativo penetram na cavidade articular, invadindo a cartilagem e o
tecido 6sseo, formando o pannus, que é caracteristico da AR (FIRESTEIN, 20083;
GOELDNER et al, 2011). No liquido sinovial sdo encontrados neutréfilos que raramente sao

vistos na membrana sinovial, onde ha um estravasamento deste, do sangue, para o espaco
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articular. Do mesmo modo, as enzimas dos neutrofilos, juntamente com as que sao
secretadas por sinoviécitos e condrdcitos, levam a degradacéo da cartilagem (VIEIRA et al,
2015). Na Figura 2, tem-se a representacdo da articulacdo normal (A) artrite reumatoide
inicial (B) artrite reumatoide tardia (OLIVEIRA, 2011).

Figura 2 - Articulagéo normal (A) artrite reumatoide inicial (B) artrite reumatoide tardia (C).

Fémur |fmeslp ™ =, <@ ¥

Membrana ’
sinovial
Capsula ’
.. @ & _uu:s s Sinoviocitos Cartilagem T8 Ve d G
o 0goos9%" "B Bgn® s |
& s QUPe . o 'y
| P aa " w e e
Angiogénese . “ @ Neutréfilos e 9

Sindvia | i
hiperplasica | perplasia
“‘ sinovial
Sinovidcitos |
hipertréfico

BAA: s ¢
. €rosao Pannus
Angiogénese neutréfilos

Fonte: Adaptado de Oliveira (2011).

1.3 FARMACOS QUE ATUAM NO TRATAMENTO DA DOENCA

O tratamento da AR, por varios anos, seguiu um modelo em pirdmide, Figura 3. Os
salicilatos foram os primeiros farmacos utilizados, pois controlavam a dor e a rigidez
(CRAIG; STITZEL, 2011). No que se refere as estratégias terapéuticas para o tratamento
de doencas reumaticas, tém-se farmacos que atuam, apenas, no alivio da dor ou
atrasam/interrompem, quando conseguem, qualquer processo de lesdo ao tecido de uma
pessoa (PANUS et al, 2011).

Vale ressaltar que os anti-inflamatoérios ndo esteroides (AINES), em relacdo aos seus
efeitos na doenca AR, sdo atribuidos e utilizados por sua eficacia sintomética, pois estéao
associados ao alivio da dor e a supressdo dos sintomas inflamatorios (FUCHS;
WANNMACHER, 2010). E os glicocorticoides orais também podem ser usados para reduzir
a inflamacg&o crénica nos pacientes com AR (KESTER et al, 2008). Porém, a sua toxicidade

associada ao uso crénico restringe a sua utilizacdo para controlar as manifestacdes agudas
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graves, e administracéo prolongada de baixas doses em pacientes com doenca grave nao

controlada por outros agentes (PANUS et al, 2011).

Figura 3 — Classificacdo dos farmacos utilizados no tratamento da Artrite Reumatoide

Anti-inflamatoérios ndo
esteroides (AINEs)

Glicocorticoides

Drogas Antirreumaticas Modificadoras da
Doenca (DARMADSs)

Salicilatos

Fonte: Cruz et al. (2017)

Desse modo, farmacos denominados antirreuméticos modificadores da doenca
(DARMDSs) também presentes na Tabela 1, séo utilizados no tratamento da AR e sdo uma
categoria de drogas, farmacologicamente ndo relacionadas, que tem a caracteristica
comum de reduzir a remisséo ou controle da AR e outras doencas imunomediadas. Além
de prevenir a destruicdo adicional de articulacdes e dos tecidos envolvidos (CLARK et al,
2013).

Tabela 1 — Farmacos utilizados no tratamento da Artrite Reumatoide

Classificacéo Farmacos Principais mecanismo de acéo
Anti-inflamatdrios nédo esterdides Ibuprofeno N&o seletivos, inibidores da COX-1 e 2
(AINE’s) Naproxeno (Batlouni, 2010)

Metilprednisolona Seletivos do receptor de glicocorticoides
Glicocorticoides Prednisona (Anti; Giorgi; Chahade, 2008)

Adalimumabe
Certolizumabe

pegol Inibe o fator de necrose tumoral alfa (TNFa)
Etanercepte (CONITEC, 2012)
Infliximabe
Golimumabe
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Drogas Antirreumaticas Abatacepte Inibe a ativagao dos linfécitos T (CONITEC,
Modificadoras da Doenga 2012)
Rituximabe Provoca a destruicdo dos linfécitos B ao se
ligar aos marcadores CD20 na superficie
dessas células (CONITEC, 2012)
Tocilizumabe Inibe a sinalizacdo mediada pelos receptores
de interleucina-6 (IL-6) (CONITEC, 2012)

Fonte: Brasil, 2015

1.4 RECEPTOR DE INTERACAO DE PROTEINA TIROSINA QUINASE 2 - RIPK2

Atualmente, considera-se, aproximadamente, que os seres humanos possuem 58
receptores de proteina tirosina quinase conhecidos, os quais sado divididos em vinte
subfamilias com um dominio extracelular, uma unica hélice transmembrana e uma regiao
citoplasmatica que contém o dominio da proteina tirosina (LEITE et al., 2012; LEMMON,;
SCHLESSINGER, 2010).

As proteinas quinases constituem uma das maiores familias de proteinas (MANNING
et al, 2002). E estas estdo subdivididas em categorias de tirosinas quinases receptoras e
nao receptoras (SILVA et al., 2009), de modo que, as suas alteracdes quimicas e estruturais
da proteina sdo reguladas por um grande numero de vias de transducédo de sinais em
células, até mesmo o controle transcricional (ENGH; BOSSEMEYER, 2001) através da
fosforilacdo da serina, treonina, ou residuos de tirosina. Nesse sentido, as proteinas
guinases sdo enzimas que catalisam a fosforilacdo de proteinas e no momento em que
ocorre a desregulacéo destas enzimas, esta podera estar associada a diversas doencgas.
Logo, para a descoberta de novos farmacos, torna-se interessante entender de forma
detalhada o mecanismo de controle das proteinas quinases (SILVA et al, 2009).

Tais alteracbes sejam elas genéticas ou anormalidades que causem uma
desrregulacdo, modificacdo de atividade, abundéancia e distribuicdo celular nas proteinas
tirosina quinase, podem ativar sinalizagdes, as quais tém sido associadas a cénceres,
diabetes, inflamacéo, além de outros disturbios. Por este fato, tem-se impulsionado como
alvo o desenvolvimento de medicamentos que bloqueiam ou amenizam a atividade nestes
alvos (LEMMON; SCHLESSINGER, 2010).

A interacdo entre o ligante e o receptor, inicialmente, monomérica ocorre entre o ATP
e residuos de tirosina, devido a dimerizacdo que irA acontecer, e posteriormente, a
fosforilacdo do dominio intracelular de proteinas-alvo com o dominio SH2, que é
responsavel pela identificacdo para as fosfotirosinas. Apds, ha mediacdes de respostas
celulares provenientes da fosforilacéo intracelular. De modo que, as vias de sinalizagdo sao

constituidas por reagdes citoplasmaticas em dificeis interagdes enzimaticas. Considera-se
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gue as principais formas de intervencao terapéuticas aplicadas nos receptores de tirosina
quinase sao através de anticorpos monoclonais e moléculas inibidoras, que podem agir de
forma especifica ou em varios receptores ao mesmo tempo, através de ligacdes reversiveis
ou irreversiveis (LEITE et al., 2012).

Sob tal enfoque é sabido que algumas doencas a exemplo da artrite reumatoide sao
moduladas por quinases, logo uma grande maioria de inibidores de proteinas tem sido
planejados e modelados para competirem por essa regido do sitio ativo. Para tanto, a
inibicdo seletiva de quinases constitui um objetivo de grande interesse para a industria
farmacéutica (LIAO, 2007; VOLPINI, 2010).

Nesse sentido, as técnicas de cristalografia de raios x do complexo proteina-ligante,
espectroscopia de RMN e modelagem molecular, sdo utilizadas no processo interativo de
desenvolvimento do inibidor que pode ser analisado por estruturas tridimensionais de tal
modo que permite o fornecimento de informacdes sobre interacdes da proteina e do ligante
(VAN MONTFORT; WORKMAN, 2009).

Os inibidores agem por métodos irreversiveis e reversiveis, além disso séo
considerados substancias quimicas que reduzem a velocidade de reacfes catalisadas por
enzimas (COPELAND; ANDERSON, 2001). A concentracdo de inibicdo que causa 50% de
reducao na atividade intrinseca da enzima é denominada de ICso.

O RIPK2 atua de forma ativa na resposta imune, logo, € considerado um alvo para
farmacos em doencgas inflamatorias, bem como a AR. Quando o corpo é invadido por
bactérias, estas podem ser detectadas por duas proteinas humanas, denominadas de
dominios de oligomerizacao vinculado ao nucleotideo (NOD1 e NOD2), cujos precisam
passar em um sinal que ird ativar uma resposta imune para combater a invasdo. Uma causa
potencial da doenca €, se as proteinas comecam a sinalizar NOD constantemente, até
mesmo quando ndo ha bactérias em torno, o0 que é comum acontecer em doencgas
autoimunes, logo, isto produz entdo um sinal constante do RIPK2, que por sua vez
desencadeia uma resposta inflamatoria constante (HAILE et al.,, 2016; CANNING et al,
2015).

O RIPK2 sinaliza a jusante dos sensores intracelulares NOD1 e NOD2 para
promover uma resposta inflamatéria produtiva. No entanto, a sinalizacdo excessiva de
NOD2 tem sido associada com varias doencas, incluindo a doenca inflamatéria do intestino,
sarcoidose e artrite inflamatdria, de modo que a inibigdo farmacolégica de RIPK2 é uma
estratégia com afinidade que demonstra um aumento da expressdo da atividade de
secrecdo pro-inflamatorias (TIGNO-ARANJUEZ et al, 2014).
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A importancia de se compreender a estrutura do RIPK2, ou de qualquer outra
proteina, estd na informacdo necessaria que esta ir4 trazer para um determinado alvo da
droga. Para entdo, se chegar a um inibidor mais especifico que ir4 afetar o RIPK2 apenas
e nado outras proteinas, como forma de diminuir os efeitos colaterais no organismo.

Logo, RIPK2 é uma proteina quinase com, aproximadamente, 540 aminoacidos que
possui um dominio catalitico N-terminal de serina / treonina quinase, um dominio de
ativacao e recrutamento de caspase C-terminal (INOHARA et al., 1998). A caracterizacao
estrutural do RIPK2 apresenta a dobra quinase bilobal canénica seguida por 16-residuos e
uma hélice aJ associado ao lado do circuito que liga as hélices de aD e aE. O elemento
estrutural C-terminal € comum na familia de quinases. Assim, o inibidor Ponatinibe ligado
ocupa a bolsa de ATP estabelecida entre os l6bulos N-terminal e C-terminal da proteina
quinase, Figura 4 (CANNING et al, 2015).

Figura 4 - Caracterizacao estrutural do Receptor de Interagdo de Proteina Tirosina Quinase
2 - RIPK2. O inibidor Ponatinibe ligado ocupa a bolsa de ATP estabelecida entre os I6bulos
N-terminal e C-terminal da proteina quinase. Proteina do dominio quinase em humano
complexada no PDB de cédigo 4C8B.

Fonte: Adaptado de Berman et al. (2000)

As drogas que trabalham para inibir a ativagdo do RIPK2 seriam bastante eficazes
em tratamentos de muitas doencas inflamatorias diferentes. Dessa forma, através de um
estudo de desvio térmico a base de fluorescéncia, testou-se o efeito de um numero de

drogas sobre RIPK2 e descobriu-se que o composto Ponatinibe apresentou um efeito
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significativo e forneceu uma base estrutural, ao identificar um sitio alostérico, para o
desenvolvimento de novos inibidores (CANNING et al., 2015).

Existem atualmente 15 estruturas cristalograficas de RIPK2 associadas ao
organismo humano, depositadas no Protein Data Bank (PDB) de acordo com os cédigos da
Tabela 2. Neste estudo o composto Ponatinibe foi utilizado como prot6tipo, de modo que o
seu depdsito no banco de dados pode ser obtido pelo c6digo 4C8B combinado ao RIPK2
(BERMAN et al., 2000).

Tabela 2 — Cédigos PDB relacionados ao Receptor de Interacdo de Proteina Tirosina
Quinase 2 (RIPK2)

Cdédigo PDB do inibidor Resolucéo cristalografica Referéncia
4C8B 2.75A Canning et al., (2015)
5W5J 2.85 A
5W50 289 A He et al., (2017)
4E9OM 2.15A Berry; Huang; Walker-Kopp, (2012)
5J79 2.69 A _
5J7B 253 A Haile et al., (2016)
5NG3 2.60 A
5NGO 2.00 A Pellegrini et al., (2017)
5NG2 2.80 A
5AR2 2.44 A
5AR3 2.44 A
5AR4 2.44 A
5ARS 544 R Charnley et al., (2015)
5AR7 2.44 A
5AR8 2.44 A

Fonte: Berman et al. (2000)

1.5 INIBIDORES DO RECEPTOR DE INTERACAO DE PROTEINA TIROSINA QUINASE
2: PONATINIBE E WEHI-345

O composto Ponatinibe (3 - (2 - imidazol [1, 2 - b] piridazin - 3 - iletinil) — 4 - metil - N-
[4 - [(4 — metilpiperazin — 1 - il) metil] — 3 - (trifluorometil) fenil] benzamida) de formula
molecular (C29H27F3NeO), foi aprovado em 14 de dezembro de 2012 pela FDA (PRASAD;
MAILANKODY, 2014). Este composto € um derivado do imatinibi que foi desenvolvido para
o tratamento de Leucemia Mieldide Crénica (LMC), pois, ha casos em que o imatinibe se
tornou resistente ou intolerante aos pacientes com essa doenca. O Ponatinibe é um inibidor
de proteinas tirosina quinase multi-direcionado e é o produto de uma abordagem baseada
em estrutura para o design de moléculas pequenas, inibe as formas nativas e mutantes de
células de leucemia Ph-positivas resistentes a BCR-ABL (OKABE et al., 2013).
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A caracterizacdo do Ponatinibe apresenta caracteristicas clinicas desejaveis em
tratamento com inibidores da tirosina quinase e um inibidor de molécula pequena da
referida proteina (CORTES et al, 2012). Desse modo, o Ponatinibe foi projetado a partir do
imatinibi e se destina a tratar uma mutacdo muito especifica de BCR-ABL de terceira
geracao de inibidores, que € exclusivamente eficaz na inibicdo da mutagao “T315l do
gatekeeper”, contudo, devido possuir efeitos colaterais no organismo humano, apresentou
uma aprovacao retraida em seu consumo, dentre os efeitos secundérios dermatoldgicos,
tem-se as erupcdes cutaneas, eritematosas e dermatite, pele seca e eritema nodoso
(ZHANG et al, 2014).

Ao analisar o referido composto, observa-se que este possui regides com a presenca
de um anel de imidazol, que forma ligacbes de hidrogénio, e piridazina que interage
hidrofobicamente, Figura 5. Vale ressaltar que, o que torna o Ponatinibe diferente dos
outros inibidores de BCR-ABL é o fato de possuir em sua estrutura um ligante de etinilo de
ligacdo tripla, de forma que na relacdo estrutura-atividade a presenca da ligacdo tripla
potencializa o efeito quando analisado a dados moleculares iguais que contem ligacao
simples ou dupla. Neste estudo de agédo do Ponatinibe como inibidor de BCR-ABL, tem-se
este composto caracterizado por uma boa lipofilicidade e biodisponibilidade oral. Logo, o
ponatinib €& considerado oralmente biodisponivel com potenciais atividades
antiangiogénicas e antineoplasicas (MILLER; BRUNO; LIM, 2014).

O Ponatinibe foi sintetizado através da reacdo de radicais livres, reacdo de
acoplamento de reducgao, acilagdo e sonogashira. A estrutura do composto final e
intermediarios foi confirmada por Ressonancia magnética nuclear de prétons (*H RMN)
(KUN et al., 2013).

Figura 5 — Estrutura quimica 2D do composto Ponatinibe.

Fonte: ACD Chemsketch (2012)
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Ao utilizar a cristalografia de raios X para determinar os arranjos 3D exatos dos
atomos que formam a estrutura molecular de RIPK2 pela primeira vez. A estrutura mostrou
em nivel atdbmico como Ponatinibe funciona em RIPK2 e os resultados como inibidor é o
mais eficaz, pois um bom inibidor pode aumentar a temperatura de desdobramento de uma
proteina de cerca de 10°C. No entanto, com o Ponatinibe, em um ensaio de mudanca
térmica em fluorescéncia, o ponto de fusdo RIPK2 aumentou 23°C, 0 que se mostrou
bastante interessante, pois este estudo envolve a inducdo de quinases a formar cristais,
logo, neste processo ao se fazer a utilizacdo de um inibidor fez com que a proteina
cristalizasse com mais facilidade por meio de um padréo de raio-X, através do cristal, e o
Ponatinibe permitiu a estabilizacdo do RIPK2 suficiente para cristalizar. A estrutura foi
resolvida por substituicdo molecular e refinada em resolugéo de 2,75A° (CANING et al.,
2015).

Além disso, esse processo ajudou a entender como as proteinas quinases agem,
bem como trouxe a informacao da sua estrutura, que é extremamente Util para detectar um
alvo da droga. Nas interacbes do RIPK2 complexado ao Ponatinibe, obtido pelo codigo
4C8B, tem-se ligacGes de hidrogénio, ponte salina e interacdes metalicas. Bem como,
mostra interagdes hidrofébicas e interagdes -1 e T-catibes (BERMAN et al., 2000). Na
Figura 6, tem-se as ligacbes e interacbes dos residuos de aminoacidos do RIPK2

complexado ao Ponatinibe, através do servidor Discovery studio (BIOVIA, 2015).

Figura 6 — Interagdes dos residuos de aminoacidos do RIPK2 complexado ao Ponatinibe,
através do programa Maestro 9.9, de acordo com a estrutura cristalografica depositada no
PDB sob o codigo 4C8B.

CARREGADA NEGATIVAMENTE
CARREGADA POSITIVAMENTE
POLAR
Ny HIDROFOBICO
GLICINA
J METAL
&% INTERACAO n-rt
=% INTERACAO m-CATION
# LIGACOES DE HIDROGENIO (CADEIA PRINCIPAL)

= LIGACOES DE HIDROGENIO (CADEIA LATERAL)

~~= COMPOSTOS DE COORDENAGAO
—— PONTE SALINA

Fonte: Adaptado de Berman et al. (2000)
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Além disso, tem-se outros compostos, a exemplo do regorafenibe e o sorafenibe
gue sao considerados também dois inibidores multi-alvo, que podem assumir uma ligacao
gue representa uma molécula semelhante ao do Ponatinibe em RIPK2, s6 que em uma
grandeza mais fraca, mas sao conhecidos por serem mais seguros e com menos efeitos
colaterais (CANNING et al, 2015). Tem-se ainda a identificacdo de dois medicamentos
aprovados pela FDA que inibem a atividade RIPK2 denominados de erlotinibe e gefitinibe,
gue ajudaram a racionalizar o desenvolvimento de programas de inibidores especificos
RIPK2 por varias empresas farmacéuticas (TIGNO-ARANJUEZ et al, 2014).

A descoberta de inibidores para o RIPK2 é altamente eficaz na autofosforilagdo
desse receptor e a ubiquitinagdo que s&o bloqueados por medicamentos, como o
Ponatinibe, sdo aprovados para melhorar a seletividade de drogas na sinalizacdo
inflamatdria mediada por NOD. A tabela 3 demonstra valores de estudos que sugeriu a
estas moléculas ao assumir uma ligagdo semelhante ao do Ponatinibe em RIPK2. De forma
gue o Ponatinibe inibiu a atividade da recombinante RIPK2 com um valor de ICso de 14 nM.
Por comparacéo, a inibicdo do receptor por regorafenibe e sorafenibe foi uma ordem de
grandeza mais fraca (ICso valores de 41,0 e 75,4 nM, respectivamente), mas semelhante
anteriormente relatado o inibidor gefitinibi (ICso = 50,7 nM) (TIGNO-ARANJUEZ et al, 2014).

Tabela 3 — Inibidores do Receptor de Interacdo de Proteina Tirosina Quinase — RIPK2
disponiveis atualmente.

Classe Pardmetros
Compostos P .
farmacoldgica farmacoldgicos
Ponatinibe Inibidor ICs0= 14,0 nM
Regorafenibe Inibidor ICs0= 41,0 nM
Sorafenibe Inibidor ICs0= 75,4 nM
Gefitinibe Inibidor ICs0= 50,7 nM

Fonte: Tigno-aranjuez et al. (2014); Najjar et al. (2015); Canning et al. (2015).

O composto WEHI-345 foi identificado como um inibidor potente e seletivo para
RIPK2. O WEHI-345 é um analogo ATP e se liga no bolso de ligacdo ATP de RIPK2. Para
identificar informacdes acerca deste inibidor, gerou-se um modelo estrutural murino com a
utilizacdo da estrutura cristalina de raio-X do RIPK2 complexado com o composto
Ponatinibe de cédigo (4C8B) e o RIPK1. O WEHI-345, Figura 7, foi considerado néo
citotoxico ao ser estimulado com NOD inibe potentemente e especificamente RIPK2 em

células para prevenir a producdo de citocinas (NACHBUR et al., 2015).
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O inibidor WEHI-345 (N - [2 - [4 —amino — 3 - (4 - metilfenil) pirazol [3, 4 - d] pirimidil-
1] - 2 -metilpropil] piridina - 4 — carboxamida ) foi desenvolvido por pesquisadores do instituto
Walter e Eliza Hall, de modo que nos estudos in vitro e in vivo apresentou resultados
eficientes, bem como uma potente atividade para RIPK2, alta especificidade, uma
biodisponibilidade. Além disso, se tornou eficaz no tratamento de doencas inflamatérias a
exemplo de: esclerose mudltipla, crohn e artrite reumatoide e passou a ser entdo um
composto protoétipo importante no avango da compreensdo de RIPK2 e na sinalizagao de
proteinas de controle inflamatdrio. O estudo acerca do WEHI-345, demonstrou que apenas
atrasou a sinalizacdo ao invés de inibir, contudo, esse intervalo € suficiente para cessar
completamente a producao de citocinas (LESSENE; NACHBUR, 2015).

Figura 7 - Estrutura quimica 2D do composto WEHI-345.
CH;

Fonte: ACD Chemsketch (2012)

1.6 METODOS ENVOLVIDOS NO PLANEJAMENTO RACIONAL IN SiLICO DOS
FARMACOS

Estratégias modernas de planejamento de farmacos se fundamentam no continuo
aprimoramento de processos que ajudaram a reduzir custos e 0 tempo necessarios para o
desenvolvimento de novos farmacos, especialmente para doencas que ainda nao tém
medicamentos efetivos para seu tratamento (RODRIGUES et al, 2012). Ademais, essas

doencas representam graves problemas de saude publica que afetam uma fracéo
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significativa da populacdo mundial e, em razdo de seu aspecto socioeconémico,
representam um dos principais desafios para o século XXI, especialmente nas regifes mais
pobres e vulnerdveis do planeta. Diante desse complexo paradigma, as ferramentas
computacionais associadas aos métodos de quimica medicinal ganham papel destacado
no desenvolvimento de novas moléculas com atividade biolégica (GUIDO; ANDRICOPULO;
OLIVA, 2010).

Métodos computacionais podem ser usados como ferramentas do planejamento
racional de compostos ativos, assim chamados porque € orientado por uma hipétese
racional sobre o mecanismo de acao destes compostos (SANTANNA, 2009; BARREIRO;
FRAGA, 2001). O alcance de novos farmacos esta se voltando, progressivamente racional,
associado a uma consistente fundamentacao teérica com metodologias adequadas e um
poderoso instrumento na compreensdo em nivel molecular de processos
bioquimicos/farmacolégicos, toxicolégicos e farmacocinéticos, pois se utiliza de técnicas
combinadas como tecnologia computacional, estatistica aplicada e estudo de interacao
biolégica, permitindo, entdo, a proposicao de descoberta de novas drogas, que vai desde a
identificacdo da molécula que identifica o cédigo genético até a obtencdo do farmaco
potencial, Figura 8 (MONTANARI, 2011).

Figura 8 — Fases do planejamento de um farmaco.

7~ N\
Gene
\ /
L
Proteina
N
Identificacdo do alvo Descoberta/otimizacdo da . .
biol%gico substancia protétipo Farmaco potencial
S E— N—

Fonte: Montanari (2011)
O estudo dos farmacos surge a partir da investigacdo de um composto ja existente

ou a descoberta de um inteiramente novo. Nestas duas situacBes a ideia € sintetizar
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analogos dos envolvidos existentes ou do composto-protétipo para a triagem, para isSso Sao
criadas estratégias para ajudar o quimico medicinal na escolha do farmaco adequado.
Dentre elas tem-se: SAR (relagbes estrutura-atividade), QSAR (relagdes estrutura-atividade
guantitativas), a analise de Hansch, a arvore de decisbes de Topliss, a modelagem

computadorizada e a quimica combinatoria (THOMAS, 2012).

1.7 TRIAGEM VIRTUAL

A triagem virtual corresponde a métodos computacionais, conhecidos também pelo
termo “in silico”, que podem auxiliar na selegao de novos ligantes bioativos promitentes e
de interesse terapéutico, considerados agonistas ou antagonistas de receptores, ou
inibidores enzimaticos. O objetivo principal da triagem virtual traz uma fase inicial, ndo
avancada, da descoberta e otimizagcdo de compostos promissores, que estejam de acordo
com os padrdes farmacoforicos exigidos para o0 espaco quimico de farmacos e ligantes
bioativos de baixa afinidade (do inglés, hits) (MONTANARI, 2011).

Dentre as formas de classificacdo da triagem virtual, tem-se a triagem baseada na
estrutura do alvo molecular e a baseada em ligantes. De modo que a primeira considera a
estrutura tridimensional (3D) do alvo terapéutico, utiliza, preferencialmente, os célculos de
docagem para selecionar ligantes potenciais, com caracteristicas que podem ser quimica,
eletrGnicas e estruturais que proporcione a interagao do alvo molecular. No que se refere a
triagem baseada em ligantes, tem-se a utilizacdo de moléculas com atividade bioldgica que
funcionam com algum nivel de similaridade e que compartilhe a sua triagem em bases de
dados de novas entidades com a mesma atividade biolégica (RODRIGUES et al, 2012).

A triagem virtual envolve componentes que vai desde a selegcéo e organizacao das
bases de dados de componentes, até o estabelecimento do ensaio biologico, para triagem
in vitro dos ligantes, de forma que, deve ser priorizado, logo de inicio, a aplicagéo de filtros
de propriedades moleculares, avaliacdo, validacdo e selecdo final de ligantes para
aquisicado comercial ou sintese organica. Vale ressaltar que, a bioinformatica € um propulsor
ideal no estabelecimento dos processos envolvendo a triagem virtual, uma vez que esta
ferramenta € responsavel por transformar os dados bioldgicos em informacdes.
Comumente, existem bancos de dados disponiveis no meio informacional para pesquisas
em relacdo as macromoléculas, estruturas, propriedades e rotas metabdlicas, dentre essas
interfaces on-line tem-se os bancos de dados BindinDB e PDB (MONTANARI, 2011).

1.8 FARMACOFORO
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Um farmacéforo € o arranjo espacial das caracteristicas que permite que uma
molécula possa interagir com um receptor alvo em um modo de ligacdo especifica
(SCHNEIDMAN-DUHOVNY, 2008), Figura 9.

Figura 9 — Modelos farmacoféricos em diferentes servidores.

Discovery Studio

Fonte: (a) Schneidman-Duhovny (2008); (b) Caballero (2010); (c) Biovia (2015).

O reconhecimento de um farmacoforo pode atender como um prototipo essencial no
planejamento racional de farmacos, pois, colabora com a descoberta de novos compostos
para se ligar a um alvo especifico (INBAR et al., 2007).

O farmacoforo surge como suporte de extrema importancia para um alvo biolégico,
de modo que, este arranjo de orientacdo espacial que € o farmacoforo, apresenta
caracteristicas eletronicas e estéreas que garante a interacdo com o receptor para
desempenhar o seu efeito bioldgico (GOOD; MASON; PICKETT, 2000).

Dentre as propriedades farmacoféricas tem-se: doadores e receptores de ligacao de
hidrogénio, centros de interacdes eletrostaticas e hidrofébicas, centroides e pontos virtuais.
De modo que, o farmacéforo, torna-se essencial na triagem virtual, pois atua na base de

dados de compostos através de um reconhecimento molecular em forma de buscas,
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considerado um excelente filtro no processo de ensaio virtual in silico (MASON; GOOD;
MARTIN, 2001).

A busca por compostos promissores tem visto grandes investimentos das empresas
farmacéuticas, com o principal objetivo de reduzir o custo por compostos sintetizados ou
ensaios. Desse modo, a construcéo e avaliacdo de um modelo via farmacoféro traz consigo
o refinamento na velocidade e eficiéncia na obtencéo de novos farmacos (CABALLERO,
2010).

Assim, o farmacoforo baseado em ligantes é um método eficiente e rapido para
encontrar novos ligantes pela geracdo de hipoteses na busca de caracteristicas quimicas
gue uma molécula deve possuir para ser reconhecida pelo sitio ativo de uma
macromolécula (LIU, 2012).

Os modelos farmacoféricos com base em alinhamento molecular traz uma anélise
importante na compreensao de uma variedade de compostos quimicos disponiveis em
banco de dados (DONG, 2011).

1.9 GALAHAD - ALGORITMO GENETICO COM ATRIBUICAO LINEAR PARA
ALINHAMENTO HIPERMOLECULAR DE CONJUNTOS DE DADOS

O método utilizado para a derivagdo do padréo farmacoférico, foi através do médulo
de alinhamento GALAHAD (Algoritmo Genético com Atribuicdo Linear para Alinhamento
Hipermelecular de Conjuntos de Dados), implementado na plataforma SYBYL, é capaz de
alinhar um conjunto de moléculas com diferentes bases que compartilham um modo comum
de atividade biolégica e é uma estratégia adequada para encontrar um farmacoéforo e
alinhar moléculas ligantes ao sitio ativo do alvo (ZHAO et al., 2010). O método GALAHAD
gera conformagdes com a construcdo de modelos que age nas coordenadas internas
(torcéao) e também, alinha conféormeros em um mesmo espaco cartesiano. Além disso, este
€ capaz de determinar véarias conformacdes de ligantes com baixa deformacdo (SE),
sobreposicao estérica (SO) e similaridade farmacoforica (PhS) (CABALLERO, 2010).
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2 OBJETIVOS

2.1 OBJETIVO GERAL

Realizar a identificacdo de novos inibidores do Receptor de Interacdo de Proteina

Tirosina Quinase 2 com potencial atividade anti-inflamatdria através do ensino da Quimica

Medicinal.

2.2 OBJETIVOS ESPECIFICOS

a)

b)

f)

g)

h)

Construir o modelo farmacoforico, no programa Galahad, a partir do inibidor protétipo
Ponatinibe e inibidores selecionados na interface on-line BindingDB;

Selecionar novos compostos comercialmete disponiveis com potencial atividade anti-
inflamatoria a partir de banco de dados ZINC, na interface on-line ZincPharmer;
Determinar as propriedades fisico-quimicas e toxicoldgicas in silico, nos servidores
QikProp e Derek, respectivamente, dos novos compostos selecionados no ZincPharmer;
Predizer as atividades bioldgicas, anti-inflamatoria in silico, na interface on-line PASS,
dos compostos com as melhores propriedades fisico-quimicas e toxicologicas;

Realizar o acoplamento molecular para identificar as interagOes e afinidade de ligacéo
com o Receptor de Interacdo de Proteina Tirosina Quinase 2 (RIPK2), nos programas
PyRx e AutoDock, dos compostos oriundos da triagem virtual de predicdo de atividade
biolégica;

Analisar a configuragdo estéreo-eletronica de sobreposicdo molecular, no servidor
Discovery Studio, em relacdo aos compostos prototipos Ponatinibe e WEHI-345 dos
compostos selecionados no Docking Molecular;

Analisar a configuracdo estéreo-eletronica de sobreposicdo ao modelo farmacoférico
em relacdo aos mesmos compostos selecionados no item f, através do servidor
CHEMGPS-NP;

Predizer a viabilidade sintética do composto promissor, na interface on-line Sylvia, apos

a obtencao do seu valor de sobreposicédo QFIT em relacdo ao farmacoforico.
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Abstract: The Protein Kinase Receptor type 2 (RIPK2) plays an important role in the pathogenesis of
inflammatory diseases; it signals downstream of the NOD1 and NOD?2 intracellular sensors and promotes a
productive inflammatory response. However, excessive NOD2 signaling has been associated with various
diseases, including sarcoidosis and inflammatory arthritis; the pharmacological inhibition of RIPK2 is an affinity
strategy that demonstrates an increased expression of pro-inflammatory secretion activity. In this study, a
pharmacophoric model based on the crystallographic pose of ponatinib, a potent RIPK2 inhibitor, and 30
other ones selected from the BindingDB repository database, was built. Compounds were selected based on
the available ZINC compounds database and in silico predictions of their pharmacokinetic, toxicity and
potential biological activity. Molecular docking was performed to identify the probable interactions of the
compounds as well as their binding affinity with RIPK2. The compounds were analyzed to ponatinib and
WEHI-345, which also used as a control. At least one of the compounds exhibited suitable pharmacokinetic
properties, low toxicity and an interesting binding affinity and high fitness compared with the
crystallographic pose of WEHI-345 in complex with RIPK2. This compound also possessed suitable synthetic
accessibility, rendering it a potential and very promising RIPK2 inhibitor to be further investigated in regards
to different diseases, particularly inflammatory ones.

Keywords: RIPK2; ponatinib; WEHI-345; virtual screening; rheumatoid arthritis; anti-inflammatory.
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1. Introduction

The protein kinase receptor type 2 (RIPK2) plays an essential role in the immune response and has been
suggested to be a target in inflammatory diseases such as Crohn’s disease, inflammatory bowel disease, asthma
and arthritis [1]. RIPK2 signals downstream of the NOD1 and NOD2 intracellular sensors promote a productive
inflammatory response. However, excessive NOD2 signaling has been associated with various diseases
including sarcoidosis and inflammatory arthritis; the pharmacological inhibition of RIPK2 is an affinity strategy
that demonstrates an increased expression of pro-inflammatory secretion activity [1].

Drugs that inhibit RIPK2 may be quite effective at treating many different inflammatory diseases.
According to Canning et al. [2], the compound ponatinib provided a structural base, when identifying an
allosteric site, for the development of new inhibitors at this target. Characterization of ponatinib reveals
desirable clinical features in treatment with tyrosine kinase inhibitors and a small molecule inhibitor of said
protein [3]. However, because ponatinib is associated with side effects, has ruled against its consumption. Its
dermatological side effects include rashes, erythematous and dermatitis, dry skin and erythema nodosum [4].
WEHI-345, shown in Figure 1, has been identified as a potent and selective inhibitor for RIPK2 [5]. WEHI-345
is an ATP analog and binds to the ATP binding pocket of RIPK2, ICso: 0.13 uM [5].

CHg
NH,
NT X N\
LN
N/ N
CHj
HaC
NH
74
o/ \N

=
Figure 1. 2D chemical structure of compound WEHI-345.

This study presents the design of novel potential drugs with anti-inflammatory activity in rheumatoid
arthritis. Pharmacophore- and structure-based virtual screening approaches have been employed, as in similar
studies conducted by Cichero et al. [6,7] and Liessi et al. [8]. In this analysis, the ponatinib as a template as
well as 30 reported RIPK2 inhibitors, were selected from the Protein Data Bank (PDB, code 4C8B) and the
BindingDB web server, respectively. We used the ZINC compounds database and predicted the in silico
pharmacokinetic and toxicological properties of all of the compounds using virtual screening. This methodology
was also employed by Leung and Ma [9] and Shoichet [10]. Furthermore, we assessed the potential biological
activity for all of the novel compounds and the main enzyme-inhibitor interactions and binding affinity (kcal/mol).
Yang et al. [11] and Kitchen et al. [12] also followed this technique. At least one of the compounds exhibited
suitable pharmacokinetic properties, low toxicity and an interesting binding affinity and high fitness
compared with the crystallographic pose (conformation + orientation) of WEHI-345 in complex with RIPK2.
This compound also possesses suitable synthetic accessibility, rendering it a potential and very promising
RIPK?2 inhibitor to be further investigated with respect to different diseases, particularly inflammatory ones.

2. Results and Discussion

2.1. Pharmacophore Perception

We used the GALAHAD software [13] to generate pharmacophoric models based on known RIPK2
inhibitors (Figure 2). We allowed their torsional angles to vary, consistent with work by different authors [13—
15]. We analyzed different sets and arrays of features for each pharmacophoric model that was generated
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(Table 1). Among the 10 pharmacophore models that we generated, five were discarded based on deformation
energy criteria (<100 kcal mol).

Table 1. Features of each pharmacophoric model generated using GALAHAD.

Model Specificity N_Hits Features Pareto Energy (kcal/mol) Sterics HBond Mol QRY

01 2.399 03 07 00 1215.88 541.80 57.00 3.29
02 3.069 01 09 00 90.97 532.10 54.00 222
03 3.875 00 06 00 303, 52.40 537.80 55.30 5.78
04 3.676 01 05 00 31.35 529.70 55.30 0.58
05 2.993 03 05 00 30.33 472.30 54.60 2.25
06 1.900 03 04 00 148.83 533.80 52.90 2.67
07 5.526 00 08 00 187, 147.79 547.20 56.80 0.53
08 3.939 01 06 00 4453, 411.50 549.30 56.50 1.67
09 3.068 03 05 00 45.49 536.90 54.60 0.22
10 3.082 04 04 00 72.56 514.90 55.20 0.80

Comparison of the Pareto indices revealed that they were statistically equivalent, although Model 07
indicated a high index of discrimination of the expected molecules (specificity > 5) compared with each model.
Despite this fact, Model 07 did not satisfy the active training set as well as Model 03. Considering that the
Mol_qry values reflect the agreement observed between the tuplet query and the hypermolecule generated,
several studies have suggested that this parameter can be used to select the best pharmacophoric models.
However, useful models can also have low Mol_qry values [16].

To circumvent this limitation, a well-established approach was used to select favorable pharmacophoric
models. We relied on the ability to differentiate true binders from false positives [13]. Using such a strategy, we
identified the pharmacophore model with the highest specificity and sensitivity and the ability to detect/select
RIPK2 inhibitors instead of congenital molecules lacking activity. A dataset containing 17 RIPK2 inhibitors
and 850 false positives was used to build ROC curves and to analyze the respective areas under the curve
(AUC-ROC) using the QFIT value (0-100) (UNITY module alignment result, implemented in SYBYL-X 2.0
software) [17]. An AUC-ROC equal to 1.0 would be found in a model with impeccable specificity and
sensitivity, and AUC = 0.5 would be associated with models with a poorer selection ability that was more
pronounced than a random one. AUC > 0.70 may be considered to be a moderate predictive ability [18,19]
(Figure 3). Therefore, Model 05 (AUC = 0.72) was selected as the most reliable pharmacophore for further
analysis (Figure 2).

Hydrogen Bond Acceptor

Hydrogen Bond Donor Hydrophobic Center

34 S

S
- o o .0 Hydrophobic Center
3A

Figure 2. Best pharmacophore model here obtained for RIPK2 inhibitors. This model has two hydrophobic

Hydrogen Bond Acceptor

centers (cyan spheres), two hydrogen bond acceptors (green spheres) and a hydrogen bond donor (magenta
dotted sphere). The size of the beads varies according to the tolerance radius calculated using GALAHAD. All
the distances are measured in Angstroms.

In Figure 2, Model 05 has two hydrophobic centers (cyan spheres), two hydrogen bond acceptors (green
spheres) and one hydrogen bond donor (dotted magenta spheres). As observed across the kinase family,
RIPK?2 is characterized by a conserved domain; Glu66 and Asp164 residues allow hydrogen bonds with donor
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groups, and they are oriented towards a hydrophobic arrangement that offers an opportunity to optimize the
selectivity of inhibitors [20].

Several authors have reported the importance of the polar interactions established by 25 residues for
binding affinity; they have also noted that Ser176 plays an important role in modulating RIPK?2 activity [2,5].
Among the common functional groups of molecules aligned generation of a common pharmacophoric pattern,

the hydrophobic and hydrogen bond donor and/or acceptor ones can interact with the kinase domain, such as
observed in Model 05.
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Figure 3. ROC curves of pharmacophore models here investigated, containing low strain energy. The diagonal
line represents a model that would not be better than a randomic one (AUC < 0.5).

In addition to the predictive ability of the pharmacophoric model to recognize active compounds and
false positives, model power measurement is essential information for virtual screening of new potential
RIPK2 inhibitors. We assessed the ability of Model 05 to recognize inhibitors according to potency. By
analyzing the conserved domain of kinases, we visualized the requirement of inhibitors containing hydrogen
bond donor and acceptor groups and hydrophobic ones. Although compounds satisfied these
pharmacophoric requirements to be potent RIPK2 inhibitors (Figure 4a), there was weak alignment between
the inhibitor and Model 05 (Figure 4b). Despite the lack of a pharmacophore model for RIPK2 being reported
thus far, the search for compounds fitting the pharmacophoric model that can make polar interactions with
conserved catalytic residues increases the possibility of finding new hits. These compounds must possess
characteristics that can be recognized by the active domain, and research is exploring the chemical diversity
by enlarging the chemical space known thus far.

Once the Model 05 was chosen as the more reliable pharmacophoric one, virtual screening simulations
we carried out virtual screening simulations in the ZINC compounds database [21] and found 1637
compounds with molecular groups that fit such a pharmacophore pattern. Thereafter, the pharmacokinetic
predictions were subsequently performed for all of the compounds that we screened; 871 compounds were
filtered/selected at this stage of the design process. In sequence, toxicological analyses were carried out using
the next filter Derek 10.0.2 [22]; 414 “survivor” compounds were obtained.
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(b)

Figure 4. Potent RIPK2 inhibitor (a) ICs = 0.90 M, Mol_qry value = 51.35; and (b) weak RIPK2 inhibitor ICso =
1.40 pM, Mol_qry value = 04.10 superimposed to the pharmacophoric Model 05, where green beads/spheres

represents Hbond acceptor groups, magenta doted sphere represents Hbond donor groups, while hydrophobic ones

are shown in cyan spheres. The size of the beads varies according to the tolerance radius calculated using
GALAHAD. All the distances are measured in angstroms.

2.2. Prediction of Activity Spectra for Substances

Prediction of potential biological activity was performed using the Prediction of Activity Spectral for
Substances (PASS) [23] web server, which resulted in 29 selected compounds. Table 2 lists the
characteristics/activity that we considered: anti-inflammatory activity, kinase inhibitor, autoimmune disease
and treatment of rheumatoid arthritis. Values of Pa and Pi varying from 0 to 1 refer to the mean probability of
being active or inactive, respectively. Estimates of the biological activity using PASS were related to aspects of
similarity with other bioactive substances [24].

According to Table 2, the compounds ZINC69349685, ZINC69349687, ZINC69431616, ZINC69431621
(with autoimmune and/or anti-inflammatory activities) and ZINC91072217 (kinase inhibitor), all with Pa >
0.5, were associated with the highest possibilities of being similar to other known bioactive compounds [25].
However, other compounds with Pa <0.5 have also been selected to the next steps of the design process, when
Pa > Pi, such as considered by Rodrigues and Silva [26].

Table 2. Prediction of biological activity of substances (PASS).

Compound (ZINC Code) Biological Activity Pa Pi

Autoimmune 0.84 0.005
Anti-inflammatory 0.538 0.046

ZINC69349685
Treatment of rheumatoid arthritis 0.434 0.019
Kinase Inhibitor 0.316 0.128
Autoimmune 0.784 0.005
Anti-inflamatoria 0.538 0.046

71 7
NC6934968 Treatment of rheumatoid arthritis 0.434 0.019
Kinase Inhibitor 0.316 0.128
Autoimmune 0.790 0.005
Anti-inflammatory 0.573 0.038
ZINC69431616 Treatment of rheumatoid arthritis 0.436 0.019
Kinase Inhibitor 0.133 0.104
Autoimmune 0.790 0.005
Anti-inflammatory 0.573 0.038

ZINC69431621
C694316 Treatment of rheumatoid arthritis 0.436 0.019
Kinase Inhibitor 0.133 0.104
Kinase Inhibitor 0.572 0.023

71 1072217
NC910 Anti-inflammatory 0.259 0.203
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2.3. Molecular Docking: Molecular Interactions of the Selected Compounds

To validate the molecular docking approach that we used, the crystallographic pose of ponatinib, derived
from the RPIK2-ponatinib complex structure (PDB ID 4C8B), and the top-ranked docking pose that we obtained
were compared. The results are shown in Figure 5, which reveals the superposition of the two binding poses of
ponatinib inside the RIPK2 binding site. This superposition results in a RMSD of superposition of 0.77. This
result is below the well-established tolerance level of 2.0 A, as has been reported by Hevener et al. and others
[27,28].

Figure 5. Result of validation for a known potent RIPK2 inhibitor, ponatinib, inside the enzyme active site
(derived from PDB ID 4C8B), obtained with the AutoDock software: in red, the crystallographic pose; in green,
the top-ranked docking pose. Inhibitor is represented in stick, whereas the RIPK2 active site is represented as a
Ribbons diagram (in lines).

In Table 3, only the interactions of RIPK2 with the crystallographic ponatinib or WEHI-345 are listed.
Interactions of RIPK2 and the potential inhibitors screened here are listed in Table 4.

=15 L3 Ponatinib

2 EB WEHI-345

S EZ3 ZINC90174766
o £ ZINC91725665
< 10 nr | @D ZINC69349685
- ANE ZINC69431616
2 % E i Q nl=r. ZINC12230819
< ANE NI IH R B3 ZINC12230826
® 5 AN § = R ZINC12230756
o AN § = @D ZINC91881108
i AN ENIEE B3 ZINC69349687
g ANE NI H K BR ZINC89571615
£ SN =L ZINC87131463
m o : LA L = B3 ZINC81021663

Figure 6. Binding affinity provided by the AutoDock/Vina software for the potent RIPK2 inihibitor and here
used as a template —ponatinib, as well as for the control compound —WEHI-345 and the compounds obtained
using a virtual screening approach, regarding RIPK2.

In Table 4, we list the binding affinity values calculated using AutoDock for the best-ranked compounds
selected with the virtual screening approach [29]. The binding affinity values ranged from —7.80 kcal/mol (for
ZINC81021663) to —-11.00 kcal/mol (for ZINC90174766) relative to RIPK2. In Figure 6, we show all the
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compounds with interesting potential affinity for RIPK2 and values similar to the observed for ponatinib and

WEHI-345.

Table 3. Interactions between RIPK2 (PDB 4C8B) and ponatinib or WEHI-345, obtained using the

AutoDock/Vina software are shown.

Compound Amino Acid Type Distance (A) Binding Affinity (in kcal/mol)
LYS47 Hydrogen Bond 3.09
HIS144 Hydrogen Bond 3.12
ALA45 Alkyl 3.33
VAL32 Alkyl 4.98
LYS47 Alkyl 4.80
Ponatinib LEU70 Alkyl 5.42 -13.30
HIS144 n-Alkyl 4.90
LYS47 n-Alkyl 4.23
LEU79 n-Alkyl 5.47
ALA45 n-Alkyl 4.03
ALA163 n-Alkyl 5.04
ILE162 Hydrogen Bond 2.43
GLU66 Hydrogen Bond 3.06
THR95 n-Donor 4.03
ALA163 Alkyl 4.17
ALA163 Alkyl 3.09
LEU70 Alkyl 3.60
LEU79 Alkyl 3.87
WEHI-345 LEU79 Alkyl 5.08 -7.50
ILE69 Alkyl 4.98
LEU70 n-Alkyl 4.600
ALA163 n-Alkyl 5.19
VAL32 n-Alkyl 4.50
ALA45 n-Alkyl 4.48
LYS47 n-Alkyl 3.82
ILE69 n-Alkyl 4.63

Table 4. Interactions between RIPK2 (from PDB ID 4C8B) and the following compounds are shown, after
docking calculations: ZINC90174766, ZINC91725665, ZINC69431616, ZINC12230819, ZINC12230826,
ZINC69349687, ZINC91725663,

ZINC12230756, ZINC69431621, ZINC90174764,
ZINC89571615, ZINC87131463 and ZINC81021663.

ZINC91881108,

Compound Amino Acid Type Distance (A) Binding Affinity (in kcal/mol)

LEU70 n-Alkyl 5.12
ALA163 nAlkyl 4.77

ZINC90174766 LEU79 n-Alkyl 523 -11.00
ALA45 n-Alkyl 3.71
VAL32 n-Alkyl 5.14
VAL32 Alkyl 4.12
ALA45 Alkyl 3.04
LEU79 Alkyl 4.42
LYS47 n-Alkyl 4.55

ZINC91725665 ALA163 Alkyl 294 -10.80
GLU66 Hydrogen Bond 2.54
ILE69 n-Alkyl 511
LEU70 n-Alkyl 437
LYS47 n-Alkyl 5.29
LEU79 Alkyl 5.06

ZINC69349685 ALA163 n-Alkyl 5.48 -10.40
ILE69 n-Alkyl 4.56
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Table 4. Cont.

Compound Amino Acid Type Distance (A) Binding Affinity (in kcal/mol)

VAL32 n-Alkyl 5.10

ZINC69431616 ALAL m-Alkyl 265 ~10.20
LEU79 n-Alkyl 5.40
LEU70 n-Alkyl 4.28
GLU66 Hydrogen Bond 2.71

ZINC12230819 1LE6Y m-Alkyl >4 -9.80
LYS47 Hydrogen Bond 2.79
LYS47 Hydrogen Bond 3.03
LYS47 Hydrogen Bond 2.81
LYS47 Hydrogen Bond 2.64

ZINC12230826 GLU66 Hydrogen Bond 2.54 -9.80
GLU66 Hydrogen Bond 3.32
HIS144 n-Alkyl 3.23
LYS47 Hydrogen Bond 2.78
LYS47 Hydrogen Bond 2.33
GLU66 Hydrogen Bond 2.43
LEU70 Alkyl 4.82

ZINC12230756 ILE69 n-Alkyl 5.10 -8.50
VAL32 n-Alkyl 5.04
ALA45 n-Alkyl 4.57
LYS47 -Alkyl 455
LEU79 n-Alkyl 5.39
ASP164 Hydrogen Bond 2.53
ILE162 Hydrogen Bond 2.18
GLU66 Hydrogen Bond 2.28
ALA45 Alkyl 3.84

ZINC91881108 ALA163 Alkyl 4.54 -8.10
LEU70 Alkyl 5.24
LEU79 Alkyl 4.75
VAL32 Alkyl 431
LYS47 Alkyl 4.39
ALA163 n-Alkyl 5.08
VAL32 n-Alkyl 4.78

ZINC69349687 ALA4S m-Alkyl >27 -8.00
LYS47 n-Alkyl 4.84
LEU79 n-Alkyl 5.33
ALA163 n-Alkyl 5.45
LYS47 Hydrogen Bond 2.52
GLU66 Hydrogen Bond 3.04
HIS144 Hydrogen Bond 2.70

ZINC89571615 GLU66 Hydrogen Bond 2.74 790
LEU70 Alkyl 4.93
ILE69 n-Alkyl 5.38
HIS144 Hydrogen Bond 3.62

ZINC87131463 ILE69 Alkyl 4.17 -7.90
LEU70 Alkyl 3.73
ILE162 Hydrogen Bond 2.89
LYS47 Alkyl 5.02
LEU70 Alkyl 5.06

ZINC81021663 LEU79 Alkyl 5.20 -7.80
ALA163 Alkyl 4.00
LEU70 Alkyl 4.26
LEU79 Alkyl 4.69

A complete net of interactions and contacts between RIPK2 and the template compound, ponatinib, is shown
in Figure 7; a similar net of molecular interactions between RIPK2 and the compounds selected after virtual
screening, followed by docking single, is shown in Figure 8. Most of the interactions predicted with docking
for the 12 compounds (Figure 9) were the same as those observed for ponatinib (Table 4).
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Figure 7. Individual net of interactions and contacts between RIPK2 (from PDB ID 4C8B) and the following
compounds: (a) ZINC90174766; (b) ZINC91725665; (c) ZINC69349685; (d) ZINC69431616; (e)
ZINC12230819; (f) ZINC12230826; (g) ZINC12230756; (h) ZINC91781108; (i) ZINC69349687; (j)
ZINC89571615; (k) ZINC87131463; (1) ZINC81021663, thus calculated using the AutoDock/Vina software.
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Figure 8. Individual net of interactions and contacts between RIPK2 (from PDB ID 4C8B) and (a) Ponatinib
and (b) WEHI-345, thus calculated using the AutoDock/Vina software.
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Figure 9. 2D chemical structures of 12 predicted molecules selected with molecular coupling: (a) ZINC90174766;
(b) ZINC91725665; (c) ZINC69349685; (d) ZINC69431616; (e) ZINCI12230819; (f) ZINCI12230826; (g)

ZINC12230756; (h) ZINC91881108; (i) ZINC69349687; (j) ZINC89571615; (k) ZINC87131463 and (1)
ZINC81021663.

ZINC90174766 interacts by n-alkyl with the ALA163, LEU79 and ALA45 residues from RIPK2, and
ZINC91725665 has two m-alkyl interactions with LYS47 and two alkyl interactions, with VAL32 and ALA45
from the same human enzyme structure. ZINC69349685 interacts only via the n-alkyl bond with ALA163 from
RIPK2, and ZINC69431616 has two m-alkyl interactions, with ALA45 and LEU79 from the same enzyme
structure. For ZINC12230819, two hydrogen bond interactions with LYS47 from RIPK2 were observed, and
ZINC12230826 interacts with RIPK2 LYS47 via two hydrogen bonds and one m-alkyl with HIS144.
ZINC12230756 has two hydrogen bonds with LYS47 from RIPK?2 and three n-alkyl interactions (with ALA45,
LYS47 and LEU79) and one alkyl interaction with LEU70 from the same human enzyme structure.
ZINC91881108 has four alkyl interactions with RIPK2, via ALA45, LEU70, VAL32 and LYS47. ZINC69349687
interacts via m-alkyl bonds with ALA163, ALA45, LYS47, LEU79 and ALA163 from RIPK2. ZINC89571615 has
two hydrogen bonds (LYS47 and HIS144) and an alkyl interaction (LEU70 from the same enzyme structure.
ZINC87131463 interacts via hydrogen bond with RIPK2 HIS144 and an alkyl interaction with LEU70;
ZINC81021663 has Alkyl bonds with LYS47 and LEU70.

Regarding the compound WEHI-345, all of the interactions observed with RIPK2 were also present in the
RIPK2-inihibitor complex formed with the compounds selected. ZINC90174766 has four n-alkyl interactions
with LEU70, ALA163, ALA45 and VAL32 from human RIPK2, and ZIN91725665 has a hydrogen bond with
GLU66 and four n-alkyl interactions (with LYS47, ILE69, LEU70 and LYS47) and two alkyl interactions with
LEU79 and ALA163 from the same enzyme structure. ZINC69349685 has an alkyl interaction with LEU79 and
two n-alkyl interactions with ALA163 and ILE69 from RIPK2. Docking for ZINC69431616 reveals three n-alkyl
interactions with VAL32, ALA45 and LEU70 from the same enzyme structure. For ZINC12230819, a hydrogen
bond is observed with RIPK2 GLU66, as well as a n-alkyl with ILE69. ZINC12230826 has two hydrogen bonds
with GLU66, and ZINC12230756 interacts via hydrogen bonds with GLU66 from RIPK2 and one Alkyl
interaction with LEU70 as well as four n-alkyl bonds with ILE69, VAL32, ALA45 and LYS47 from the same
enzyme structure. ZINC91881108 has hydrogen bonds with ILE162 and GLU66 from RIPK2 and three other
alkyl interactions with ALA163, LEU70 and LEU79. ZINC69349687 interacts via five m-alkyl bonds with
ALA163, VAL32, ALA45, LYS47 and ALA163. For ZINC89571615, two hydrogen bonds are observed with
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RIPK2 GLU66, one Pi-alkyl interaction with ILE69, and one alkyl interaction with the same amino acid residue.
ZINC87131463 has two alkyl interactions with RIPK2, via ILE69 and LEU70, and ZINC81021663 has alkyl
interactions with LEU70, LEU79 and ALA163 and one hydrogen bond with ILE162 from the same enzyme
structure.

2.4. Molecular Overlap of Screened Compounds with Ponatinib and WEHI-345

Similarity analysis of the molecular overlap of the compounds selected, after molecular docking, with
ponatinib WEHI-345 can be observed for the most promising compounds based on the data in Tables 5 and 6,
respectively. 100% steric (100ste) and 100% electronic (100elt), 60% steric (60est) and 40% electronic (40elt) and
50% steric and electronic (50est/elt) similarities to ponatinib are listed in Table 5, and the same pairs of
similarities compared with WEHI-345 are listed in Table 6.

Table 5. Similarity analyses for the molecular overlap of the compounds for 100ste, 100elt, 60est and 40elt,
50est/elt, relative to ponatinib.

Similarity of Overlay (%)
Compound 100ste 100elt 60est/40elt  40est/60elt  50est/elt

ZINC90174766 0.7169 0.3917 0.4757 0.3669 0.4202
ZINC91725665 0.7128 0.4167 0.4802 0.3666 0.4234
ZINC91881108 0.4865 0.5520 0.4701 0.4775 0.4740

Our analysis regarding the template compound (ponatinib) revealed the compounds ZINC90174766,
ZINC91725665 (100ste), ZINC91881108 (100elt) as exhibiting the highest values of similarity of the molecular
overlap (Table 5). According to Costa et al. [30], the closer the value of is to 1 the greater the degree of structural
similarity between the compounds.

Analysis regarding to the WEHI-345 revealed that the compounds ZINC12230819, ZINC91881108 (100elt)
and ZINC81021663 (60est/40elt; 40est/60elt; S50est/elt) exhibited the largest values of similarity of overlay
compared with the other ones (Table 6).

Table 6. Similarity analyses for the molecular overlap of the compounds for 100ste, 100elt, 60est and 40elt,
50est/elt, relative to WEHI-345.

Similarity of Overlay (%)

Compound 100ste 100elt 60est/40elt  40est/60elt  50est/elt
ZINC12230819 0.7824 0.3623 0.4717 0.3390 0.4036
ZINC91881108 0.6491 0.5645 0.4611 0.4131 0.4361
ZINC81021663 0.6802 0.3527 0.5687 0.5192 0.5438

It is worth noting that the compound ZINC91881108 stood out with the highest value for similarity of
molecular overlap, based on a 100% electronic analysis, compared with ponatinib and WEHI-345.

2.5. Querlap of Potential RIPK2 Inhibitors Regarding the Pharmacophoric Model

We evaluated the concordance between the pharmacophoric features and the groups found in these new
molecules. Then, by superimposing them on the model, in accordance with the respective Cartesian coordinates
and radii, we observed that only 10 of the 15 compounds successfully overlapped with the model. The
overlapping score (QFIT) ranged from 12.21-52.28, as indicated in Table 7.
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Table 7. Compounds with QFIT > 0, which were analyzed using the CHEMGPS-NP server.

Compound QFIT Value
ZINC91881108 52.28
ZINC81021663 31.26
ZINC89571615 25.83
ZINC69349687 18.61
ZINC12230819 17.69
ZINC69349685 15.23
ZINC12230756 14.62
ZINC69431616 14.13
ZINC12230826 12.21

ZINC91881108 exhibited the best value of QFIT (52.28%). The aim of finding potential molecules that
overlap with the best model is to identify a promising compound that possesses the essential stereo-electronic
requirements for RIPK2 inhibition that is described/explained by the pharmacophoric model. Figure 10 shows
the 20 compounds aligned according to the established Cartesian coordinates.

Figure 10. Cont.
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Figure 10. Representation of the ten compounds that fit to the pharmacophoric model, with QFIT > 0. Green

beads/spheres represent H-bond acceptor groups, magenta dotted spheres represent H-bond donor groups,
while hydrophobic centers are shown in cyan spheres. Size of the beads varies according to the tolerance radius
calculated using GALAHAD. All the distances are measured in angstroms (a) ZINC91881108; (b)
ZINC81021663; (c) ZINC89571615; (d) ZINC69349687; (e) ZINC12230819; (f) ZINC69349685; (g)
ZINC12230756; (h) ZINC69431616 and (i) ZINC12230826.

2.6. Analysis of the Physicochemical and Toxicological Properties of the Compounds

Pharmacokinetic properties are strictly related to the administration of a drug, and they involve aspects
of absorption, distribution, metabolism and excretion in the organism [31].

In Table 8, data are listed for eight molecular descriptors for analysis of 10 selected compounds. These
data include the following parameters: drug similarity (number of stars/violations), Lipinski rule of five,
percentage of human absorption (HOA%), Caco-2 and MDCK cell permeation, hydrophilic/lipophilic balance
(Qplog Po/w), central nervous system (CNS) activity and blood-brain barrier permeability (Qplog BBB).

The parameter “stars” indicates descriptors that are outside (violations) the optimum range of values
described for 95% of known drugs contained in the QikProp database. In such analyses, all of the selected
compounds exhibited values equal to zero (no violations), indicating important similarity with commercially
available drugs. On the other hand, ponatinib exhibited violations.

The Lipinski rule of five represents a well-established form of simple limits for absorption and
permeability of drugs. In Table 8, data show that all the compounds selected exhibited interesting increases in
oral absorption in the organism. The percentage of human oral absorption (HOA%) was considered to be high;
all of the compounds exhibited values higher than 80%. On the other hand, ponatinib exhibited a value of 73%.

The apparent perception of absorption of drugs in the gastrointestinal tract using Caco-2 and MDCK cells
(ACP and AMP, respectively) was investigated for values <25 (low) and >500 (optimum). Most of the
molecules listed in Table 8 exhibit excellent values, except for the compounds ZINC12230819, ZINC12230826,
ZINC89571615 and the template and control compounds (ponatinib and WEHI-345), which were considered
to be intermediates.

The parameter established to indicate inactivity for penetration into the blood-brain barrier and
consequent CNS activity includes values below 1 (CBrain/CBlood < 1). In this work, all the compounds exhibited
values lower than 1. Ideally, these compounds can be thought as being inactive in the CNS and therefore
immune to side effects in humans [32]. In considering the permeability of drugs into the CNS (calculating
Qplog BBB) —negative values indicate a higher concentration of the compound in the blood than in the brain —

Artigo 1 45



our results indicate that the compounds we investigated only exhibited negative values. The parameter
established as QPlog Po/w, with an optimum interval ranging from -2.0 to 6.5, is related to the bioavailability
and permeability of the compounds through the membranes in the hydrophilic and lipophilic balance. To this
end, all of the compounds that we investigated fell within the given limits (Table 8).

Table 8. Pharmacokinetic properties of nine selected compounds as well as ponatinib and WEHI-345.

Compound Stars Rule of Five % HOA ACP (nm/s) AMP (nm/s) QPlogPo/w CNS QPlog BBB

Ponatinib 1 1 73.645 67.076 119.394 4.605 1 -0.026

WEHI-345 0 0 93.941 456.487 211.950 3.313 -2 -1.220
ZINC69349685 0 0 100.00 1300.94 3123.35 2.563 -1 -0.281
ZINC69431616 0 0 100.00 1695.74 4585.45 2.910 -1 -0.145
ZINC12230819 0 0 80.392 362.468 467.713 1.305 -2 -1.048
ZINC12230826 0 0 82.927 462.942 598.190 1.413 -1 -0.871
ZINC12230756 0 0 84.316 561.255 418.589 1.395 -1 -0.809
ZINC91881108 0 0 94.985 1169.73 586.063 2.242 0 -0.577
ZINC69349687 0 0 100.00 1297.59 3147 .44 2.566 -1 -0.282
ZINC89571615 0 0 83.225 229.628 131.490 2.395 -2 -1.455
ZINC81021663 0 0 89.971 946.013 748.108 1.667 0 -0.526

In the toxicological in silico investigation of the nine selected compounds, which was performed using
DEREK Nexus software, potential toxicity (carcinogenicity, chromosomal damage, genotoxicity, hepatotoxicity,
HERG channel inhibition, irritation, mutagenicity, reproduction toxicity, respiratory sensitization, skin
sensitization, thyroid toxicity) was analyzed. We found that none of the compounds analyzed had a potential
toxic. On the other hand, the template compound (ponatinib) exhibited a toxicophoric group (aryl piperazine)
based on DEREK 10.0.2 Nexus software [22] analysis.

2.7. Prediction of Synthetic Accessibility

The synthetic accessibility of the compound ZINC91881108 had a computed score of 5.01 (moderately
difficult) (Table 9). This finding is similar to that of ponatinib as well as WEHI-345, leaving us to propose
future synthesis and subsequent activity assays for such a compound.

Table 9. Prediction of synthetic accessibility of ponatinib, WEHI-345 and the selected compound

ZINC91881108.
Compound Accessibility
Ponatinib 5.10
WEHI-345 4.86
ZINC91881108 5.01

2.8. Structure— Activity Relationship of the Promising Molecule

The biological response of a structurally specific drug depends necessarily on the identification of the
active site and its spatial mutuality. Therefore, analysis of the pharmacophore cluster enables the stereo-
electronic recognition that is fundamental to its pharmacological activity [33]. According to a study by
Canning et al. [2] of the crystallographic pose of the amino acid residue interactions of the RIPK2 complexed
to ponatinib, there are hydrogen bonds (interactions with Glu66A, Aspl64A, Met98A) and hydrophobic
interactions. Therefore, the pharmacophore (Figure 2) shares hydrophobic regions and the promising molecule
ZINC91881108 interacts with hydrogen bonds (Asp164 and Glu66) (Figure 11).

When analyzing ponatinib (Figure 12) (1) (compound template), we observed that it had regions
characterized by an imidazole ring, which forms hydrogen bonds, and hydrophobically interacting
pyridazine. In Figure 11, we show the molecule ZINC91881108 possessing the pyridine derivative group,
which has anti-inflammatory activities. This finding has been reported by Sondhi et al. [34] and Sangshetti et
al. [35].
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Figure 11. Promising molecule ZINC91881108 obtained after virtual screening.

The primary amine present in the compound and the hydroxyl is an important group because it is capable
of improving the solubility of the compound and modifying the chemical reactivity of the drug-receptor

interaction [36].
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Figure 12. Ponatinib (1) and 30 most potent RIPK2 inhibitors (2-31) obtained from the Protein Data Bank (PDB)
and the BindingDB database.

3. Materials and Methods

3.1. Selection of Compounds

Selection of the compound ponatinib [2] and other inhibitors reported in literature was done from the
Protein Data Bank (PDB) and the BindingDB (http://www.bindingdb.org) [37] web server, respectively (2D
structures are shown in Figure 12), according to the lower ICso values there reported (between 0.016 and 0.969
uM), which were considered limiting for this selection, such as observed in studies developed by Pereira and
Costa et al. [30,38]. Such inhibitors are related to the Protein Kinase Receptor type 2 —RIPK2, for which the
structure of the potent inhibitor ponatinib is deposited in the PDB [39] in a complex with human RIPK2 (PDB
ID 4C8B, at 2.75 A resolution).

After definition of the small database to be built (ponatinib + 30 reported and potent RIPK2 inhibitors),
the most reliable tautomers (at pH = 7.5) were selected for all the compounds, using the Marvin® Sketch 16.9.5
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software (https://www.chemaxon.com/) [2,40]. Subsequently, structures were converted to 3D format using
CONCORD, with default parameters, thus implemmented on the SYBYL®-X 2.0 package [17]. All the
structures were energy-minimized using Conjugate Gradient (CG) and a convergence criterion of 0.001
kcal/mol, using the Tripos [41] force field (with dielectric constant € = 80.4 and maximum number of iterations
=50,000). Partial atomich charges were calculated using the Gasteiger-Hiickel method [42], such as available
on the SYBYL®-X 2.0 platform.

In order to select the best set (the training set) of inhibitors able to generate a reliable pharmacophoric model,
a chemical similarity study was carried out. Inhibitors were thus selected according to the chemical diversity,
estimated using the web server ChemGPS-NP [43], so that the most potent compounds of each cluster were
selected by hierarchical cluster analysis [44]. The first three principal components (PC1, PC2 and PC3) were
used to construct the dendogram related to the chemical similarity study (Figure 13).
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Figure 13. Dendrogram used to investigate chemical similarity of RIPK2 inhibitors.

A dendogram was thus generated considering the centroid method and the Euclidean distance here used
as a measurement parameters, and 85% (threshold) of similarity between the compounds [44]. In sequence,
the representative one of each cluster that showed the highest biological activity was chosen to compose the
so called “training set”, which was constructed from a dataset of 14 RIPK2 inhibitors (group A). ICso values
are: 0.014 uM (1), 0.016 uM (2), 0.019 uM (3), 0.109 uM (12), 0.204 uM (16), 0.613 uM (17), 0.621 pM (18), 0.726
uM (20), 0.799 uM (21), 0.801 uM (22), 0.888 uM (25),
0.917 uM (28), 0.930 uM (29) and 0.969 uM (31).

A second dataset with 17 RIPK2 inhibitors (group B) was choosen, with ICso values of: 0.025 uM (4), 0.026
uM (5), 0.026 uM (6), 0.041 pM (7), 0.044 uM (8), 0.049 uM (9), 0.054 uM (10), 0.075 pM (11), 0.111 uM (13),
0.120 uM (14), 0.130 uM (15), 0.685 uM (19), 0.851 uM (23), 0.882 uM (24), 0.894 uM (26), 0.896 uM (27) and
0.951 uM (30). Such compounds were here submitted to the same protocol of energy minimization and they
were used only for the evaluation of the pharmacophoric models, here so called the “test set”.

3.2. Pharmacophore Modelling

The method here used to derive the pharmacophoric pattern is Genetic Algorithm with Linear Algorithm
for Hypermelecular Alignment of Data Sets (GALAHAD), a module implemented in the SYBYL platform [45].
Inhibitors of the training set were flexibly superimposed in order to create hypermolecular alignments that
mapped common pharmacophore characteristics. The genetic algorithm employed in this step starts with 80
conformations (population size) of each RIPK2 inhibitor that evolves through a maximum of 50 generations
through standard genetic operators (mutation rate— Angle: 0.6, Conf: 0.3; mutation drop-Angle: 1.0, Conf: 1.0
and crossover rate-Angle: 1.0, Conf: 1.0), such as implemmented in the GALAHAD module from the SYBYL-X®
2.0 package. Statistical parameters (deformation energy, PARETO, hydrogen bonds and steric) and
pharmacophore (Mol_qry values) were used to evaluate the models. Models with deformation energy
containing two orders of magnitude higher than the others were discarded.
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3.2.1. Evaluation of the Pharmacophoric Models

Pharmacophore models were first tested for their ability to differentiate true inhibitors from false
positives, and they were constructed using the DUD-E server [46]. After, the test set database (17 false-positive
RIPK?2 inhibitors, with 850 compounds) was aligned to each pharmacophore model, using GALAHAD default
parameters, and they were classified according to their Mol_qry values.

Operational Characteristic Receiver Curves (ROC) were then used to evaluate the specificity and
sensitivity of each model. Next, the pharmacophoric models with AUC > 0.7 were probed by their ability to
classify the inhibitors according to their potency. In this step, 34 RIPK2 inhibitors, the test set (17 inhibitors-
Group B, see Figure 1) and 17 other inhibitors randomly selected (T1-T17), with
ICso values of 0.0063 uM (T1), 0.0079 uM (T2), 0.01 uM (T3), 0.012 puM (T4), 1.03 uM (T5), 1.1 uM (T6), 1.12 uM
(T7), 1.15 uM (T8), 1.18 uM (T9), 1.19 uM (T10), 1.20 uM (T11), 1.23 uM (T12), 1.32 uM (T13), 1.35 uM (T14),
1.36 uM (T15), 1.36 uM (T16) and 1.4 uM (T17), which were not used in the model generation, were
individually aligned to a model, such as implemented in the GALAHAD module. The Mol_qry values were
then plotted versus the biological activity classes of the compounds (using the pIC50 = -logIC50 equation) and
classified as the following: weak = 5.0 to 5.9; moderate = 6.0 to 6.9 and strong = 7.0 to 9.0. ROC curves of
pharmacophore models were build via the SigmaPlot® software [47].

3.2.2. Selection of Novel and Potential RIPK2 Inhibitors from the ZINC Compounds Database

The ZINC compounds database is the largest one commercially available for virtual screening purposes,
and it contains more than 14 million compounds [21]. After building of the most reliable pharmacophore
model, thus validated using the GALAHAD approach, the ZINCPharmer (http://zincpharmer.csb.pitt.edu)
[48] web server was used to search for compounds in the ZINC database, using the pharmacophoric model
obtained and here used as a “probe”. For this step, we used some search filters, so that the maximum value of
RMSD (Root Mean Square Deviation) employed was 0.3. In addition, interval values of 200 < Molecular Weight
<500 and 1 < Rotational Connections < 10, were here defined for predictions, as well as observed in studies of
Birck et al. (2016) [49]. Therefore, in order to procedd with search for active compounds in the database, we
considered the 3D coordinates described in Table 10, according to the respective pharmacophoric model
generated.

Table 10. 3D Coordinates and pharmacophoric features of the best-ranked pharmacophoric model.

Pharmacophoric Feature X Y Z  Radius (in A)
Hydrogen Bond Donor 371 -053 1.86 1.10
Hydrogen Bond Acceptor 247 -1.65 -0.38 1.11
Hydrogen Bond Acceptor 3.51 -0.10 1.79 1.26
Hydrophobic -2.33 063 -0.57 0.55
Hydrophobic 068 1.00 143 1.42

3.3. Pharmacokinetic and Toxicological Predictions — ADME/Tox

Pharmacokinetic in silico analyses were performed for the selected molecules, using the QikProp software
[50], where criteria such HOA (human oral absorption), PHOA (percentage of human oral absorption) and
“stars”, which indicates the number of violations of properties values intervals reported for 95% known drugs,
where considered such as described by Onguéné et al. (2014) [51].

Toxicity profile of the compounds was evaluated using the Deductive Estimation of Risk from Existing
Knowledge (DEREK) 10.0.2 software [22]. We have considered DEREK alerts of toxicity involving the human
species and also classified as plausible in mammals, but compounds containing any toxicophoric groups were
also discarded. The DEREK software [22] makes the prediction of toxicity of the compounds in a qualitative
way, is a specialist system that focuses attention on the toxic action of chemical compounds. The system
performs this analysis based on implemented rules and depicts the relationship between a structural feature
and a toxicophore group present in the compounds as possible inducers of certain types of toxicity. It is
considered that in addition to toxicity DEREK can identify aspects related to carcinogenicity, mutagenicity,
skin sensitization, irritation, teratogenicity and neurotoxicity [52].
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3.4. Prediction of Activity Spectra for Substances (PASS)

Prediction of potential biological activity was performed through the PASS (Prediction of Activity Spectra
for Substances) web server, at http://pharmaexpert.ru/passonline/predict) [24]. Inflammatory diseases and
mechanisms associated were here considered, such as treatment of rheumatoid arthritis, autoimmune activity,
kinase inhibitors, etc., according to studies of Volpini; Pedersoli-Mantoani et al. [25,53] Rodrigues and Silva
[26].

3.5. Docking Procedures

For molecular docking here performed, the crystallographic structure of the RIPK2 derived form RIPK2-
ponatinib complex structure (PDB ID 4C8B, at 2.75A resolution) [2] was used. The enzyme structure was
prepared by removing water and ligands, subsequently adding hydrogen atoms.

Compounds here selected using a virtual screening approach were submitted to the docking single
simulations, using the PyRx 0.8 software, with further energy minimization [54]. Ponatinib [2] and WEHI-345,
respectively a potent and a selective RIPK2 inhibitor [5], were used as template and control inhibitors. Docking
calculations were performed using the AutoDock 4.2/Vina 1.1.2 [55] software, with default parameters of the
genetic algorithm (with population size of 150), maximum number of evaluations of 250,000, maximum
number of generations of 27,000 and crossing rate of 0.8. Interactions between the inhibitors and RIPK2 were
visualized using the Discovery Studio 4.1 [56] software, with default parameters. We have used a grid box of
x =56, y =28 and z = 24 coordinates, centered at x = 14.254, y = 2.632 and z = 23.776. Ten docking runs were
considered and the ten poses were analyzed.

3.6. Molecular Overlay —Molecular Overlay

Molecular Overlay is used to overlap two or more molecules using a variety of features that includes, in
addition to other aspects, alignment by a combination of steric (ste) and electrostatic (elt) fields [56]. For this
purpose, analyses of the steric and electronic overlaps were predicted using the Discovery Studio 4.1 software
[56], considering 100% ste, 100% elt, 60% ste/40% elt, 40% ste/60% elt and 50% ste/elt, according to studies of
Costa et al. (2017) [30] between the RIPK2 inhibitors and Ponatinib. In sequence, similar protocol was
employed using WEHI-345.

3.7. Alignment Overlap of Inhibitors with the Pharmacophoric Model

We have used the methodology implemented in the CHEMGPS-NP (http://chemgps.bmc.uu.se) web
server to evaluate the quality of the alignment of each inhibitor. The QFIT value associated to the overlap
means the degree of alignment ranging from 0 to 100, and it is calculated automatically to select the most
promising models [57].

3.8. Sylvia— Estimation of the Synthetic Accessibility of Organic

In this step, the Sylvia 1.4 [58] server was used to estimate the synthetic viability of the compounds here
investigated. For such prediction, the promising compound was compared with the template one (ponatinib)
as well as to the control (WEHI-345). For analysis, it is considered that the estimation of synthetic accessibility
provides a number between 1—for easily synthesized compounds, and 10—for compounds that are difficult
to synthesize, according to studies developed by Ferreira et al. [59].

4. Conclusions

We indicate compound ZINC91881108, discovered using a virtual screening approach from the ZINC
compounds database as a promising RIPK2 inhibitor, with further interest in control of inflammatory diseases.
Pa » Pi is observed for such compound, besides a potential anti-inflammatory activity. Analysis of molecular
docking for this compound reveals a potential higher binding affinity, in comparison to WEHI-345. In a 100%
electronic analysis when overlapping of ZINC91881108 with ponatinib or WEHI-345, such compound stand out
for having a highest value for similarity of overlap. Thus, this compound has the best score of stereoelectronic
overlap, when being sorted. The importance of this present work is evident because, regarding to structure-
activity relationships (SAR), the steric arrangement is of fundamental relevance for the drug-enzyme
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interaction. In addition, the electronic aspects are strictly related to the electronic density and physicochemical
properties and polar interactions associated. Compound ZINC91881108 shows suitable pharmacokinetic
properties, when compared to the template compounds —RIPK2. Also, such compound does not contain any
toxicophoric groups, such as analyzed using the DEREK software. Regarding synthetic accessibility, the said
compound ZINC91881108 is predicted in silico to be moderately difficult to prepare.
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4 CONSIDERAGOES FINAIS

Estudos tém demonstrado uma crescente investigacdo em relacdo aos Receptores
de Interacdo de Proteina Tirosina Quinase 2 (RIPK2), no que se refere a pesquisas de
inibicdo para este alvo. Nesse sentido, a busca de compostos inibidores traz a perspectiva
de atenuantes no tratamento de doencas inflamatdérias, bem como, a artrite reumatoide.

Embora se tenha estudos relacionados e farmacos que ja atuem no trato desta
doenca, buscou-se aqueles que nao possuam efeitos secundarios no organismo humano,
diferentemente, do composto base que se utilizou nesta andlise. Nesta pesquisa, a ideia é
de planejar um inibidor potencial que possua os mesmos efeitos ou mais efetivo que o
composto protétipo (Ponatinibe) e composto controle (WEHI-345), contudo, sem apresentar
reacoes toxicas ao ser humano.

O planejamento racional de farmacos tem se propagado de forma marcante e ampla
no estudo de novos compostos bioativos, dentro de sua limitacao estrutural. Vale ressaltar
que, aliado a isto, tém-se os métodos computacionais que foram os mecanismos utilizados
como ferramenta nesta pesquisa.

A quimica medicinal traz um auxilio que pode significar a maximizacdo para se
planejar um novo farmaco. Desse modo, através das buscas realizadas em bancos de
dados e literaturas, pode-se compreender aspectos primordiais de atividade inibitoria do
RIPK2, através dos bancos de dados PDB e bindingDB, que representaram a etapa inicial
deste estudo. Por conseguinte, ao possuir os inibidores depositados para tal alvo, permitiu-
se analisar uma abordagem baseada nestes ligantes, através da derivacdo de um padréo
farmacoférico para se extrair as caracteristicas fisico-quimicas e a regido de maior atividade
de acao bioldgica.

O modelo farmacoforico gerado possuiu dois Centros Hidrofobicos, dois Aceitadores
de Hidrogénio e um Doador de Hidrogénio, como na familia de quinases, de forma que, o
RIPK2 é caracterizado pelo dominio conservado, em que os residuos de Glu66 e Aspl64
permitem ligacdo de hidrogénio com aceites / grupos de doadores e esta orientado para um
arranjo hidrofébico que oferece uma oportunidade de otimizacdo da seletividade de
inibidores.

Em seguida, um método de busca de novos compostos compativeis com as regras
de Lipinski, prontos para se ligarem as moléculas biologicamente significativas, foi feito em

um banco de dados denominado ZINC, para entéo, prosseguir nas etapas farmacocinéticas
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e toxicolégicas dos novos compostos. Dentre estes, apenas 29 compostos apresentaram
algum tipo de atividade bioldgica relacionada a doenca em estudo, bem como: atividade
antiinflamatoria, inibidor de kinase, doenga autoimune e tratamento de artrite reumatoide.

Portanto, para cada um desses compostos, fez-se uma docagem molecular, pois
seria necessario analisar as interacdes entre os ligantes e o receptor (RIPK2), além disso,
este método foi utilizado para filtrar as moléculas que possuiam as melhores afinidades de
ligacdo, através de valores de pontuacao, nas interac6es com os residuos de aminoacidos
presentes no alvo e melhorar a selegcéo dos potenciais inibidores obtidos. Assim, resultou
em 15 compostos que foram avaliados com um valor de desvio de RMSD, abaixo do nivel
de tolerancia estabelecido de 2,0 A, em uma anélise em relacdo ao composto base
(Ponatinibe) e composto controle (WEHI-345) de interacdo mais detalhada farmaco-
receptor.

Apés essas etapas foi realizado um refinamento por similaridade de sobreposicéo,
em uma analise de semelhanca eletronica e estérica, em relacdo ao composto base e
controle. Nessa andlise, o composto ZINC91881108 (eletrbnica), se destacou por
compartilhar similaridade ao se sobrepor aos compostos prototipos.

No processo de triagem virtual, nove compostos foram selecionados ao serem
sobrepostos de acordo com os valores das coordenadas geradas no modelo farmacoforico,
de modo que, avaliou-se a concordancia entre as caracteristicas farmacoforicas e os grupos
encontrados nestas novas moléculas. Assim, tem-se como destaque 0 composto
ZINC91881108 que apresentou o melhor valor de alinhamento na pontuagdo de
sobreposicdo (QFIT), em que reproduziu uma sobreposicdo de 52,28% em relacdo ao
modelo farmacoférico, considerado um composto promissor ao poOSSuir 0S requisitos
estéreo-eletrdnicos essenciais para a inibicdo neste alvo.

O composto ZINC91881108 apresentou parametros de absorgao, distribuicéo,
metabolismo e excrecdo dentro dos limites estabelecidos e similares aos valores do
composto base (Ponatinibe) e composto controle (WEHI-345). Além disso, o
ZINC91881108 nédo possui efeito toxico ao ser realizada a andlise de previsdo no programa
Derek.

Portanto, as perspectivas futuras para os compostos selecionados serdo a
realizacdo de ensaios biolégicos com o Receptor de Proteina Quinase tipo 2(RIPK2), ou
bem como, modificagBes sintéticas para serem realizados em andlises. Além disso, a
metodologia agrega métodos e técnicas em quimica tedrica e medicinal como alternativa

para uma nova compreensao no ensino desta ciéncia.
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Anexo 1 — Norma de publicacdo do respectivo periédico

Preparation of a Manuscript
General Considerations

Research manuscripts should comprise:
Front matter: Title, Author list, Affiliations, Abstract, Keywords

Research manuscript sections: Introduction, Results, Discussion, Materials and Methods,
Conclusions (optional).

Back matter: Supplementary Materials, Acknowledgments, Author Contributions, Conflicts of
Interest, References.

Review manuscripts should comprise the front matter, literature review sections and the back matter.
The template file can also be used to prepare the front and back matter of your review manuscript. It
is not necessary to follow the remaining structure. Structured reviews and meta-analyses should use
the same structure as research articles and ensure they conform to the PRISMA guidelines.

Abstract graphic: Authors are encouraged to provide a graphical abstract as a self-explanatory image
to appear alongside with the text abstract in the Table of Contents. Figures should be a high quality
image in any common image format. Note that images displayed online will be up to 11 by 9 cm on
screen and the figure should be clear at this size.

Abbreviations should be defined in parentheses the first time they appear in the abstract, main text,
and in figure or table captions.

SI Units (International System of Units) should be used. Imperial, US customary and other units
should be converted to Sl units whenever possible.

Equations: If you are using Word, please use either the Microsoft Equation Editor or the MathType
add-on. Equations should be editable by the editorial office and not appear in a picture format.

Research Data and supplementary materials: Note that publication of your manuscript implies that
you must make all materials, data, and protocols associated with the publication available to readers.
Please disclose at the submission stage any restrictions on the availability of materials or information.
Read the information about Supplementary Materials and Data Deposit for additional guidelines.

Preregistration: Where authors have preregistered studies or analysis plans, links to the
preregistration must be provided in the manuscript.

Guidelines and standards: MDPI follows standards and guidelines for certain types of research. See
http://www.mdpi.com/editorial_process for further information.
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