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RESUMO GERAL

A maléria e a leishmaniose sdo doencas negligenciadas que atingem milhares de pessoas em
todo 0 mundo. A malaria é uma doenca causada por protozoarios do género Plasmodium. Nos
ultimos anos tém-se verificado a resisténcia do parasita a diversos medicamentos, incluindo o
farmaco de primeira escolha para o tratamento da doenca. Ja a leishmaniose é provocada por
protozoarios parasitas do género Leishmania e a quimioterapia para esta doenga também é
insatisfatoria, apresentando diversos efeitos colaterais, alta toxicidade e custo elevado. A N-
miristoilacdo de proteinas é catalisada pela N-miristoiltransferase (NMT), um alvo essencial
para Plasmodium falciparum e Leishmania donovani. Com o objetivo de estudar novos
inibidores da NMT, a anélise quantitativa da relacdo estrutura-atividade na quarta dimensao foi
empregada. No trabalho da maléria foram utilizados 83 compostos e realizados dez
alinhamentos. Este trabalho sugeriu uma boa correlacdo com os resultados experimentais além
de permitir o planejamento de novos inibidores da NMT do Plasmodium falciparum. Ja o
trabalho da leishmaniose foi aplicado a uma série de 77 inibidores da NMT de Leishmania
donovani. Em seguida, foram propostos trés novos compostos utilizando os modelos gerados.
Adicionalmente, foi realizado um estudo de ancoramento molecular para investigar as
afinidades de ligacdo e os modos de interacdo entre 0s compostos propostos e o sitio ativo da
NMT. Além disso, foi realizada uma avaliacdo de ADME (absor¢&o, distribuicdo, metabolismo
e excrecdo) dos potenciais inibidores que demonstraram propriedades farmacocinéticas
satisfatorias.

Palavras-chave: Malaria. Plasmodium falciparum. Leishmaniose. Leishmania donovani.
Inibidores. QSAR-4D. N-Miristoiltransferase.



GENERAL ABSTRACT

Malaria and leishmaniasis are neglected diseases that afflect thousands of people worldwide.
Malaria is a disease caused by protozoa of the genus Plasmodium. In recent years the resistance
of the parasite to several drugs, including the drug of first choice for the treatment of the disease,
has been verified. Leishmaniasis is caused by protozoan parasites of the genus Leishmania and
chemotherapy for this disease is also unsatisfactory, presenting several side effects, high
toxicity and high cost. N-myristoylation of proteins is catalyzed by N-myristoyltransferase
(NMT), an essential target for Plasmodium falciparum and Leishmania donovani. In order to
study new NMT inhibitors, quantitative analysis of the structure-activity relationship in the
fourth dimension was used. In the work of malaria, 83 compounds were used and ten alignments
were performed. This work suggested a good correlation with the experimental results, besides
allowing the planning of new inhibitors of Plasmodium falciparum NMT. Already the work of
leishmaniasis was applied to a series of 77 NMT inhibitors of Leishmania donovani. Then, three
new compounds were proposed using the generated models. In addition, molecular docking was
performed to investigate the binding affinities and interaction modes between the proposed
compounds and the NMT active site. Furthermore, an ADME (absorption, distribution,
metabolism and excretion) evaluation was performed and potential inhibitors demonstrated
satisfactory pharmacokinetic properties.

Keywords: Malaria. Plasmodium falciparum. Leishmaniasis. Leishmania donovani.
Inhibitors. 4D-QSAR. N-myristoyltransferase.
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PRIMEIRA PARTE

1 INTRODUCAO

As doengas negligenciadas séo aquelas que afetam populagdes pobres e, por isso pouco
tem sido feito para encontrar medicamentos para as mesmas. Uma das principais doengas
negligenciadas é a maléria, que é uma doenca historicamente descrita causada por protozoarios
do género Plasmodium. A doenca é transmitida pela picada das fémeas de mosquitos do género
Anopheles infectadas. Dentre as espécies que infectam o homem, o Plasmodium falciparum é
a espécie que mais leva os pacientes a 6bito. A doenga foi responsavel por mais de 214 milhGes
de casos e 438.000 mortes em 2015, segundo a Organizacdo Mundial da Saude (WHO, 2015).
Ja tem sido relatado sinais de resisténcia a artemisinina, que é o farmaco de primeira escolha
para a terapéutica da maléria. Além da artemisinina, tem sido verificada a resisténcia a diversos
outros medicamentos usados para tratar a doenca, além dos diversos efeitos colaterais
apresentados pelos mesmos. Desta forma, o estudo de novos inibidores torna-se fundamental
para o tratamento da malaria.

Outra doenca negligenciada é a leishmaniose, que é desencadeada por espécies do
género Leishmania, que sdo transmitidas através da picada da fémea de insetos flebotomineos
contaminados. A doenga manifesta-se em uma de trés formas: cutanea, mucocutanea e visceral.
Dentre as formas de leishmaniose, a leishmaniose visceral, ou calazar, é a mais grave. O calazar
é o resultado da infeccdo por Leishmania donovani e é responsavel por cerca de 200.000 a
400.000 novos casos em todo 0 mundo e se ndo tratada pode ser fatal em mais de 95% dos casos
(WHO, 2016a). Embora exista diversos quimioterapicos para tratar a leishmaniose, estes
apresentam diversos efeitos colaterais, alta toxicidade, alto custo, via de administracdo que leva
ao abandono do tratamento e/ou elevado potencial teratogénico. Devido a esses diversos fatores
€ necessario a busca por novos farmacos para o tratamento da leishmaniose que sejam mais
eficazes e apresentem um baixo custo.

A miristoilagdo N-terminal de proteinas é uma importante modificacdo que ocorre co-
e pos-traducionalmente, e é capaz de modular a interagdo de proteinas, inclusive com a
membrana. Além disso, esta relacionada com diversas vias de sinalizagéo celular. A enzima N-
miristoiltransferase catalisa a transferéncia do grupo miristato a partir do miristoil-CoA a
residuos de glicina N-terminal (TATE et al., 2014). Esta enzima representa um alvo promissor
para o desenvolvimento de novos medicamentos, ja que ela é essencial para Plasmodium

falciparum e para Leishmania donovani.



Métodos de quimica computacional exercem uma funcéo consideravel no processo de
descoberta e desenvolvimento de novos medicamentos. Uma ferramenta bastante utilizada é o
estudo da correlacdo entre a estrutura e a atividade de farmacos. Neste método, considera-se
que existe uma relacdo entre as propriedades de uma molécula e sua estrutura quimica, e entdo,
buscam-se estabelecer relacbes matematicas simples para descrever e prever a atividade de um
conjunto de inibidores semelhantes (ANDRADE et al., 2010). O método de QSAR-4D permite
avaliar diferentes graus de liberdade conformacional por meio da etapa de simulacdo da
dindmica molecular (HOPFINGER, et al., 1997).

Uma validacdo minuciosa dos modelos de QSAR gerados é importante para o
planejamento de novos inibidores. As validacGes internas séo importantes para a calibragédo do
modelo, enquanto que a validacdo externa permite obter maior confiabilidade nas previsoes de
novos inibidores.

Neste trabalho foram realizados estudos de QSAR-4D com o proposito de selecionar
caracteristicas importantes que um potente inibidor deva exibir. Pretendeu-se também propor
candidatos a farmacos inibidores da NMT para o tratamento da malaria e da leishmaniose. Com
a finalidade de atingir os objetivos propostos, este trabalho esta dividido em duas partes. A
primeira expde uma visdo geral sobre os estudos publicados na literatura e a segunda parte
apresenta os dois artigos resultantes deste trabalho.
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2 REFERENCIAL TEORICO

2.1 Malaria

A maléria, também conhecida como paludismo, foi inicialmente citada na era pré-Crista por
Hipocrates. Foi ele quem descreveu suas caracteristicas de ocorréncia sazonal e febre
intermitente. Entretanto, foi somente no inicio do século XIX que o termo malaria teve origem.
Somente em 1880 que Charles Louis Alphonse Laveran conseguiu observar organismos em
movimento ao observar, a fresco, 0 sangue de um paciente com a maléaria (NEVES, 2004; REY,
1991).

A doenca é uma parasitose transmitida pela picada das fémeas de mosquitos do género
Anopheles infectadas. E causada por parasitas de cinco espécies do género Plasmodium: P.
falciparum, P. ovale, P. malariae, P. vivax e P. knowlesi. Dentre estes, o Plasmodium
falciparum é o mais prevalente e letal (NJOROGE et al., 2014).

O ciclo parasitario (Figura 1) inicia-se quando a fémea do mosquito inocula juntamente com
sua saliva as formas infectantes do Plasmodium, os esporozoitas. No figado, 0s esporozoitas
dédo origem aos esquizontes teciduais e posteriormente a milhares de merozoitos que invadirdo
os eritrécitos. Depois de algumas geragdes de merozoitos sanguineos, ocorre a diferenciacao
em estagios sexuados, 0s gametdcitos, que ndo mais se dividem e seguirdo o desenvolvimento
no mosquito vetor, dando origem aos esporozoitos (NEVES, 2004).

Durante o repasto sanguineo, a fémea do mosquito Anopheles ingere as formas sanguineas
do parasito, mas somente 0s gametocitos serdo capazes de evoluir no inseto, formando o zigoto.
Este atinge a parede do intestino médio, passando a ser chamado oocisto. Ocorre, entéo, a
ruptura da parede do oocisto, sendo liberados os esporozoitos. Estes serdo disseminados por
todo o corpo do inseto através da hemolinfa, até atingir as células das glandulas salivares
(NEVES, 2004; REY, 1991).
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Figura 1 - Ciclo de vida do Plasmodium sp.
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Fonte: SOUZA WEBER, 2010.

Apesar dos progressos na reducdo dos casos de malaria e mortes, a doenca foi responsavel
por mais de 214 milhdes de casos e 438.000 mortes em 2015, segundo a OMS (WHO, 2015).
Na regido das Américas, estima-se que cerca de 112 milhGes de pessoas em 21 paises e
territorios devem estar em risco de contrair a malaria. O numero de casos de maléria
confirmados na regido caiu de 1,2 milhdes em 2000 para 390.000 em 2014. Trés paises foram
responsaveis por 77% dos casos em 2013: Brasil (37%), Republica Bolivariana da VVenezuela
(23%) e na Coldmbia (17%). Entre 2000 e 2014, houve uma diminui¢do de mais de 75% na
incidéncia da malaria relatada em 15 dos 21 paises, incluindo o Brasil. Entretanto, o Brasil
ainda responde por quase metade das mortes devido a malaria na regido das Américas (WHO,
2015).

Intervenc@es globais para reduzir a prevaléncia e impacto da malaria envolveram diversas
estratégias, incluindo o controle de vetores, a quimiprofilaxia e quimioterapia. Entretanto, um
grande desafio para o tratamento da malaria durante muitas décadas tem sido o surgimento de
resisténcia do parasita as drogas disponiveis, necessitando, assim, de alteracdes periddicas nos
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tratamentos utilizados (NJOROGE et al., 2014).

2.1.1 A quimioterapia da malaria

A maléaria € uma doenca antiga e referéncias na literatura antepassada e nas civilizacdes
modernas relatam febres intermitentes e calafrios consistentes com os sintomas da maléaria. Em
2.700 a.C. o Céanon Chinés de medicina, o Nei Ching, j& discutia sintomas da malaria e as
relacBes entre febres e melancolias prolongadas. O fisiologista grego Hipdcrates foi o primeiro
a observar a relag@o entre a proximidade de corpos d’agua estagnados e a ocorréncia de febres
na populacdo local. O termo maléria surgiu exatamente desta relacdo entre a doenca e 0s
pantanos. A patologia passou a ser descrita como aria cattiva ou mal aria (ar ruim) pelos
italianos no século XIV. De forma semelhante, os franceses criaram o termo “paludismo”, cuja
raiz significa pantano, para se referir a malaria (FRANCA; SANTOS; FIGUEROA-VILLAR,
2008).

A quimioterapia da doenca também é antiga e precedeu a descricdo do parasita por cerca de
300 anos. No século XVI1I os padres jesuitas observaram a utilizagéo, por populacdes indigenas
da América do Sul, de chés e bebidas preparadas com a casca de uma arvore nativa do Peru, a
Cinchona sp., para o tratamento de alguns tipos de febre. Em 1820, Pierre Pelletier e Joseph
Caventau, isolaram a quinina (Figura 2) da casca da casca da Cinchona sp., (CUNICO et al.,
2008) gue foi o primeiro composto utilizado no tratamento da maléaria. Até a 22 Guerra Mundial,
a quinina era o Unico agente antiparasitario eficaz frente a malaria. Este alcaléide quinolinico
originou os farmacos antimalaricos cloroquina e mefloquina (Figura 2) (BARREIRO;
RODRIGUES, 2001).

Durante a 2% Guerra Mundial, as for¢as aliadas inauguraram um programa de pesquisa de
antimalaricos, onde foram desenvolvidos varios farmacos, notavelmente a cloroquina (Figura
1) e a primaquina (SILVA; OLIVEIRA, 2005). A cloroquina, uma 4-aminoquinolina, tornou-
se, entdo, o farmaco esquizonticida sanguineo de escolha por mais de sessenta anos (TATE et
al., 2014). Porém, o desenvolvimento de resisténcia dos parasitas da maléria a cloroquina se
deu por volta de 1950, (KUMAR; KUMARI; PANDEY, 2015). A mefloquina foi descoberta
no Instituto Walter Reed do exército americano, nos EUA, para ser administrado em uma Unica
dose diaria (BARREIRO; RODRIGUES, 2001). A medicacdo € efetiva contra cepas de
Plasmodium falciparum resistentes a cloroquina, embora sua resisténcia ja tenha sido relatada
principalmente no sudeste asiatico, além de relatos de ocorréncia na América do Sul, no leste
da Africa e na india (CARVALHO, 2015).
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A Primaquina (Figura 2) pertence a classe das 8-aminoquinolinas e foi sintetizada nos
Estados Unidos em 1946, como parte dos esforcos de tratamento e prevengdo da malaria nos
campos de guerra. A primaquina é efetiva contra as formas exoeritrocitarias das espécies de
Plasmodium capazes de infectar o homem. A droga nas doses terapéuticas empregadas é segura
e bem tolerada. No entanto, a primaquina tem suas desvantagens: possui acéo lenta, além de ser
prejudicial para pessoas com deficiéncia na glicose-6-fosfato desidrogenase (G6PD) pois
provoca reacao adversa severa com risco de morte. O mecanismo pelo qual a primaquina e
outros antimalaricos da familia de 8-aminoquinolina causa a anemia hemolitica em pessoas
deficientes em G6PD ndo ¢ totalmente compreendido (UTHMAN et al., 2014). A G6PD faz
parte da via das pentoses fosfato, que produz a coenzima nicotinamida adenina dinucleotidio
fosfato reduzida (NADPH). NADPH esta envolvida na producédo de glutationa, que protege as
células contra espécies reativas de oxigénio. Desta forma, os eritrocitos deficientes em G6PD
sdo vulneraveis aos danos oxidativos e mais susceptiveis a hemolise devido a redugdo dos niveis
de glutationa (CAPPELLINI; FIORELLI, 2008; KUMAR; KUMARI; PANDEY, 2015).

A artemisinina é um produto natural altamente eficaz contra a maléria, isolado da Artemisia
annua (TATE et al., 2014). Diferentemente das demais drogas existentes para essa finalidade,
sua estrutura quimica (Figura 2) é um sesquiterpenlactona trioxano cuja ponte endoperoxido é
essencial para sua atividade antimalarica (O'NEILL et al., 2010). Terapias de combinacdo de
artemisinina (TCAs) tém sido cada vez mais utilizadas desde 2005, quando elas foram
recomendados como tratamentos de primeira escolha para a malaria pela Organizacdo Mundial
da Saude (BONI; WHITE; BAIRD, 2016). Entretanto, a resisténcia a artemisinina e suas
combinagdes estdo sendo rotineiramente identificadas, como por exemplo, na Asia, Africa, no
Suriname, Guiana e Guiana Francesa. A resisténcia a artemisinina foi inicialmente identificada
em estudos clinicos em 2006, embora uma andlise retrospectiva de marcadores moleculares
indicam que a resisténcia provavelmente surgiu em 2001 (WHO, 2016b). Desta forma, a
descoberta de novos medicamentos que atuem por mecanismos distintos torna-se fundamental

na reducdo das mortes associadas a malaria por Plasmodium falciparum.
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Figura 2 - Estrutura dos principais farmacos utilizados no tratamento da malaria.
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Fonte: Do autor (2017).

2.2 Leishmaniose

A leishmaniose é uma doenca parasitaria causada por espécies do género Leishmania, que
sdo transmitidas de animais infectados para 0 homem atraveés da picada da fémea de insetos
hemat6fagos conhecidos como flebotomineos. Estes vetores sdo insetos pequenos de 2 a4 mm
de comprimento, de cor palha ou castanho claro, e conhecidos como mosquito palha ou birigui
(NEVES, 2004; WHO, 2016c).

Os hospedeiros vertebrados sé@o infectados quando formas promastigotas metaciclicas sao
inoculadas pelas fémeas dos insetos vetores, durante o repasto sanguineo (Figura 3). Nos
hospedeiros mamiferos, os parasitas assumem a forma amastigota (aflageladas), arredondada e
imével (3-6 um), que se multiplicam obrigatoriamente dentro de células do sistema monocitico
fagocitario (especialmente macrofagos). A medida que as formas amastigotas vdo se
multiplicando, os macrofagos se rompem, liberando parasitos que sdo fagocitados por outros

macrofagos. O desenvolvimento no inseto vetor € iniciado quando fémeas de flebotomineos
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ingerem sangue contendo macrofagos infectados com as formas amastigotas. Estas se
transformam em promastigotas prociclicas no intestino médio do inseto que se diferenciam nas
formas infectivas metaciclicas e migram, entdo, para a proboscide do inseto, onde poderédo
infectar um novo hospedeiro vertebrado (NEVES, 2004; SILVA, 2008).

Figura 3 - Ciclo de vida do parasita Leishmania sp.
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Fonte: Adaptada de: CDC (Centers for Disease Control anda Prevention)
https://www.cdc.gov/dpdx/leishmaniasis/, acessado em 25/01/2017.

Segundo a Organizagdo Mundial da Saiude (OMS), a leishmaniose pode ser encontrada de
trés diferentes formas: visceral, cutdnea e mucocutanea, sendo a forma visceral a mais grave
(WHO, 2016a). A leishmaniose visceral, também conhecida como calazar, € uma infeccéo
parasitaria causada por Leishmania donovani e, se ndo for tratada, € fatal em mais de 95% dos
casos dentro de 2 anos apos o inicio da doenga (WHO, 2016a). Dos dados disponiveis, a OMS
estimou que 90% dos casos globais de LV ocorrem em 6 paises, sendo que um deles é o Brasil.

De acordo com o Portal da Satde (2014) do SUS (Sistema Unico de Saude), a Lutzomyia
longipalpis, Figura 4, é a principal espécie transmissora da leishmaniose visceral (LV) no

Brasil. Em posigéo de repouso, as asas destes insetos permanecem eretas e semiabertas, sendo
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sua alimentagdo predominantemente noturna (PORTAL DA SAUDE, 2014). O primeiro relato
de LV no pais foi feito em 1934, quando foram encontradas as formas amastigotas de
Leishmania em cortes histoldgicos de figado de pessoas que morreram com suspeita de febre
amarela. Somente 20 anos depois € que se registrou o primeiro surto da doenca em Sobral, no
Ceara (GONTIJO; MELO, 2004).

Figura 4 — Fémea do mosquito Lutzomyia longipalpis.

Fonte: http://mww.raywilsonbirdphotography.co.uk/Galleries/Invertebrates/vectors/sand_fly.html. Acesso em
25jan. 2017.

O Informe Epidemiol6gico das Américas de 2016 da OMS publicou que no periodo de 2001
a 2014 foram registrados um total de 48.720 casos de leishmaniose visceral na América Latina
e média anual de 3.480 casos, sendo que 96,42% (46.976) estdo concentrados no Brasil. A
presenca da leishmaniose esté diretamente ligada a pobreza, mas fatores sociais, ambientais e
climatologicos influenciam diretamente na epidemiologia da doenga (WHO, 2016c). A LV é
caracterizada por episodios irregulares de febre, perda de peso, aumento do baco e do figado, e
anemia (WHO, 2016c).

A leishmaniose visceral persiste como sério problema de satde publica em varias partes do
mundo. Em 2016, a OMS e o Gilead Sciences informaram que existem cerca de 200.000 a
400.000 novos casos em todo 0 mundo, sendo que a doenga é endémica em mais de 80 paises
(Figura 5) (WHO, 2016a).

A leishmaniose é classificada como uma doenca negligenciada tropical. Por conseguinte, o
interesse no desenvolvimento de novos compostos farmacéuticos é limitado porque seu
tratamento precisa ser acessivel para garantir o acesso da populacao pobre afetada. Além disso,
0s avangos no entendimento sobre a biologia das espécies de Leishmania néo se traduziram em
novos compostos quimioterapicos (MENEZES et al., 2015; CRUZ et al., 2009).


http://www.raywilsonbirdphotography.co.uk/Galleries/Invertebrates/vectors/sand_fly.html
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Figura 5 - Distribuicdo geografica da leishmaniose visceral.

Fonte: http://www.who.int/leishmaniasis/leishmaniasis_maps/en/index.html. Acesso em: 26 jan. 2017.

2.2.1 A quimioterapia da leishmaniose

O uso medicinal de compostos de antimdnio para diversos fins terapéuticos ja era conhecido
ha séculos antes da era cristd, mas somente em 1912, Gaspar de Oliveira Vianna observou que
o tartaro emético, Figura 6, era eficaz na terapéutica da leishmaniose. Entretanto, devido a sua
alta toxicidade, os antimoniais trivalentes foram sendo substituidos por compostos
pentavalentes (RATH et al., 2003). Em 1920, Bramachari desenvolveu o primeiro composto a
base de antiménio pentavalente, derivado uréico do acido p-aminofenil estibinico. J4 em 1936,
Schmidt criou o gluconato de antiménio (V) sédico, conhecido comercialmente como
Solustibosan (Bayer) ou Pentostam (Glaxo Wellcome), Figura 6 (RATH et al., 2003).

Durante a Segunda Guerra Mundial, surgiu na Franca um medicamento alternativo ao até
entdo gluconato de antiménio (V) sddico, o antimoniato de N-metil glucamina, comercializado
como Glucantime (Rhéne-Poulenc-Rohrer). Desde entdo, o Pentostan e o Glucantime tém sido
considerados as drogas de primeira escolha no tratamento da leishmaniose (PORTAL DA
SAUDE, 2014). Estes farmacos devem ser administrados por via intramuscular ou intravenosa.
Os efeitos secundérios do tratamento com antimoniais incluem nauseas, dor abdominal,
mialgia, inflamagdo pancreatica, arritmia cardiaca e hepatite. Além disso, a longa duracdo do
tratamento parenteral (até 28 dias) e o surgimento de resisténcia significativa também limitam
a utilidade dessas drogas (PHAM; LOISEAU; BARRATT, 2013).

Outros farmacos, tais como anfotericina B, pentamidina, miltefosina e paromomicina
também sdo utilizados. Por exemplo, a anfotericina B (Figura 6) € sistematicamente utilizada

em pacientes imunocomprometidos e em caso de resisténcia aos antimoniais (ALVAR,;
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CROFT; OLLIARO, 2006). Contudo, a anfotericina B apresenta uma solubilidade limitada em
agua e baixa permeabilidade na membrana devido ao seu peso molecular relativamente elevado.
Como resultado, esta droga € mal absorvida pelo trato gastrointestinal (AMIDON et al., 1995;
LOURIA et al., 1958; PHAM; LOISEAU; BARRATT, 2013). Deste modo, a anfotericina B
deve ser administrada por via intravenosa e frequentemente causa rigor, calafrios, e febre,
associada a miocardite e nefrotoxicidade. As formulagdes de anfotericina B desenvolvidas para
melhorar a farmacocinética e a biodisponibilidade tém diversas limitagdes como: muito
dispendiosas e instaveis a temperaturas mais elevadas (MENEZES et al., 2015).

Apenas a miltefosina (Figura 6) pode ser administrada pela via oral, o que significou um
grande avanc¢o terapéutico no tratamento da LV. Esta via seria altamente preferivel para
tratamento em massa nas partes do mundo onde a LV é endémica (CROFT et al., 1987).
Originalmente desenvolvido como um farmaco anticancerigeno, demonstrou-se que a
miltefosina possuia atividade antileishmania (CROFT et al., 1987). Entretanto, este farmaco
ndo é desprovido de efeitos colaterais, 0s quais incluem disturbios gastrointestinais, toxicidade
renal (SUNDAR; OLLIARO, 2007) e um elevado potencial teratogénico (GHOSH; KAR,;
BERA, 2016).

A pentamidina, Figura 6, foi inicialmente utilizada no tratamento de casos de calazar
resistentes aos antimoniais. O tratamento com pentamidina apresenta um alto custo e a alta
toxicidade desta droga também € fator limitante para o uso. Hipoglicemia, diabetes mellitus,
hipotensao, alteracdes cardioldgicas, nefrotoxicidade e, até mesmo, morte repentina ja foram
relatadas. Atualmente, a pentamidina é recomendada para ser utilizada em protocolos
terapéuticos combinados (RATH, et al., 2003; MENEZES et al., 2015; SUNDAR;
CHATTERJEE, 2006).

Uma droga alternativa para o tratamento da leishmaniose é a paromomicina (Figura 6). E
um antibidtico aminoglicosidico usado para tratar infec¢fes intestinais tais como amebiase e
criptosporidiose. A atividade antileishmania da paromomicina foi identificada pela primeira
vez na década de 1960 (NO, 2016). A paromomicina apresentou uma taxa de cura de 94,6% em
ensaios clinicos de Fase IV na india, e sua formulagdo parenteral é atualmente usada para tratar
LV. No entanto, formulagdes parentéricas podem causar reagdes adversas graves, incluindo
nefrotoxicidade e ototoxicidade e mais raramente hepatotoxicidade (MENEZES et al., 2015).

N&o existe uma droga ideal para o tratamento da leishmaniose. Cada uma das drogas
existentes no mercado apresenta suas proprias limitacGes, tais como efeitos colaterais graves
gue levam ao abandono do tratamento (ALVAR; CROFT; OLLIARO, 2006). Além disso, 0

alto custo da medicacdo também é uma barreira para o controle eficaz da doenca em paises
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pobres. Dessa forma, faz-se necessario a busca por novos medicamentos eficazes, de baixo

custo e com reduzidos efeitos colaterais.

Figura 6 - Estrutura dos principais farmacos utilizados no tratamento da leishmaniose.
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2.3 Acilacéo de proteinas e N-Miristoilagédo

A acilacdo é a adicdo covalente de acidos graxos a proteinas. Os acidos graxos mais comuns
a serem adicionados a proteinas sdo o miristato e o palmitato, os quais sdo acidos graxos
saturados de 14 e 16 carbonos, respectivamente. A acilacdo é essencial em diversos processos
biologicos importantes, incluindo o direcionamento de vesiculas, a estabilizacdo de interacdes
proteina-membrana, além da sinalizacdo celular (GOLDSTON et al., 2014).

A Miristoilacdo N-terminal (MIR), Figura 7, € uma das modificacGes proteina-lipideo mais
criticas; consiste na adi¢do de um &cido graxo saturado de 14 carbonos, o miristato, a um residuo
de glicina N-terminal de uma determinada sequéncia proteica. O residuo de glicina N-terminal
é exposto, geralmente, como uma consequéncia do processo de excisdo da metionina N-
terminal durante a biossintese de proteinas (GIGLIONE; FIEULAINE; MEINNEL, 2015). E
um processo irreversivel e geralmente ocorre co-traducionalmente, embora possa ocorrer pds-
traducionalmente, quando o processamento proteolitico gera uma nova glicina N-terminal
(GOLDSTON et al., 2014).

A MIR ocorre em aproximadamente 0,5% das proteinas eucaridticas e é realizada pela
enzima N-miristoiltransferase (NMT). N-miristoilacdo pela NMT ocorre através do mecanismo
de Bi-Bi, onde MYR-CoA liga-se a apo-enzima, induzindo uma alteragdo conformacional que
permite que o substrato se ligue (RUDNICK et al., 1991; TATE et al., 2014).

MIR medeia interacGes proteina-proteina entre as proteinas de membrana que, por sua vez,
facilita uma variedade de vias de transducdo de sinal. Além disso, a miristoilacdo pode estar
envolvida na estabilidade das proteinas e na associacdo de proteinas com membranas (TATE et
al., 2014). A MIR é importante para a regulacdo e a sobrevivéncia celular e, assim, a NMT

torna-se um alvo chave no desenvolvimento de novos quimioterapicos.

Figura 7 — Miristoilagdo
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Fonte: Do autor (2017).
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2.3.1 N-Miristoiltransferase

A N-Miristoiltransferase € uma enzima citosolica que catalisa a transferéncia do grupo
miristato a partir da miristoil coenzima A (CoA) a residuos de glicina amino terminal, em
enzimas especificas (CURI et al., 2001; GOLDSTON et al., 2014; WRIGHT et al., 2014).
Inicialmente o miristoil-CoA induz um rearranjo conformacional na NMT que revela seu sitio
ativo. Em seguida, o miristato € transferido por uma reacdo de adi¢do-eliminacdo nucleofilica
para a glicina N-terminal do peptideo, formando uma ligacdo amida que é seguida pela
liberacdo sequencial do CoA e da proteina miristoilada (BRAND et al., 2011).

Como a miristoilacéo geralmente ocorre durante a traducéo, enquanto a molécula nascente
ainda esta presa ao ribossomo, é necessaria a prévia remocao da metionina inicial. A NMT néo
apresenta atividade intrinseca de aminopeptidase, sendo assim, é necessario a remoc¢do do
aminoacido metionina por uma aminopeptidade, de forma que a glicina na posicdo 2 torna-se 0
aminoacido terminal. Porém ndo sdo todas as glicinas N-terminais que serdo miristoiladas. Para
isto, elas devem possuir a sequéncia consenso Met-Gly-X-X-X-Ser/Thr-X-X (CURI et al.,
2001; GOLDSTON et al., 2014).

A NMT ¢é uma enzima tipicamente monomérica de 50 KDa que parece ser ubiqua em
eucariotos. Em leveduras e protozoarios a enzima esta presente em uma Unica isoforma,
enquanto em vertebrados e plantas existe 2 isoformas, a NMT1 e a NMT2 (GOLDSTON et al.,
2014; SYLKE et al., 2016).

A enzima NMT de Plasmodium falciparum possui 410 aminoacidos, e a NMT de
Leishmania donovani, 421 aminoacidos. As sequéncias priméarias de aminoacidos dessas
enzimas foram alinhadas com a sequéncia primaria das duas isoformas da NMT humana
(NMT1 com 496 aminoacidos e NMT2 com 410 aminoéacidos) utilizando o servidor BLAST
(ANEXO A) (ALTSCHUL et al., 1990). O alinhamento entre a enzima NMT1 humana e a
NMT de Plasmodium falciparum demonstrou uma identidade de 51%, e entre a NMT2 humana
e a de Plasmodium falciparum também apresentou identidade de 51%. Ja para o alinhamento
entre a enzima NMT1 humana e a NMT de Leishmania donovani foi verificada uma identidade
de 42%, e entre a NMT2 humana e a de Leishmania donovani foi de 44%. Finalmente, o
alinhamento entre as enzimas de Plasmodium falciparum e a de Leishmania donovani
apresentou uma identidade de 40%.

A inibicdo da NMT demonstrou ser essencial para a sobrevivéncia de diversos organismos
parasitas (GOLDSTON et al., 2014) e, portanto, representa um alvo racional para o

desenvolvimento de farmacos para o tratamento da malaria e da leishmaniose. Uma ferramenta
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util para desenvolver novos compostos protétipos para a inibicdo da NMT é por meio do estudo
de relagGes quantitativas entre a estrutura quimica e atividade bioldgica.

2.4 Relagdo quantitativa estrutura-atividade

O principio elementar da relagdo quantitativa estrutura atividade (QSAR, do inglés
Quantitative Structure-Activity Relationship) é que as propriedades de uma molécula séo
determinadas por sua estrutura molecular (SUTHERLAND; O'BRIEN; WEAVER, 2004).
Portanto, a atividade biologica de um farmaco estd relacionada com as caracteristicas
moleculares especificas, que sdo denominadas de descritores (ANDRADE et al., 2010).

Os estudos de QSAR tém amadurecido em uma ferramenta amplamente utilizada, que
contribui substancialmente para o processo de descoberta de drogas (LILL, 2007). Essa
metodologia economiza recursos e agiliza o processo de desenvolvimento de novas moléculas
(KHAN et al., 2009).

Modelos de QSAR devem ser capazes de prever a atividade de uma série congénere. Além
disso, eles sdo utilizados para fazer previsdes sobre novos derivados a farmacos
(SUTHERLAND; O'BRIEN; WEAVER, 2004). Uma vez que a estrutura é conhecida, qualquer
descritor molecular pode ser calculado, sendo o composto de interesse ja sintetizado ou nao
(YANMAZ et al., 2011).

Os primeiros estudos QSAR basearam-se em uma Unica propriedade fisico-quimica, como
a solubilidade para explicar o efeito biolégico da molécula (QSAR 1D). Hansch e Fuijita,
consideraram que a atividade bioldgica observada € resultado da contribuicdo de diversas
propriedades fisico-quimicas (QSAR 2D), e seu modelo tenta identificar a contribuicéo de cada
fator no estabelecimento da resposta biolégica (TAVARES, 2004). Informacdes significativas
sobre um conjunto de dados podem ser extraidas, utilizando o0 QSAR 2D, entretanto, esses
descritores ndo possuem informacdes relacionadas com as caracteristicas tridimensionais dos
compostos (OPREA, 2002).

No QSAR 3D, considera-se a estrutura tridimensional do ligante, e este modelo fornece
uma informacao estrutural completa, tendo em conta a topologia, composicao e forma espacial
da molécula em uma Unica conformacdo (KUZ'MIN; ARTEMENKO; MURATOQV, 2008). Em
1988, o0 método de analise comparativa de campo molecular (CoMFA) foi publicado por
Cramer et al. (1988). Este método, que é baseado em campo molecular, constituiu o primeiro
verdadeiro método de QSAR 3D (KUBINY, 1997).

Ja 0 QSAR 4D foi proposto por Hopfinger e colaboradores (1997) e examina o espaco
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conformacional dos ligantes. Este modelo é semelhante ao modelo 3D, porém, a quarta
dimensdo na metodologia de QSAR-4D corresponde & amostragem conformacional em fungéo
do tempo de simulacéo pela dindmica molecular, permitindo assim, identificar a conformacéo
gue maximiza o valor da atividade em modelos de QSAR-3D (HOPFINGER et al., 1997;
YANMAZ et al., 2011). Assim, ap6s a obtencdo de um conjunto de conformacdes geradas pela
simulacdo da dinamica molecular, estas devem ser utilizadas para gerar os descritores na
metodologia de QSAR-4D.

Na auséncia da estrutura do receptor biologico, diferentes protocolos sdo apresentados no
QSAR 5D, como uma solucdo possivel para o problema, permitindo a avaliacdo simultanea de
diferentes cenarios de ajuste induzido (VEDANI et al., 2005). No QSAR 6D, a estimativa
simultanea de diferentes modelos de solvatacdo pode ser considerada (VEDANI et al., 2007).

Finalmente, 0 QSAR-7D inclui receptores reais ou modelos de receptores virtuais baseados
em alvo como, por exemplo, os obtidos por modelagem de proteinas por homologia (ROY;
KAR; NARAYAN, 2015; POLANSKI, 2009). Neste trabalho, sera utilizada a metodologia de
QSAR-4D no intuito de identificar caracteristicas importantes que um potente inibidor da NMT

deva apresentar.

2.4.1 QSAR-4D

O método de QSAR-4D foi desenvolvido por Hopfinger e colaboradores e permite explorar
diferentes graus de liberdade conformacional e distintos alinhamentos na busca de uma
conformacao representativa do modo de interagdo dos farmacéforos (HOPFINGER et al., 1997,
VENKATARANGAN; HOPFINGER, 1999).

O método envolve o célculo de simulacdo de dinamica molecular (SDM) para cada
molécula e, assim, sdo gerados um enorme numero de conférmeros (BAK; POLANSKI, 2006).
Estes conférmeros sao utilizados para obter um perfil de amostragem conformacional (CEP, do
inglés Conformational Ensemble Profile). Assim, o diferencial deste método & que ele
incorpora a flexibilidade conformacional do ligante.

Cada conformacdo do CEP de cada molécula é entdo colocada em uma caixa tridimensional
virtual, onde é definido o alinhamento (HOPFINGER; DUCA, 2000). O alinhamento é a
maneira pela qual os compostos do conjunto de treinamento sdo comparados. A qualidade do
modelo gerado depende do alinhamento testado, sendo assim, esta € considerada uma das etapas
mais importantes na metodologia de QSAR-4D (CUNHA et al., 2005). Em geral, os

alinhamentos séo escolhidos de modo a abranger uma estrutura em comum dos compostos dos
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grupos treinamento e teste. Alinhamentos usando atomos da direita, esquerda e do meio, ou que
usam atomos que abrangem toda a regido similar dos ligantes devem ser usados para garantir
um bom alinhamento (OLIVEIRA; RAMALHO; CUNHA, 2009; ROMEIRO et al., 2005). A
ordem dos atomos escolhidos para cada alinhamento & importante, ja que durante o
procedimento o primeiro 4&tomo selecionado € posicionado na origem dos trés eixos cartesianos
e a molécula é girada de modo que o segundo &tomo se posicione no eixo X, € o terceiro se
posicione no eixo y (HOPFINGER et al., 1997).

O préximo passo € a selecao dos elementos de interacdo farmacoforica, IPEs (do inglés
Interaction Pharmacophore Elements), que correspondem aos tipos de &tomos que podem
ocupar a célula da caixa. Os atomos de cada composto séo classificados em sete tipos de IPEs,
que correspondem aos tipos de interacdo que podem ocorrer no sitio ativo e estdo relacionados
com grupos farmacofdricos (ROMEIRO et al., 2005). Os IPEs descritos pelo programa de
QSAR-4D sao: (1) qualquer tipo de atomo, (2) interacdo nédo polar, (3) interagdo polar positiva,
(4) interag&o polar negativa, (5) aceptor de ligagéo hidrogénio, (6) doador de ligacdo hidrogénio
e (7) atomos em sistemas aromaticos (ANDRADE et al., 2010; HOPFINGER, 2001).

Na analise QSAR-4D, a frequéncia de ocupacdo de cada célula da caixa por cada IPE é
registrada ao longo das conformacdes obtidas pela SDM e forma o conjunto de descritores de
ocupacdo da célula (GCOD, do inglés Grid Cell Occupancy Descriptors)
(VENKATARANGAN; HOPFINGER, 1999) que serdo utilizados na construcdo dos modelos
de QSAR. A Figura 8 mostra um esquema com as etapas para a obtencdo de modelos de QSAR-
4D.
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Figura 8 -Representacdo esquematica das principais etapas para a geracdo de modelos pela
metodologia de QSAR-4D.
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2.4.2 Validagdes em QSAR

A validacdo dos modelos de QSAR desenvolvidos desempenha um papel substancial
para a sua aplicacdo bem sucedida na previsdo de novos compostos (ROY et al., 2013). As
validacOes sdo divididas em validacdo interna e validacdo externa. A fim de realizar estas
validagdes o conjunto de dados é dividido em um conjunto de treinamento e um conjunto de
teste. O conjunto de treinamento é composto pelas moléculas que serdo utilizadas na construgdo
dos modelos e participam, entdo, da validacdo interna dos modelos. Ja o conjunto de teste ndo
participa da construcdo dos modelos de QSAR e varios autores sugerem que a Unica forma de
estimar o verdadeiro poder preditivo de um modelo é comparando as atividades preditas e
observadas de um conjunto de teste suficientemente grande e que este ndo tenha sido usado no
desenvolvimento do modelo (VEERASAMY et al., 2011). Assim, aproximadamente 20-30%
do conjunto de dados € separado para compor 0 conjunto de teste. Os principais parametros

utilizados nas validagdes interna e externa sdo descritos a seguir:
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2.4.2.1 Validagéo interna

24.2.1.1 Coeficiente de determinacdo (r?)

O coeficiente de determinacio, r? ou R?, ¢ uma medida do grau de ajuste da equacéo de
regressdo multipla aos dados amostrais (Eq. 1).

_ Z? (YExp - YPred )2
Z? (YExp - YExp )2

R* =1 (1)

Na equacdo acima, Yexp representa o valor da atividade experimental, enquanto que
Yerred € a atividade predita e Yz, é a média da atividade experimental. A medida que o valor de
r? desvia-se 1, a qualidade de ajuste do modelo piora.

No entanto, deve-se notar que r? é simplesmente uma medida da qualidade do ajuste
entre 0o modelo de célculo e os valores experimentais, e ndo reflete o poder preditivo do modelo
(GRAMATICA,; PILUTTI, 2004). Também pode ser calculado o RMSEc (raiz quadrada do
erro quadratico médio da calibracdo) que é uma medida da diferenca entre os valores

observados e preditos pelo modelo.

2.4.2.1.2 Validacdo cruzada por ‘leave-one-out’ (Ioo) (g?)

Esta validacdo, que no portugués significa ‘deixe um de fora’, consiste em excluir um
composto do conjunto de treinamento por vez. O modelo de QSAR ¢ entdo reconstruido com
base nas moléculas resultantes, e a atividade da molécula que foi excluida da construcdo do
modelo é predita pela nova equacéo obtida. Este ciclo € repetido até que todas as moléculas do
conjunto de treinamento tenham sido excluidas uma vez. Este parametro avalia a robustez do

modelo e é considerado aceitavel quando apresenta g°> 0,5 (Eq. 2).

_ 2111 (YExp - YPredcv )2

— 2
2111 (YExp - YExp )2 ( )

q°=1




27

onde, Yexp indica o valor de atividade experimental, Ypredcy 0 Valor de atividade predita
de acordo com a técnica Leave-one-out, e ?Exp o0 valor médio de atividade experimental, para
0s compostos do conjunto de treinamento (JAGIELLO et al., 2014; ROY et al., 2015).
Para permitir a comparacédo entre modelos com numero diferente de variaveis os valores
de g2 devem ser transformados em ¢sjustado, demonstrado pela Equagéo 3:
_ 1-(1-¢?) 3)

2
Qajustado - n-1
n-p

Nesta equacdo > corresponde ao quadrado do coeficiente de correlagdo apds a
validacdo cruzada, n corresponde ao numero de compostos do conjunto de treinamento e p
corresponde a quantidade de variaveis do modelo. Ainda pode ser calculado o RMSEcyv (raiz

quadrada do erro quadratico médio da validacdo cruzada).
2.4.2.1.3 Fator de desajuste de Friedman (LOF)

Estima a qualidade de um modelo. Esta medida penaliza adequadamente a adi¢cdo de
termos a equacao de tal forma a resistir ao excesso de ajuste. A falta de ajuste (LOF) (Eq. 4) é
usada para estimar a qualidade de um modelo, de modo que o melhor modelo receba a melhor

pontuacgéo de aptiddo.
LSE
{ 1_(c+dp)}2

m

LOF = (4)

onde LSE € o erro de minimos quadrados (calculado a partir da diferenca entre os valores
reais e calculados para o indice de atividade sobre o conjunto de dados), ¢ é o nimero de fungdes
de base no modelo, d é o fator de suavizacao, p € o numero total das variaveis contidas em todas

as funcGes de base, e m é 0 nUmero de amostras (compostos) no conjunto de treinamento.

24214 Y-Randomization (R%) e R%

A validacdo por Y-Randomization é realizada de modo a garantir a robustez do modelo
de QSAR desenvolvido. O teste consiste em permutar os valores das atividades biologicas
experimentais (variavel dependente Y) mantendo fixa a matriz de descritores. O propoésito do
Y-Randomization € garantir que a correlacdo existente entre as varidveis X e Y ndo ocorre ao
acaso. Para isto, 0s modelos obtidos ao randomizar as atividades bioldgicas devem ser ruins e,
assim, o valor de R?r deve ser bem menor que o valor de R? (KIRALJ; FERREIRA, 2009; ROY
etal., 2015).
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O parametro R%,, Eq. 5, relatado por Roy, assegura que os modelos ndo s&o obtidos por
acaso. O valor de R?%, deve ser superior a 0,5 para ser considerado como modelo aceitavel (ROY,
2007; VEERASAMY et al., 2011).

RZ = R? X \/R2 — R2 (5)
2.4.2.2 Validagéo externa
24.2.2.1 RZPred

Varios autores tém sugerido que a Unica maneira de estimar o verdadeiro poder preditivo
de um modelo de QSAR é comparar as atividades previstas e observadas de um conjunto de
teste, ou seja, por meio de compostos que ndo foram utilizados no desenvolvimento do modelo
(VEERASAMY et al., 2011).

A capacidade preditiva de um modelo pode ser confirmada pelo valor de externa R%pred,
Eq. 6.

2:111 (YExp(teste) - YPred(teste) )2 (6)

R2 =1- —
Pred n 2
21 (YExp(teste) - Ytreinamento )

onde, Yexpcteste) € Ypred(testey indicam os valores de atividade experimental e predita do
conjunto de teste, respectivamente; Y yeinamento € 0 Valor médio da variavel dependente para o
conjunto de treinamento. Um valor de R%preq Superior a 0,5 pode ser considerado como um bom
indicador de preditibilidade externa (ROY et al., 2009). O RMSEp (raiz quadrada do erro
quadratico médio da predigdo) também pode ser medido.

24222 R%m

Tem-se verificado que o valor de R3,,, pode ndo ser suficiente para indicar a predicio
externa de um modelo (ROY et al., 2009). Como o valor de R3,,, ¢ dependente da média do
conjunto de treinamento, ele pode ndo refletir a verdadeira capacidade preditiva de um modelo
para um novo conjunto de dados. Para refinar ainda mais a habilidade preditiva dos modelos de
QSAR a medida de rm?(este) foi introduzida por Roy, Eq. 7 (ROY et al., 2013):
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) )

onde, r¢ ¢ o coeficiente de correlacdo quadratico entre os valores observados e preditos
do conjunto de teste com intercepto zero.

O coeficiente de correlagdo quadratico entre os valores observados (eixo Y) e preditos
(eixo X) dos compostos com e sem intercepto sdo calculados para a determinacéo de 2. Para
um modelo aceitavel, o valor de rm?(este) deve ser maior que 0,5 (ROY et al., 2009, 2013).

Inicialmente, o conceito de 7;2 foi aplicado apenas para a validacdo do conjunto de teste,
mais ele também € passivel de aplicagdo para o conjunto de treinamento quando se considera a
correlacdo entre os valores observado e predito por leave-one-out (LOO), para o conjunto de
treinamento. O rm2 () inclui predico para ambos, conjunto de teste e treinamento. Assim, esta
estatistica é baseada em um grande nimero de compostos e pode ser utilizada na selecdo dos
melhores modelos (VEERASAMY et al., 2011).

24223 r2 e Arm?

Variaces do rm?, também proposta por Roy et al (2013) sdo os valores de ;2 (Eq. 8) e

Arm? (Eq.9), que podem ser calculados para as validag@es internas e externas.
r3 = (5 +113)/2 (8)

ARS, = (Irfy — i) (9)

onde, ri2 =r% X (1 —/r2 — ry?).
Tem sido sugerido que para 0 modelo ser considerado preditivo o valor de ;2 deve ser

maior que 0,5 e para ARm? menor que 0,2.



30

3 CONSIDERACOES FINAIS

Neste trabalho foram propostos modelos de QSAR-4D para inibidores da NMT de
Plasmodium falciparum e de Leishmania donovani. Os modelos gerados fornecem informacgoes
importantes que podem auxiliar no planejamento de farmacos. No trabalho de antimalariais
foram testados dois grupos de teste e dez alinhamentos. O melhor modelo foi obtido a partir do
Alinhamento B3, e gerou uma equacdo com sete descritores. O Modelo B3 mostrou uma
qualidade estatistica e habilidades preditivas satisfatdrias. A analise de QSAR-4D indicou um
papel importante dos grupos de aceptores de hidrogénio e grupos aromaticos, 0 que permitiu
propor cinco estruturas. As mesmas provaram ser mais ativas do que o Composto 81, o mais
ativo da série, além de terem suas propriedades farmacocinéticas avaliadas pela regra de
Lipinski. Assim, estas moléculas podem ser consideradas promissores prototipos para o
tratamento da maléria.

No trabalho da leishmaniose foram construidos trés grupos de teste e sete alinhamentos.
O melhor modelo, Modelo A1, apresentou caracteristicas importantes que podem ser aplicadas
no desenvolvimento de novos inibidores da NMT. Com base nos descritores obtidos a partir do
Modelo Al, foram propostos os compostos A, B e C, os quais demonstraram valores de
atividade bioldgica superiores ao composto mais ativo desta serie. Estes resultados foram
corroborados por estudos de ancoramento molecular, que confirmam e ampliam os resultados
do QSAR-4D, permitindo o melhor entendimento das interacdes entre os inibidores e o sitio
ativo da NMT de Leishmania donovani. Além disso, os compostos A, B e C também passaram
por uma avaliagdo de ADME e ndo demonstraram problemas de biodisponibilidade.
Consequentemente, 0s compostos propostos podem ser propicios para o tratamento da
leishmaniose. Os resultados obtidos pelos dois trabalhos demonstram-se passiveis de serem
aplicados na busca por novos farmacos inibidores da NMT para o tratamento da malaria e da

leishmaniose.
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ANEXO A — Alinhamento entre as isoformas da enzima NMT humana e as enzimas

NMT de Plasmodium falciparum e Leishmania donovani

1 Alinhamento entre a isoforma NMT1 humana e a NMT de Leishmania donovani.

81
12

156
56

236
136

295
216

i7a
296

458
375

Color key for alignment scores

W <40 W 40-50 M 50-80 W 20-200 W ==200
1 90 180 270 360 450

Max | Total  Query E
score score cover  value

355 373 80% 2e-123 42% Query_ 143895

ldent  Accession

MADESETAVKPPAPPLPOMMEGNGNGHEHCSDCENEEDNSYNRGGLSPANDTGAKKKKKKQKKKKEKGSETDSAQDQPVE

MSR === = === == = e e e e e e e PG NSDAA - -~ - == mmmmmm e e

MNSLPAERIQE IQKAIELFSVGQGPAK TMEEASKRSYQFWDTQPVPK LG- - - EVVNTHGPV - - EPDKDNIRQEPYTLPQG
oo _HAFWSTQPVPQTEDETEKIVFAGPMDEPKTVADIPEEPYPIAST

FTWDALDLGDRGYLEELYTLLNEMYVEDDDMNMFRFDYSPEFLLWALRPPGWLPOMHCGVRVYVSSRELVGFISATPANIHT
FEWWTPNMEAADDIHATIYELLRDNYVEDDDSMFRFMNYSEEFLQMALCPPSYIPDWHVAVRREADKK LLAF IAGVPVTLRHM

-—mme-m-e-—---- - -YDTEKKMVEINFLCVHKKLRSKRVAPVLIRE I TRRVHLEGIFQAVYTAGVVLPKPVGTC
GTPKYMKVKAQEKGQEEEAAKYDAPRHICE INFLCVHKQLREKRLAPILIKEVTRRVNRTNVIWQAVYTAGVLLPTPYASG

RYWHRSLMPREKLIEVKFSHLSRHMT ----- MORTMELYRLPETPKTAGLRPMETKDIPVVHQLLTRYLKQFHLTPYMSQE
OYFHRSLMPEKLVEIRFSGIPAQYQKFQNPMAMLERNYQLPNAPKNSGLREMKPSDVPOVRRILMNY LDNFDVGPVESDA

EVEHWFYPQENIIDTFVVENANGEVTDF LSFYTLPSTIMNHP THES LKAAYSFYNVHTQTPLLOLMSDALVLAKMEKGFDV
EISHYLLPRDGVVFTYVVEN-DEKVTDF FSFYRIPSTYVIGNSNYNI LNAAYVHYYAATSMPLHOQLILDLLIVAHSRGFDV

FHALDLMENKTFLEKLKFGIGDGMLOYY LYNWKCPSMGAEKVGLVYLY 496
CHMVEILDNRSFVEQLKFGAGDGHLRYYFYNWAYPKIKPSQVALVML 421

aa
11

155
55

235
135

294
215

369
295

449
374



2 Alinhamento entre a isoforma NMT2 humana e a NMT de Leishmania donovani.
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3 Alinhamento entre a isoforma NMT1 humana e a NMT de Plasmodium falciparum.
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4 Alinhamento entre a isoforma NMT2 humana e a NMT de Plasmodium falciparum.
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5 Alinhamento entre as enzimas NMT de Plasmodium falciparum e de Leishmania donovani.
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Abstract Malaria is a disease caused by protozoan parasites of the genus Plasmodium that affects thousands of
people worldwide. In recent years there have been parasite resistance to several drugs, including the first-line
antimalarial treatment. With the aim of proposing new drugs candidates for the treatment of disease, 4D-QSAR
methodology was applied to a series of 83 N-myristoyltransferase inhibitors, synthesized by Leatherbarrow et al.
The QSAR models were developed using 63 compounds, the training set, and externally validated using 20
compounds, the test set. Ten different alignments for the two test sets were tested and the models were generated
by the technique that combines genetic algorithms and partial least squares. The best model shows r? = 0.757, g?
= 0.702, qZdjusted = 0.634, R%yeq = 0.746, R%m= 0.716, AR?, = 0.133, R%, = 0.609 and R?r = 0.110. This work
suggested a good correlation with the experimental results and allows the design of new potent N-

myristoyltransferase inhibitors.

Keywords: Malaria; Plasmodium falciparum; Inhibitors; N-myristoyltransferase; 4D-QSAR
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1 Introduction

Malaria is a mosquito-borne protozoal infection caused by five parasites of five species of the genus
Plasmodium: P. falciparum, P. ovale, P. malariae, P. vivax, and P. knowlesi [1]. Among these, Plasmodium
falciparum is the most prevalent and lethal [2]. Malaria remains a major public health problem in many countries
of the world despite progress in reducing malaria cases and deaths, malaria was responsible for over 214 million
cases and 438,000 deaths in 2015 [3]. Researchers have identified the N-myristoyltransferase (NMT) enzyme as
an important target for a generation of drugs to be used for the treatment of malaria. NMT catalyzes the transfer
of the myristoyl group from a myristoyl coenzyme A (CoA) to the N-terminal glycine residue after the targeted
protein[4]. N-terminal myristoylation (MYR) by NMT occurs through the Bi-Bi mechanism, where MYR-CoA
binds to the apo-enzyme, inducing a conformational change that allows the NMT substrate to bind [5, 6]. P.
falciparum has a single NMT isoform and mRNA is expressed in asexual blood-stage forms [7].

Over the past 50 years, the parasite resistance to chloroquine and sulphadoxine-pyrimethamine in endemic
countries has been noted [8, 9]. In addition, signs of resistance to artemisinin-based combination therapies (ACTS)
have been detected. ACTs are the first-line treatment for malaria and thus, new drugs are constantly required [6,
10-12].

MYR mediates protein-protein interactions between membrane proteins that in turn facilitate a variety of
signal transduction pathways. Moreover, myristoylation can be involved in protein stability and association of
proteins with membranes [6, 13]. The MYR is important for regulation and cell survival and thus, NMT becomes
a key target in the development of new chemotherapeutics.

In this work, we used dimensional quantitative structure-activity relationship analysis of 83 NMT inhibitors
seeking to propose new candidates for NMT inhibitors. Furthermore, an ADME evaluation was performed in order

to find the most appropriate compound predicted.

2 Methods

2.1 Biological Data

In order to build QSAR models, 83 Plasmodium falciparum inhibitors were retrieved from Leatherbarrow et
al.[14]. 20 compounds (25%) were randomly selected to compose the test set (external validation). Two test groups
were chosen. The first (Test set I) has the following molecules: 1; 3; 5; 6; 12; 16; 20; 30; 33; 39; 40; 50; 56; 57;
61; 65; 66; 69; 76 and 80; Test set Il has the following molecules: 3; 6; 9; 13; 20; 21; 27; 28; 31; 32; 40; 56; 57;

58; 64; 70; 73; 76; 78 and 82 (Fig. 1).
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Fig 1. Chemical structures and plCso (M) values of 83 Plasmodium falciparum inhibitors. Test set | compound

numbers are marked with an asterisk. Test set 11 compound numbers are underlined.

The biological activities of these compounds were reported as the concentration capable of inhibiting 50% of
the enzyme activity (ICso), measured using an adapted version of the sensitive fluorescence-based assay based on
detection of CoA by 7-diethylamino-3-(4-maleimido-phenyl)-4-methylcoumarin [14]. Furthermore, in an effort to
eliminate the potential noise that might have been introduced by the pooling of data sets from different sources,
all pharmacological data are obtained from the same laboratory. The ICso (LM) values were converted into molar
units and then expressed in negative logarithmic units (pICso), and are depicted in Fig.1. The range of plCsp values
for the training and test set spans at least three orders of magnitude (4.00 to 7.30), and the biological activity values

show a regular distribution over the whole range.

2.2 Molecular dynamic simulation (MDS)

The three-dimensional structure from 83 analogues (Fig. 1) were optimized in vacuum, without any
restriction, and the partial atomic charges assigned using RM1 semiempirical Hamiltonian [15]. The MDS was
carried out at 300 K, close to the temperature assays, with a simulation sampling time of 100 ps, and intervals of
0.001 ps. Thus, a total sample of 100,000 conformations of each compound was produced. The MDS calculations
were carried out employing a distance-dependent dielectric function, e, = D*rj;, which was set to 3*r;; in order to

try to model the solvent effect.

2.3 Alignment definition

As the compounds are structural analogs, we will assume that all molecules bind to the receptor in a similar
mode. In general, the alignments are chosen to span the common framework of the molecules in the training and
test sets [16-18]. In this work, ten alignments were performed using atoms of the (common) benzene ring. Three-
ordered atom trial alignments were selected: (1) a-b-c, (2) a-b-d (3) b-c-d, (4) c-d-f, (5) b-c-a, (6) b-a-c (7) a-c-b,

(8) ) c-b-a, (9) d-a-f and (10) a-b-e (Fig. 2). The order of the three ordered-atoms is important: the first atom



o1

specified for a molecule might be expected to occupy a similar location in space as the first atom specified for the
second molecule. The conformational ensemble profile (CEP) for each compound obtained after the MDS step

was overlaid onto a cubic lattice with grid cell size of 1A.

HN

Fig. 2 Ordered atom letter codes (a, b, ¢, d, e and f) used in the 4D-QSAR analysis defines the three trial alignments.

Compound 81 (pICsp = 7.301) is used to define the atom letter code.

2.4 Interaction pharmacophore elements

According to the 4D-QSAR methodology, atoms of each compound are defined by seven types of interaction
pharmacophore elements (IPESs). IPEs correspond to the interactions that may occur between ligand and the active
site: i) any type (any); ii) nonpolar (np); iii) polar-positive charge density (p+); iv) polar-negative charge density
(p-); v) hydrogen bond acceptor (hba); vi) hydrogen bond donor (hbd); and vii) aromatic systems (ar) (Hopfinger
et al, 1997). The occupancy of the grid cells by each IPE type are recorded over the conformational assembly
profile, and forms the set of grid cell occupancy descriptors (GCOD) to be utilized as the pool of trial descriptors
in the model building and optimization process [19]. The idea underlying a 4D-QSAR analysis is that variations
in biological responses were related to differences in the Boltzmann average spatial distribution of molecular shape
with respect to the IPE. Thus, the normalized grid cell absolute occupancy, defined as the number of times that a
cell was occupied by an atom type during the MDS, divided by the size of the CEP (1,000 conformations), was
used to define the GCODs.

4D-QSAR model calculation. In order to exclude data noise from databases generated by the alignments,
partial least-squares (PLS) regression analysis was performed as a data reduction fit between the observed
dependent variable measures and the corresponding set of GCOD values. Additionally, PLS identifies the most

highly weighted GCODs from data set of local grid cells [19].
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200 GCODs with the highest weight from the data reduction were chosen to form the trial descriptor basis

sets for model optimization by genetic function approximation (GFA) analysis [19]. Optimizations were initiated

using 100 randomly generated models and 10,000-100,000 crossover operations. Mutation probability over the

crossover optimization cycle was set at 10-30%. The smoothing factor, the variable that specifies the number of

descriptors in the QSAR models, was varied between 1.0 and 3.0, in order to determine equations with no more

than 12 terms. Each alignment was evaluated using the procedure described above.

The best models, resulting from the 4D-QSAR study were based on different criteria [20-24].

vi)

vii)

viii)

Coefficient of determination (r?): is a measure of how well the regression line represents the data.
Root mean square error of calibration (RMSEc);
Leave-one-out cross-validation (LOOcv) correlation coefficient (g?): estimating the performance of
a predictive model.
Adjusted cross-validated squared correlation coefficient (g2gj):

1-(1-q%)

2
QZaj = —mr— Eq. 1
np

Root mean square error of cross validation (RMSEcv);

Least-square error of fit (LSE);

Friedman’s lack-of-fit (LOF): estimates the quality of a model. This measure penalizes appropriately
for the addition of terms to the equation (and consequent loss of degrees of freedom) in such a way

to resist over-fitting:

LSE

=

LOF = Eq.2

where LSE is the least-squares error, ¢ is the number of basis functions in the model, d is the
smoothing factor, p is the total number of variables contained in all basis functions, and m is the
number of samples (compounds) in the training set.

Correlation coefficient of external validation set (R%yeq): reflects the degree of correlation between

the observed (Yexpesty) and predicted (Y predceesyy) activity data of the test set:

n 2
2 _ 21 (YExp(test) _YPred(test) )
Rprea 1- Eq.3

E;l (YExp(test) _?training )2
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Where ?traming is average value for the dependent variable for the training set.
ix) Root mean square error of prediction (RMSEp),
X) Modified r? (rmesy) equation determining the proximity between the observed and predicted values

with the zero axis intersection:

rn2 =12 (1 — |\/r2 — r02|) Eq.4

Xi) Y-Randomization (R?): consists of the exchange of the values of the independent variables
randomly. Thus, the R? value must be less than the correlation coefficient of the non-randomized
models.

Xii) Root mean square error of Y-Randomization (RMSEc v-rand);

xiii) RZ,: penalizes the model R? for the difference between the squared mean correlation coefficient (R?)

of randomized models and the square correlation coefficient (R?) of the non-randomized model:

12 =712 \r2 —1;2 Eq.5

Conformational selection. In the 4D-QSAR method, the conformation of each compound can be postulated
as the lowest-energy conformer state from the set sampled for each compound, which predicted the maximum

activity using the optimum 4D-QSAR model [19].

3 Results

3.1 Alignments evaluation

The GA-PLS analysis using grid cells of 1.0 A generated several models or equations. The statistical
parameters of ten alignments studied for Test set | (Compounds 1, 3, 5, 6, 12, 16, 20, 30, 33, 39, 40, 50, 56, 57,
61, 65, 66, 69, 76 and 80) and Test set 11 (Compounds 3, 6, 9, 13, 20, 21, 27, 28, 31, 32, 40, 56, 57, 58, 64, 70, 73,
76, 78 and 82) are shown in Table 1 and Table 2, respectively. All tested alignments showed q? values higher than
0.5. This reveals that the model can be a useful tool for predicting affinities of new compounds based on these
structures; r2 greater than 0.7 indicates that the model is correlated and may be considered to represent the training
set in the same manner [19]. Alignments 6B and 7B were eliminated from the analysis because it presented a low

r? value (<0.7).
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Evaluating the predictive ability in terms of R%yeq (means of an external validation), the alignment 5A was
eliminated (R%yreq < 0.5). All R% values were greater than 0.60, and values over 0.5 are acceptable. Analyzing the
R?, values, alignments B1, B2, B4, B6 and B7 were excluded because this parameter value was less than 0.5 [25].

Alignment 3 from Test set Il (B3) provides the best 4D-QSAR models as judged by the highest g2gj, in
addition to presenting fewer descriptors. Among the alignments with only 7 descriptors, this still has the highest
values of r2, g2, g2%qj, R?p, and lowest value of R?,. According to these results, we selected Model B3 as the best

alignment. We will only present the analysis of the best model derived from B3.



Table 1 Statistical parameters evaluated in the 4D-QSAR analysis for the ten performed alignments of the Test I.

Alignment r2 RMSEc q? O Paci RMSEcy LSE LOF Rpred RMSE» R’ R% RMSEC v-rand R?, GCODs
Al 0.746 0.481 0.684 0.607 0.549 0.243 0.374 0.532 0.650 0.710 0.312 0.492 0.820 8
A2 0.744 0.478 0.685 0.608 0.548 0.246 0.377 0.548 0.663 0.692 0.343 0.471 0.799 8
A3 0.761 0.469 0.687 0.609 0.546 0.229 0.398 0.508 0.702 0.735 0.182 0.579 0.994 8
Ad 0.708 0.508 0.649 0.576 0.579 0.279 0.485 0.588 0.595 0.645 0.287 0.460 0.825 8
A5 0.736 0.511 0.664 0.589 0.566 0.253 0.439 0.477 0.698 0.766 0.245 0.516 0.895 8
A6 0.739 0.477 0.668 0.582 0.563 0.250 0.407 0.567 0.637 0.670 0.286 0.497 0.830 9
A7 0.722 0.503 0.658 0.584 0.571 0.266 0.462 0.555 0.656 0.683 0.291 0.474 0.831 8
A8 0.746 0.445 0.682 0.605 0.551 0.243 0.373 0.620 0.590 0.606 0.216 0.543 0.891 8
A9 0.734 0.491 0.664 0.578 0.566 0.255 0.363 0.547 0.684 0.693 0.250 0.511 0.861 9
A10 0.723 0.519 0.657 0.583 0.572 0.265 0.407 0.503 0.676 0.740 0.311 0.464 0.816 8

55



Table 2 Statistical parameters evaluated in the 4D-QSAR analysis for the ten performed alignments of the Test I1.

Alignment r2 RMSEc q? Oadi RMSEcv LSE LOF R%preq RMSE; R’ R% RMSEC v.rand R?, GCODs
B1 0.728 0.504 0.683 0.617 0.544 0.261 0.377 0.728 0.532 0.688 0.301 0.817 0.476 7
B2 0.728 0.515 0.672 0.607 0.553 0.260 0.466 0.763 0.496 0.749 0.289 0.826 0.482 7
B3 0.757 0.472 0.702 0.634 0.527 0.233 0.418 0.746 0.515 0.716 0.110 1.055 0.609 7
B4 0.704 0.549 0.648 0.585 0.573 0.283 0.455 0.782 0.476 0.765 0.253 0.846 0.473 7
BS 0.725 0.500 0.675 0.601 0.550 0.264 0.473 0.706 0.553 0.692 0.198 0.930 0.526 7
B6 0.692 0.559 0.638 0.576 0.581 0.295 0.427 0.771 0.489 0.755 0.272 0.827 0.448 7
B7 0.690 0.556 0.643 0.581 0.577 0.297 0.533 0.751 0.509 0.735 0.289 0.825 0.437 7
B8 0.730 0.514 0.676 0.600 0.550 0.259 0.397 0.770 0.489 0.750 0.209 0.877 0.527 8
B9 0.723 0.528 0.670 0.605 0.555 0.265 0.426 0.786 0.472 0.773 0.229 0.873 0.508 7
B10 0.744 0.501 0.685 0.619 0.542 0.246 0.394 0.779 0.480 0.744 0.289 0.818 0.502 7
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The statistical measures, including the values of r?, g2, g2, LSE, LOF, RMSEc, RMSEcv, RMSEp, RMSEC
v-Rand, R%pred, R%m, R?% and R?; are presented below. Each GCOD is labeled as “x, y, z, IPE” which represent the

cartesian coordinate positions of the selected grid cell (x, y, z) and the respective atom type (IPE).

Equation 6 (Model B3)

pICso = 3.997 + 1.191(~1, —4, —3, any) — 8.269(—1, —4, —4, np) + 2.100(0, —1,0, any)
+ 0.846(0,6,2, any) + 2.345(0, -5, —1, any) + 1.692(0,3, -3, any)
+4.942(0,—3,—1, hba)
n =63, GCODs =7, r* = 0.757, q* = 0.702,q24; = 0.634, LSE = 0.233,LOF = 0.418, RMSEc=0.472,

RMSEcy = 0.527, RMSEp = 0.515, RMSEC-rans = 1.055, R?%req = 0.746, R%,= 0.716, R%, = 0.609, R?r = 0.110.

Another different variant of R, metrics was calculated from Model B3 to assess the predictive ability of test
set, AR?m23). The value of AR?y, found was 0.133. It has been suggested that to be considered a predictive model,
this value should be less than 0.2. Model B3 generated seven descriptors (Equation 6), where GCODs (-1,-4,-
3,any), (0,-1,0,any), (0,6,2,any), (0,-5,-1,any), (0,3,-3,any), (0,-3,-1,hba) present positive coefficients (Eq. 6) and
correspond to favorable interactions between the molecule substituent and amino acid residues in the active site of
NMT. Therefore, substituents in these positions increase the effectiveness of the compounds. The GCOD (-1,-4,-
4, np) has negative coefficient and correspond to unfavorable interactions between the molecule substituent and
amino acid residues in the active site of NMT. Therefore, the occupation of GCOD (-1,-4,-4, np) decreases the

compound potency.

4 Discussion
GCODs are related to the coordinates of IPE mapped in a common grid. A graphic representation of the
descriptors of Model B3 is shown in Fig. 3 using Compound 81 as a reference. Light and dark spheres represent

GCODs with positive and negative coefficients, respectively, in accordance with Eq.6 (Model B3).
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o

Fig. 3 Graphic representation of Compound 81 according to the 4D-QSAR Model B3. GCODs occupancy
represented by white spheres contribute to increasing the potency of compounds, and black spheres to decrease
the potency of the compounds. The GCODs described are: (1) (0,-3,-1, hba), (2) (-1,-4,-4, np), (3) (0,-5,-1, any)

(4) (0,-1,0, any), (5) (0,3,-3, any) (6) (-1,-4,-3, any), (7) (0,6,2, any).

GCOD-1 (0,-3,-1,hba) (Fig. 4) is the descriptor that most contributes to the increased effectiveness of
compounds and presents a coefficient of 4.942 (Eq.6). This grid cell represents an acceptor hydrogen bond atom
type (IPE) and shows high frequency of occupation for Compounds 42, 48, 65, 68 and 69. It is located close to the
nitrogen atom of the oxadiazole ring and indicates an aminoacid donor hydrogen bond in N-myristoyltransferase.

The oxadiazole ring in the ortho position allows the nitrogen atom to occupy this grid cell, exemplified by
Compound 42 (Fig. 4). However, the most active molecules of the training set, 81 and 83, do not have this
descriptor that most contributes to the increase in the potency of the compounds, once in this position there is a
methyl group and the oxadiazole group was displaced. In fact, the oxadiazole ring in these compounds do not

occupy this grid cell.
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Fig. 4 A) Representation of Compound 42 and GCOD-1 (0,-3,-1,hba) (white sphere). B) Compound 81.

GCOD-2 (-1,-4,-4,np) (Fig. 5) contributes to decrease compound potency and presents a coefficient of -8.269.
This grid cell corresponds to a nonpolar IPE and shows high occupation frequency for Compounds 42, 48 and 55.
These molecules present non-polar groups in this local, such as ethyl and methyl groups. Thus, the occupation of
this cell is drastically reduced when this position is non-polar substituted, that negatively influences activity of
these compounds. We can see that Compound 42 has occupation in the descriptor that discourages the activity,
however, it also presents occupancy for GCOD-1, which favors the activity. As expected, this compound exhibits
an intermediate power.

Instead, molecules 81 and 83 (more active) have oxygen and nitrogen atoms, respectively, in this grid cell
and, thus, have low coefficients for GCOD (-1, -4, -4, np). This suggests that the occupation of this cell by acceptor
hydrogen bond should be favorable in contrast to nonpolar atoms that are unable to perform hydrogen bond

interactions (Fig. 5).
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Fig. 5 Representation of GCOD-2 (-1,-4,-4,np) (black sphere) and A) Compound 42 B) Compound 81 C)

Compound 83.

GCOD-3 (0,-5,-1,any) is present as a non-specific IPE. The atom type “any” is used when more than one
specific atom [IPE] type across the training set is found to satisfy the interaction being captured by a particular
GCOD [26]. GCOD (0,-5,-1, any) has a positive coefficient of 2,345 which increases the potency of the compounds
(Fig. 6). This grid cell is close to methyl and ethyl groups, toward the left side, and shows greater occupation
frequency for Compounds 26, 30 and 33. On the other hand, Compounds 42 and 45 showed no occupancy for this
descriptor, because during the molecular dynamics simulation, they assumed a different conformation, facing right.
On the other hand, GCOD (0,-5,—1,any) also provides occupation frequency in the benzene ring of Molecules 59,

60, 61 and 62.

Fig. 6 Representation of GCOD-3 (0,-5,-1,any) (white sphere) and A) Compound 30 B) Compound 42 C)

Compound 60.
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GCOD-4 (0,-1,0,any) have a positive coefficient and thus also greatly influence the increase in inhibitor
potency (Fig. 7). It is located near the methyl group in benzofuran, 2,3-dihydro-3-methyl and represents a non-
specific IPE. It shows the highest occupation frequency for the most active compounds in this series, Compounds
1, 81 and 83. The GCOD (0,-3,-1,hba) reflect the importance of occupation of this receptor region for the

effectiveness of the inhibitors.

Fig. 7 Representation of GCOD-4 (0,-1,0,any) (white sphere) and A) Compound 81 B) Compound 83.

GCOD-5 (0,3,-3,any) have a positive coefficient, and so, improves the effectiveness of inhibitors (Fig. 8). The
GCOD (0,3,-3,any) is situated near the piperidine ring and has occupancy for a large majority of molecules, such
as Compounds 65 and 79. The change of position of the piperidine ring in Compounds 15, 16 and 30 is not

favorable, so these do not have this GCOD.

&

Fig. 8 Representation of GCOD-5 (0,3,-3,any) (white sphere) and A) Compound 79 B) Compound 30.
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GCOD-6 (-1,-4,-3,any) represents a non-specific IPE and also has a positive coefficient, indicating an
increase in potency of compounds which have high occupation frequency for this descriptor (Fig. 9). The
Molecules 14, 19 and 22 have a high occupation frequency for this GCOD, located near the benzene group. This
grid cell suggests a hydrophobic region in the receptor close to benzene ring, which should be making a 7-n staking

interaction between the aromatic ring of an inhibitor and one aromatic amino acid residue.

Fig. 9 Representation of GCOD-6 (-1,-4,-3, any) (white sphere) and A) Compound 14 B) Compound 19 C)

Compound 22.

Lastly, GCOD-7 (0,6,2,any) (Fig. 10) has a positive coefficient and shows a non-specific class. Molecules
59, 60, 61 and 62 and 63 have a high occupation frequency for this descriptor. The presence of naphthalene group
in this grid cell is favorable to the activity. In fact, it shows that the aromatic substituents in this position should

be preferred.
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Fig. 10 Representation of GCOD-7 (0,6,2,any) (white sphere) and A) Compound 62 B) Compound 59.

The analysis of the 4D-QSAR result allowed to observe the main characteristics that a potent NMT
inhibitor should present. Thus, the descriptor information obtained by Model B3 was used. Modifications in the
structure of Compounds 60, 65 and 81 were suggested and Compounds A, B, C, D and E were proposed.

The proposed compounds exhibited predicted plICso higher than 81 (the best experimental compound),
whose predicted plCso was 6.94. The structure of the five compounds and their predicted pICso values are shown
in Table 3, where it is possible to verify that compound D presented the best predicted potency. The ADME
(absorption, distribution, metabolism and excretion) of a drug is an important property that can determine the
utilization of molecules proposed in the therapeutic usage. For the evaluation of pharmacokinetic parameters,
Molecules A, B, C, D and E we used the Lipinski’s rule of five, where molecular properties are closely related to
the oral bioavailability of a drug [27], wherein compounds should not violate more than one rule. In this rule, the
compounds should present logP< 5, molecular weight < 500, number of hydrogen bond acceptors (non) < 10,
number of hydrogen bond donors (nonnn) < 5, and number of rotatable bonds (nre) <10. The proposed molecules
have been designed in the Molinspiration Online Property Calculation Software Toolkit

(http://lwww.molinspiration.com/) to evaluate the criteria discussed above.
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Table 3. Structures of the proposed compounds and the predicted plCso values based on Model B3.

N° Structure pICso N°  Structure plCso
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The Molinspiration Online Property Calculation Software Toolkit (http://www.molinspiration.com/) was used
to analyze drug likeness (Lipinski's Rule of Five) and results are shown in Table 4. According to the data in Table

4, no compound violated the Lipinski's Rule of Five.
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Table 4. Calculated parameters of the Lipinski rule of five for the proposed molecules.

Molecule miLogP MW Non NOHNH n Nviolations
A 3.13 514.97 10 1 8 1
B 2.74 430.89 8 1 7 0
C 3.13 415.88 7 1 6 0
D 2.41 356.81 6 1 4 0
E 3.52 415.88 7 1 6 0

5 Conclusions

In summary, 4D-QSAR models for NMT inhibitors were built and evaluated. Two test groups were evaluated
for the ten tested alignments. The best model was obtained from Alignment B3, and generated an equation with
seven descriptors, six of which have positive coefficients and one a negative coefficient. Model B3 showed a
satisfactory statistical quality and predictive abilities as shown by r? = 0.757, g% = 0.702, Q2agjusted = 0.634, R%yreq =
0.746, R’n= 0.716, R%, = 0.609. Furthermore, it showed low values of R? = 0.110, and AR?mesyy = 0.133. 4D-
QSAR analysis indicated an important role of acceptor hydrogen bonding groups and aromatic groups, allowing
to propose five structures. These have proved more active than Compound 81, in addition to being assessed by the

Lipinski’s Rule. Accordingly, these molecules may be considered promising prototypes against malaria.
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-1,-4,-3,any -1-4-4np 0,-10,any 0,6,2,any 0,-5-1,any 0,3,-3,any 0,-3,-1,hba

1

0.000 0.000 0.982 0.000 0.000 0.127 0.000
? 0.000 0.000 0.000 0.000 0.000 0.056 0.000
* 0.000 0.000 0.000 0.000 0.011 0.000 0.000
° 0.000 0.000 0.002 0.000 0.000 0.238 0.000
! 0.467 0.010 0.001 0.030 0.001 0.001 0.000
° 0.006 0.000 0.002 0.000 0.000 0.035 0.000
v 0.393 0.000 0.000 0.000 0.000 0.006 0.000
H 0.006 0.000 0.000 0.000 0.000 0.010 0.000
o 0.457 0.000 0.001 0.000 0.000 0.000 0.000
H 0.519 0.003 0.000 0.000 0.002 0.004 0.000
o 0.002 0.000 0.000 0.000 0.002 0.000 0.000
e 0.002 0.000 0.000 0.000 0.003 0.000 0.000
H 0.003 0.000 0.000 0.000 0.039 0.002 0.000
o 0.386 0.017 0.000 0.000 0.007 0.004 0.000
n 0.479 0.000 0.000 0.000 0.002 0.004 0.000
# 0.405 0.004 0.001 0.000 0.005 0.004 0.000
# 0.124 0.014 0.000 0.000 0.041 0.040 0.000
“ 0.004 0.000 0.000 0.000 0.004 0.005 0.000
# 0.145 0.013 0.000 0.000 0.025 0.004 0.000
% 0.000 0.000 0.000 0.000 0.771 0.041 0.000
# 0.000 0.000 0.001 0.000 0.741 0.003 0.000
% 0.000 0.000 0.000 0.000 0.845 0.000 0.000
» 0.000 0.000 0.000 0.000 0.837 0.005 0.000
. 0.000 0.000 0.000 0.000 0.686 0.008 0.000
* 0.000 0.000 0.000 0.000 0.744 0.100 0.000
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0.044
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0.046

0.017

0.015
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0.200
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0.000
0.000
0.000
0.000
0.652
0.735
0.618
0.653
0.661
0.671
0.678
0.711
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0.625
0.494
0.664
0.685
0.545
0.558
0.000
0.000
0.000
0.000
0.361
0.602
0.615
0.626
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0.134
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0.082

0.597
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0.788
0.582
0.606
0.503
0.614
0.608
0.650
0.644
0.000

0.000
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Table S2 Experimental and predicted plCsy values and residuals values (plCsopredicted -

plCsoexperimental) for compounds of Model B3.

Compound pICso Experimental pICso Predicted Residuals
1 6.155 6.275 0.120
2 4.000 4.092 0.092
3 4.000 4.128 0.128
4 4.000 4.023 0.023
5 4.000 4.404 0.404
6 4.000 4.691 0.691
7 4.000 4.502 0.502
8 4.000 4.068 0.068
9 4.000 4.039 0.039
10 4.000 4.475 0.475
11 4.000 4.021 0.021
12 5721 4.543 -1.178
13 4.785 4.012 -0.773
14 5.113 4.602 -0.511
15 4.000 4.004 0.004
16 4.000 4.007 0.007
17 4.000 4.096 0.096
18 4.745 4.339 -0.406
19 5.215 4.579 -0.636

20 4.366 4.449 0.083
21 4.000 4.102 0.102
22 4.000 4.467 0.467
23 4.000 4.193 0.193
24 4.000 4.020 0.020
25 4.000 4.128 0.128
26 5.699 5.874 0.175
27 6.400 5.899 -0.502
28 6.102 5.836 -0.267
29 5.780 5.742 -0.038
30 6.398 5.979 -0.420
31 5.796 5.828 0.032
32 5.420 5.961 0.541
33 5.292 5.968 0.676
34 6.456 5.619 -0.837
35 6.678 5911 -0.767
36 6.468 5.780 -0.688
37 5.131 5.587 0.456
38 5.585 5971 0.386
39 4.730 5.734 1.004
40 5.585 5.702 0.117
41 5.886 5.474 -0.412
42 5.284 5.274 -0.010
43 6.000 5.423 -0.578
44 5.602 5.781 0.179
45 4.876 5.348 0.472
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47
48
49
50
o1
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83

6.319
6.215
6.051
4.445
4.958
4.086
4.217
6.398
5.569
4.663
6.229
4.182
5.056
5.009
5.149
5.886
5.886
4.801
5.201
6.959
5.538
6.482
5.921
6.769
5.569
6.824
6.051
7.222
6.000
6.620
6.638
5.495
5.959
6.181
5.187
7.301
6.921
6.201

5.873
5.547
5.364
5.014
5.205
4.314
5.350
5.868
6.338
4.356
6.271
4.633
4.662
5.048
5.202
5.417
5.751
5.212
6.210
6.406
6.109
6.435
5.929
6.326
6.317
6.031
6.131
6.133
5.666
6.532
6.272
5.964
6.508
6.435
5.216
6.943
6.926
6.571

-0.446
-0.668
-0.687
0.569
0.247
0.228
1.133
-0.530
0.769
-0.307
0.042
0.451
-0.394
0.039
0.053
-0.469
-0.135
0.411
1.009
-0.553
0.571
-0.047
0.008
-0.444
0.748
-0.793
0.080
-1.089
-0.335
-0.088
-0.366
0.469
0.549
0.254
0.029
-0.358
0.005
0.370
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Abstract

Protein N-myristoylation is catalysed by N-myristoyltransferase (NMT), an essential
target in Leishmania donovani, the causative agent of kala-azar. Four-dimensional quantitative
structure—activity relationship (4D-QSAR) analysis was applied to a series of 77 Leishmania
donovani NMT inhibitors. Then, three new compounds were proposed using QSAR models. In
addition, molecular docking was performed to investigate the binding affinities and interaction
modes among the proposed compounds and the NMT active site. An ADME evaluation was

performed and potential inhibitors demonstrated satisfactory pharmacokinetic properties.

Keywords: leishmaniasis; inhibitors; 4D-QSAR; docking; ADME
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Introduction

Visceral leishmaniasis (VL), also known as kala-azar, is a parasitic infection caused by
Leishmania donovani and if untreated, it is fatal in more than 95% of cases within 2 years after
disease onset. In 2016, the World Health Organization (WHQ) and Gilead Sciences reported
that there are around 200,000 to 400,000 new cases worldwide, and the disease is endemic in
more than 80 countries. VL is characterized by irregular bouts of fever, weight loss,
enlargement of the spleen and liver, and anaemia *.

Chemotherapy is the main way to deal with this disease. The first-line drug, pentavalent
antimony, has several adverse effects, such as vomiting, nausea, anorexia, myalgia, abdominal
pain, headache, arthralgia, and lethargy and can rarely cause the severe reaction of fatal cardiac
arrhythmia?. Other drugs, such as pentamidine, amphotericin B, paromomycin and miltefosine
have several disadvantages, such as toxicity, lengthy treatment, need for hospitalization and
drug resistance. Only one of the commonly used drugs, miltefosine, can be administered orally,
however, it has a high teratogenic potential®. Furthermore, the high treatment cost is also a
barrier to effective disease control in poor countries.

N-myristoyltransferase (NMT) catalyzes the covalent co-translational attachment of the
fatty acid, myristate (C14:0) to the amino-terminal glycine residue after the removal of the
initiating methionine®. N-Myristoylation plays an important role in protein-protein interactions
of membrane proteins which, in turn, facilitate a variety of signal transduction pathways*. NMT
has been found to be essential in Leishmania donovani life cycle®, becoming highly promising
as a drug target for the treatment of VL.

In the present paper, the quantitative structure activity relationship in four dimensions
(4D-QSAR) of 77 NMT inhibitors of Leishmania donovani developed by Leatherbarrow® and

coworkers to propose structural changes in these compounds in order to make them more
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potent. Subsequently, a docking study was carried out to understand the interaction mode of the
proposed compounds in the NMT active site. In addition, an ADME (absorption, distribution,
metabolism and excretion) evaluation was performed to provide a notion of the toxicity of the

proposed inhibitors.

Experimental

Biological Data

The 77 Leishmania donovani inhibitors studied were synthesized and pharmacologically
tested by Leatherbarrow et al®. Among these compounds, 19 represent the test set (external
validation). 3 test sets were formed to obtain greater reliability for the model. The first test
group (Test set 1) is formed by Molecules: 3; 6; 9; 13; 20; 21; 26; 27; 29; 31; 32; 41; 46; 55;
60; 63; 66; 71 and 72, the second test group (Test set I1) by Molecules: 7; 10; 16; 19; 24; 26;
33; 37; 40; 44; 50; 55; 56; 63; 64; 68; 71; 74 and 75, and the third test group (Test set I11) by
Molecules: 11; 18; 19; 23; 24; 26; 28; 29; 30; 35; 37; 39; 40; 41; 46; 47; 61; 63 and 75. The
remaining compounds represent the Training set and are used for the construction of QSAR-
4D models.

The biological activities of these compounds were reported as the concentration capable
of inhibiting 50% of the enzyme activity (ICsp), measured using an adapted version of the
sensitive fluorescence-based assay based on CoA detection by 7-diethylamino-3-(4-maleimido-
phenyl)-4-methylcoumarin®. In addition, all pharmacological data were obtained from the same
laboratory, eliminating the potential noise that might have been introduced by the pooling of
data sets from different sources. The ICso (LM) values were converted into molar units and then
expressed in negative logarithmic units (pICso), and are represented in Fig.1. The range of pICso
values for the training and test set spans at least four orders of magnitude (3.87 to 8.00), and

the biological activity values show a regular distribution over the whole range.
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The three-dimensional (3D) models of the 77 compounds, Fig. 1, were constructed using

the HyperChem 7.0 software.” The structures were geometry-optimized in vacuum, without any

restriction, using the MM+ molecular mechanics force field (HyperChem), and latterly applying

the semi-empirical RM1 Hamiltonian®, in order to assign the partial atomic charges.
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Figure 1. Structure of the 77 Leishmania donovani inhibitors and their plCso values®.
Compound numbers of Test set | are underlined.

Molecular dynamic simulation (MDS)

Molecular dynamics simulation (MDS) was carried out using the MOLSIM package in
the 4D-QSAR program®, starting from the RM1 structures, in order to build the conformational
ensemble profile (CEP) of each molecule. The temperature for MDS was set at 300 K, close to
the temperature assays, with a simulation sampling time of 100 ps, and intervals of 0.001 ps.
Thus, a total sample of 100,000 conformations of each ligand was produced. The MDS

calculations were carried out employing a distance-dependent dielectric function, & = D*rjj,
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which was set to 3*rjj in order to try to model the solvent effect.

Alignment definition

In this study, we will assume that all molecules bind to the enzyme in a similar way,
since the compounds are structural analogues. In general, the alignments are chosen to span the
common framework of the molecules in the training and test sets. Seven alignments were
performed using atoms of the benzene ring. Three-ordered atom trial alignments were selected:
(1) A-B-C, (2) A-B-D (3) C-D-E, (4) C-D-F, (5) B-A-C, (6) C-B-A and (7) D-A-F, using
Compound 76 as a reference (Fig. 2). The conformational ensemble profile (CEP) for each
compound was obtained after the MDS step was overlaid onto a cubic lattice with grid cell size

of 1A.

HN

Figure 2. Ordered atom letter codes (A, B, C, D, E and F) used in the 4D-QSAR analysis
defines the three trial alignments. Compound 76 (pICso = 8.00) is used to define the atom letter
code.

Interaction pharmacophore elements

Each atom was classified into seven types of interaction pharmacophore elements (IPE):

i) any type (any); ii) nonpolar (np); iii) polar-positive charge density (p+); iv) polar-negative
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charge density (p-); v) hydrogen bond acceptor (hba); vi) hydrogen bond donor (hbd); and vii)
aromatic systems (ar).'° The use of IPEs allows each of the compounds in a training set to be
partitioned into sets of structure types and/or classes with respect to possible interactions with
a common receptor. The occupancy of the grid cells by each IPE type are recorded over the
conformational assembly profile, and forms the set of grid cell occupancy descriptors (GCOD)

to be utilized as the pool of trial descriptors in the model building and optimization process.*°

4D-QSAR model calculation

4D-QSAR analysis generates an enormous number of QSAR descriptors because of the
large number of grid cells and the number of IPEs.2%! In order to exclude data noise from
databases generated by the alignments, partial least-squares (PLS) regression analysis was
performed as a data reduction fit between the observed dependent variable measures and the
corresponding set of GCOD values. Furthermore, PLS identifies the most highly weighted
GCODs from data set of local grid cells.*

The two hundred GCODs with the highest weight from the data reduction were chosen
optimized using a combined genetic function approximation (GFA) approach,'? implemented
in the 4D-QSAR program.*3 Optimizations were initiated using 100 randomly generated models
and 10,000-100,000 crossover operations. Mutation probability over the crossover optimization
cycle was set at 10-30%. The smoothing factor, the variable that specifies the number of
descriptors in the QSAR models, was varied between 1.0 and 3.0, in order to obtain equations

with no more than eleven terms.
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Model validation

Validation is an important factor in QSAR modeling. The best models, resulting from

the 4D-QSAR study were based on different criteria.#8

i)

vi)

vii)

viii)

Coefficient of determination (r?): is a measure of how well the regression line
represents the data.

Leave-one-out cross-validation (LOOcv) correlation coefficient (g?): estimating the
performance of a predictive model.

Adjusted cross-validated squared correlation coefficient (q%q): allows the
comparison between models with different number of variables.

Least-square error of fit (LSE);

Friedman’s lack-of-fit (LOF): estimates the quality of a model. This measure
penalizes appropriately for the addition of terms to the equation (and consequent
loss of degrees of freedom) in such a way to resist over-fitting.

Correlation coefficient of external validation set (R%preq): reflects the degree of
correlation between the observed (Yexp(test)) and predicted (Y pred(test)) activity data of

the test set:

RZ =1- ZT (YExp(test)_YPred(test) )2 Eq 1
Pred Z;l (YExp(test)_ytraining )2

Where ?training is average value for the dependent variable for the training set.
Modified r? (Pmgest)) equation determining the proximity between the observed and

predicted values with the zero axis intersection:

2 =1r? (1 — |\/r2 - r02|) Eq.2
Y-Randomization (R?r): consists of the random exchange of the independent

variable values. Thus, the R?r value must be less than the correlation coefficient of

the non-randomized models.
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iX) R?p: penalizes the model R? for the difference between the squared mean correlation
coefficient (R?r) of randomized models and the square correlation coefficient (R?)

of the non-randomized model:

12 =712 r2 — 12 Eq.3

Docking studies

The crystal structural coordinates of NMT at 1.42A resolution was obtained from the
Protein Data Bank (PDB code: 2WUU),® and the protein has been crystallized in complex with
the non-hydrolysable substrate analogue S-(2-oxo)pentadecyl-CoA. For the docking procedure
the Molegro Virtual Docker (MVD) program was used.'® Molecular docking uses the receptor
structure as a template for the development of new ligands, estimating binding affinity between
linker and receptor. The MolDock scoring function (Escore) used in MVD, is defined by:

Escore = Einter + Eintra Eq.4
wherein Einer is the ligand—protein interaction energy and Eina is the internal energy of

the ligand.

Conformational selection.

In the 4D-QSAR method, the conformation of each compound can be postulated as the

lowest-energy conformer state from the set sampled for each compound, which predicted the

maximum activity using the optimum 4D-QSAR model.*
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Results and Discussion

Alignments evaluation

In this study seven alignments were evaluated for each of the three test groups. The GA-
PLS analysis using grid cells of 1.0 A generated several models or equations. The statistical
parameters of seven alignments studied for Test set | (Compounds 3; 6; 9; 13; 20; 21; 26; 27;
29; 31; 32; 41; 46; 55; 60; 63; 66; 71 and 72), Test set 1l (Compounds 7; 10; 16; 19; 24; 26;
33; 37; 40; 44; 50; 55; 56; 63; 64; 68; 71; 74 and 75) and Test set 111 (Compounds 11; 18; 19;
23; 24; 26; 28; 29; 30; 35; 37; 39; 40; 41; 46; 47; 61; 63 and 75) are shown in Table 1, Table

2 and Table 3, respectively.

Table 1. Statistical parameters evaluated in the 4D-QSAR analysis for the seven performed
alignments of the Test set |.

Alignment r q? Q%d LSE  LOF  R%red i R?r R?,  GCODs
(test)
Al 0.76 0.70 0.65 0.21 0.39 0.74 0.54 0.11 0.61 5
A2 0.73 0.66 0.61 0.22 0.49 0.82 0.48 0.09 0.68 5
A3 0.74 0.69 0.64 0.24 0.52 0.67 0.45 0.08 0.70 5
A4 0.69 0.69 0.64 0.24 0.52 0.67 0.45 0.09 0.70 5
A5 0.72 0.66 0.61 0.24 0.72 0.73 0.51 0.08 0.68 5
A6 0.74 0.68 0.63 0.23 0.41 0.75 0.45 0.07 0.71 5

A7 071 064 059 0.24 0.53 0.77 058 010 0.66 5
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Table 2. Statistical parameters evaluated in the 4D-QSAR analysis for the seven performed

alignments of the Test set II.

Alignment r q? Q%dg LSE  LOF  R%red Rom R?r R?,  GCODs
(test)
B1 0.74 0.69 0.64 0.20 0.37 0.69 0.52 0.08 0.71 5
B2 0.72 0.66 0.61 0.23 0.50 0.78 0.55 0.08 0.68 5
B3 0.70 0.63 0.59 0.24 0.53 0.77 0.55 0.08 0.65 5
B4 0.64 0.57 0.54 0.28 0.59 0.76 0.44 0.08 0.60 4
B5 0.72 0.66 0.61 0.22 0.49 0.78 0.58 0.08 0.68 5
B6 0.70 0.64 0.59 0.22 0.41 0.83 0.63 0.08 0.66 5
B7 0.73 0.67 0.62 0.24 0.52 0.69 0.49 0.08 0.69 5

Table 3. Statistical parameters evaluated in the 4D-QSAR analysis for the
alignments of the Test set IlI.

seven performed

Alignment r q? Q%d LSE  LOF  R%red i R?r R?,  GCODs
(test)
C1 0.74 0.68 0.63 0.21 0.38 0.74 0.57 0.07 0.70 5
C2 0.72 0.65 0.60 0.23 0.50 0.75 0.52 0.08 0.67 5
C3 0.71 0.64 0.59 0.25 0.60 0.65 0.33 0.11 0.65 5
C4 0.71 0.65 0.60 0.23 0.51 0.66 0.37 0.12 0.65 5
C5 0.73 0.66 0.61 0.22 0.49 0.72 0.46 0.09 0.68 5
C6 0.75 0.69 0.64 0.22 0.49 0.64 0.51 0.08 0.70 5
C7 0.72 0.65 0.60 0.24 0.52 0.73 0.56 0.08 0.67 5
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All tested alignments showed g2 and g%gj values higher than 0.5. This reveals that the
model can be a useful tool for predicting affinities of new compounds based on these structures;
r? greater than 0.7 indicates that the model is correlated and may be considered to represent the
training set in the same manner.!® Thus, the alignments A4 and B4 were eliminated from the

analysis because they had r? lower than 0.7.

Regarding external validation, R%pyeq values for all alignments were greater than 0.5.
Analyzing R%mest Values, alignments A2, A3, A4, A6, B4, B7, C3, C4 and C5 were excluded,

since they should be higher than 0.5.

Another parameter used in the validation of the models was R?, and all values are greater
than 0.5, which means that R?, values are acceptable for a good QSAR model. In addition, all
R?, values are well below those of r2. As alignment A1 from Test set | showed the highest r?,
g and g%gj values, it was chosen as the best alignment in this 4D-QSAR study. In addition,
Alignment Al presents good external validation values. We will only present the analysis of
the best model derived from Al.

Equation 5 presents Model Al. The statistical measures, including the values of r?, g2,
0%adj, LSE, LOF, R%pred, R%m(test), R% and R are presented below. Each GCOD is labeled as “x,
y, z, IPE” which represent the cartesian coordinate positions of the selected grid cell (x, y, z)

and the respective atom type (IPE).

Model Al - Eq.5:
plCso = 5.76 + 1.19(0, —2,4,np) — 0.56(0,3,2,any) + 1.46(3,—2,—1,np)

+2.03(0, 3,2, any) — 0.95(0,4, —1, any)

n =58, GCODs =5, r* = 0.76, q*> = 0.70,q54; = 0.65,LSE = 0.21, LOF = 0.39, R%pred =

0.74, R%m (es= 0.54, R%r = 0.11, R% = 0.61.
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Model Al generated five descriptors, where GCODs (0,-2,4,np), (3,-2,-1,np), (0,-
3,2,any), present positive coefficients (Eq. 5) and correspond to favorable interactions between
the molecule substituent and amino acid residues in the active site of NMT. Thus, substituents
in these positions increase the effectiveness of the compounds. GCODs (0,3,2,any) and (0,4,-
1,any) have negative coefficients and correspond to unfavorable interactions between the
molecule substituent and amino acid residues in the active site of NMT. Thus, the occupation
of GCODs (0,3,2,any) and (0,4,-1,any) decreases the compound potency.

The cross-correlation matrix of the GCODs from Model Al (Eq. 5, Table 4) was
computed in order to determine if two or more highly correlated GCODs appear in the same
4D-QSAR model. We can observe that there is no correlation (r > 0.7) between the GCODs.

Therefore, each descriptor contributes in different ways to the 4D-QSAR models.?

Table 4. Cross-correlation matrix of the GCODs of Model Al obtained in the 4D-QSAR

analysis.
(0,-2,4,1) (0,3,2,0) (3-2-1,1) (0,-3,2,0) (0,4,-1,0)
(0,-2,4,1) 1
(0,3,2,0) 0.245 1
(3,-2-1,) -0.403 -0.416 1
(0,-3,2,0) -0.324 0.069 0.098 1
(0,4,-1,0) -0.27 0.222 -0.037 -0.216 1

Figure 3 shows William’s plot for the Model A1. We can observe that the compounds

belong to the same chemical domain, thus validating the model.
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Figure 3. Plot of sample leverage versus Student residuals for the Model Al. A graphic
representation of the descriptors of Model Al is shown in Fig. 4 using Compound 76 as a
reference. Light and dark spheres represent GCODs with positive and negative coefficients,
respectively, in accordance with Eg.5 (Model Al).

Figure 4. Graphic representation of Compound 76 according to the 4D-QSAR Model Al.
GCODs occupancy represented by white spheres contribute to increasing the potency of
compounds, and black spheres to decrease the potency of the compounds. The GCODs
described are: (1) (0,-2,4,np), (2) (0,3,2,any), (3) (3,-2,-1,np), (4) (0,-3,2,any), (5) (0,4,-1,any).
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GCOD-1 (0,-2,4,np), Fig. 5, has a positive coefficient of 1.19 and has a nonpolar IPE.
This grid cell shows the highest frequency of occupation for compounds having a benzyl group
at this site of the molecule, such as Molecules 2, 11 and 15. In contrast, compounds with only
one phenyl group have no occupancy in this grid cell. Furthermore, the Molecules 61, 75 and
76, which are the most active in this series have no occupancy for this descriptor, which is

favorable for the potency of the compounds.

Figure 5. Representation of compound 15 and GCOD-1 (0,-2,4,np) (white sphere) obtained
from Model Al.

GCOD-2 (0,3,2,any) (Fig.6) contributes to decrease compound potency and presents a
coefficient of -0.56. This grid cell represents a non-specific IPE. The great majority of the
compounds present a high GCOD-2 occupation frequency and have a hydrogen atom in this
grid cell. However, Compounds 53, 54, 62 and 70 present low occupancy values for this
negative GCOD and in this position have the following substitutions: CH3, Cl, O-CHz and Br.
Thus, the presence of a hydrogen atom in this grid cell results in a decrease in the potency of
the compounds. Among the most active compounds, Molecules 75 and 76 have the hydrogen

atom in this position, which is detrimental to their activity.
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Figure 6. Representation of compound 54 and GCOD-2 (0,3,2,any) (black sphere) obtained
from Model Al.

GCOD-3 (3,-2,-1,np) shows a positive coefficient and corresponds to a nonpolar type
(IPE) (Fig. 7). The GCOD (3,-2,-1,np) is located near the hydrogen atom in the piperidine ring
and has the highest frequency of occupation for Compounds 61, 70, 73 and 75. Although most
of the compounds present the piperidine ring in the same position, these compounds did not
show high occupancy for this descriptor, because during the molecular dynamics simulation,

they assumed a different conformation, as exemplified by Compound 17.

A) | B)

Figure 7. Representation of GCOD-3 (3,-2,-1,np) (white sphere) and A) compound 75; B)
Compound 17.
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The GCOD-4 (0,-3-,2,any) (Fig. 8), also has a positive coefficient of 2.03 and is the
descriptor that contributes most to the increased effectiveness of the compounds. This grid cell
represents a non-specific IPE and is located near the methyl group in benzofuran, 2,3-dihydro-
3-methyl. This descriptor shows the highest occupation frequency for Compounds 1, 75, 76 and
77, which have benzofuran, 2,3-dihydro-3-methyl in their structures. Thus, potential inhibitors

would benefit from the exploitation of this region with methyl groups.

Figure 8. Representation of compound 76 and GCOD-4 (0,-3-,2,any) (white sphere) obtained
from Model Al.

Finally, the GCOD-5 (0,4,-1,any) (Fig. 9) corresponds to a non-specific (IPE) and
presents the most negative coefficient, impairing the activity of the compounds. Unlike GCOD-
2, the substitution by CHs, Cl, F, O-CHs and Br atoms or another benzene ring forming a

naphthalene group in the GCOD-5, is detrimental to the potency of the compounds.
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Figure 9. Representation of GCOD-5 (0,4,-1,any) (black sphere) and A) compound 42; B)
Compound 48; C) Compound 57.

Subsequently, Compounds A, B and C were proposed and their activities were predicted
using Model Al. The predicted activity of Compound 76, the most active in the series, was
7.57. The structure of the three compounds and their predicted pICso values are shown in Fig.

10 and all of them showed predicted activity values higher than Compound 76.
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Figure 10. Proposed compounds using the Model Al (predicted pICso values are shown in
parenthesis).
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To validate these predictions, docking studies were performed for proposed structures
and also for Compound 76. The potential binding sites of NMT were calculated and a cavity of
351.65 A3 (surface = 1208.16A2) was observed close to Tyr80, Val81, Glu82, Ser86, Met87,
Phe88, Arg89, Phe90, Tyr92, Phe96, Asnl67, Phel68, Thr203, Ala204, Gly205, Val206,
Tyr217, Phe218, His219, Phe232, Tyr326, 11e328, Pro329, Ser330, Leu341, Ala343, Tyr345,
Val346, Val374, Asn376, Met377, Val378, 11e380, Leu381, Asn383, Gly395, Asp396, Gly397,
His398, Leu399, Tyr401, Val419, Met420, Leu421.

By analyzing the hydrogen bond formed between the compounds and the NMT active
site, we observed: (i) the proposed Compounds A and C establish a hydrogen bond with:
Tyr217, Tyr326 and Tyr345; however, Compounds 76 and B do not realize a hydrogen bond
with the amino acid Tyr326. This portion of the molecule must be related to the GCOD-2, in
which, the substitution of a hydrogen atom by different groups (CHs, Br, Cl and O-CHy) is
favorable, as we have seen. The docking analysis also allows concluding that the presence of a
group capable of hydrogen bonding with Tyr326 makes the compound more active. The
structural difference between Compounds A and 76 is that Compound A has a group capable
of hydrogen bonding with the amino acid Tyr326, while Compound 76 has a hydrogen atom,
which is unfavorable. Thus, the activity value predicted by the Model Al for Compound A is
much higher than that of Compound 76, as well as the interaction energy of the docking (Table
5). (if) Compound A still makes a hydrogen bond with the amino acid Gly 397, near the
pyridine. (iii) Compounds B and C interacted with Ser330 by a hydrogen bond. Fig. 11 shows
the docking poses for the compounds analyzed inside the NMT active site and the interacting

amino acid residues.
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76 A
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Tyrd26
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~ ~

Eiglér)e 11. Docking poses for the compounds 76, A, B, C and main interactions (hydrogen
onds).

Table 5. Predicted pICso, interaction energy (kcal mol™) values and binding hydrogen (kcal mol™)
energy of compound/protein.

Compound Predicted plCso Interaction energy
76 7.57 -109.61
A 8.29 -126.19
B 7.58 -116.44

C 8.22 -127.32
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In addition to the hydrogen bonding interactions, it was possible to note the presence of
an apolar moiety which includes the amino acids Val81, 11e328 and Phe90 located near the
methyl in benzofuran, 2,3-dihydro-3-methyl group (Fig. 12), as indicated by the GCOD-4. The
presence of several aromatic amino acids in the active site, Fig. 13, as Tyr80, Phe88, Phe90,
Tyr217, Phe232, Tyr326, Tyr345 and Tyr401 also contributes to the n-n staking interaction

between these amino acids and aromatic moieties of inhibitors stabilizing them.

Figure 12. Docking pose for the compound 76 and apolar moiety next to the methyl group in
the NMT active site.
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Figure 13. Docking pose for the compound 76 and aromatic amino acids in the NMT active
site.

The absorption, distribution, metabolism and excretion (ADME) of a drug are important
pharmacokinetic properties that must be met in the elaboration of a drug. One test for
druglikeness is Lipinski’s Rule of Five where molecular properties are closely related to the
oral bioavailability of a drug,?* wherein compounds should not violate more than one rule. In
this rule, the compounds should present logP< 5, molecular weight < 500, number of hydrogen
bond acceptors (non) < 10, number of hydrogen bond donors (noxnH) < 5, and number of
rotatable bonds (nrotn) <10. Molecules A, B and C were constructed in the Molinspiration Online
Property Calculation Software Toolkit (http://www.molinspiration.com/) for the evaluation of
the Lipinski’s Rule. The results are shown in Table 6 and proposed compound did not violate

the Lipinski's Rule of Five.
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Table 6. Calculated parameters of the Lipinski’s Rule for the proposed molecules.

Compound  miLogP MW NoN  NoHNH  Nrotb  Nviolations

A 2.38 420.47 8 1 6 0
B 4.01 52840 8 1 7 1
C 3.26 47953 9 1 8 0

Due to the fact that the proposed compounds presented predicted activity and docking interaction
energy values higher than the values of the compounds of the series evaluated, these new molecules can
be considered propitious for the performance as drugs. In addition, these compounds are unlikely to

present bioavailability problems.

Conclusions

A series of 77 Leishmania donovani inhibitors was selected from the literature for a 4D-
QSAR study, applying three test groups and seven alignments. The best model, Model Al,
presents important features that can be applied in the development of new NMT inhibitors. The
Model Al showed r?, g2, and values of 0.76 and 0.70 respectively. In addition, it has external
validation values of R%yeq = 0.74 and R%m (esy = 0.54. Moreover, based on the descriptors
obtained from Model Al, Compounds A, B and C were proposed, which demonstrated
biological activity values superior to those of the most active compound. These results were
corroborated by docking studies and the ADME evaluation. Consequently, the proposed

compounds may be considered as promising drug candidates for the treatment of leishmaniasis.
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Table S1. Descriptors generated by Model Al.

Supporting Information Available

0,-2,4,np 0,3,2,any 3,-2,-1,np  0,-3,2,any  0,4,-1,any
1 0.000 1.002 0.085 0.767 0.001
2 0.736 0.964 0.085 0.000 0.012
3 0.004 0.968 0.000 0.000 0.002
4 0.000 0.000 0.000 0.000 0.104
5 0.001 0.966 0.098 0.000 0.003
6 0.654 0.986 0.000 0.000 1.002
7 0.576 0.978 0.000 0.000 0.827
8 0.516 0.943 0.010 0.000 0.006
9 0.555 0.956 0.000 0.000 0.001
10 0.671 0.966 0.000 0.000 0.006
11 0.749 0.962 0.000 0.000 0.003
12 0.398 0.934 0.000 0.000 0.009
13 0.680 0.956 0.000 0.000 0.000
14 0.734 0.965 0.000 0.000 0.000
15 0.764 0.960 0.000 0.000 0.000
16 0.005 0.963 0.000 0.000 0.000
17 0.001 0.973 0.000 0.000 0.005
18 0.491 0.967 0.000 0.000 0.005
19 0.469 0.979 0.000 0.000 0.006
20 0.361 0.972 0.000 0.000 0.003
21 0.641 0.971 0.000 0.000 0.008
22 0.393 0.956 0.000 0.000 0.005
23 0.672 0.977 0.000 0.000 0.003
24 0.638 0.972 0.000 0.000 0.005
25 0.618 0.959 0.000 0.000 0.003
26 0.203 0.983 0.066 0.644 0.006
27 0.210 0.972 0.000 0.646 0.003
28 0.241 0.981 0.000 0.644 0.004
29 0.179 0.981 0.030 0.640 0.005
30 0.158 0.964 0.000 0.563 0.000
31 0.183 0.965 0.000 0.566 0.000
32 0.162 0.964 0.000 0.531 0.000
33 0.163 0.967 0.000 0.538 0.000
34 0.178 0.964 0.000 0.574 0.000
35 0.269 0.968 0.000 0.637 0.007
36 0.220 0.976 0.044 0.632 0.005
37 0.193 0.967 0.000 0.640 0.004
38 0.244 0.981 0.000 0.671 0.004
39 0.171 0.984 0.071 0.655 0.003
40 0.254 0.969 0.000 0.646 0.008
41 0.234 0.964 0.000 0.655 0.007
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46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.976
0.992
0.987
0.980
0.984
0.990
0.987
0.988
0.977
0.965
0.979
0.029
0.016
1.000
0.993
0.999
0.998
0.997
0.049
0.031
0.116
0.099
0.965
0.965
0.993
0.993
0.999
0.988
0.026
1.005
0.116
0.987
0.998
1.000
1.002
1.001

0.000
0.040
0.005
0.000
0.000
0.000
0.000
0.000
0.000
0.002
0.000
0.000
0.070
0.000
0.000
0.000
0.000
0.465
0.683
0.690
0.544
0.654
0.426
0.650
0.576
0.603
0.360
0.395
0.636
0.696
0.635
0.707
0.108
0.648
0.528
0.034

0.203
0.244
0.204
0.219
0.195
0.205
0.201
0.176
0.172
0.227
0.169
0.205
0.254
0.187
0.000
0.000
0.000
0.119
0.266
0.230
0.226
0.239
0.186
0.179
0.228
0.247
0.222
0.196
0.263
0.198
0.223
0.270
0.151
0.780
0.787
0.789

0.978
0.975
0.975
0.857
0.827
0.809
0.929
0.912
0.002
0.001
0.003
0.001
0.009
0.774
0.730
0.745
0.742
0.003
0.003
0.004
0.003
0.006
0.000
0.000
0.723
0.917
0.901
0.006
0.002
0.840
0.003
0.010
0.776
0.000
0.000
0.001
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Table S2 Experimental and predicted plCsy values and residuals values (plCsopredicted -

plCsoexperimental) for compounds of Model Al.

Compound pICso Experimental pICso Predicted Residuals
1 6.301 6.887 0.586
2 6.222 6.215 -0.008
3 5.456 5.227 -0.229
4 6.097 5.666 -0.431
5 5.377 5.367 -0.010
6 5.031 5.044 0.013
7 4.633 5.121 0.488
8 5.366 5.861 0.495
9 5.796 5.890 0.094

10 5.155 6.018 0.863
11 5.155 6.116 0.961
12 6.000 5.708 -0.292
13 6.678 6.040 -0.638
14 6.769 6.099 -0.670
15 6.481 6.137 -0.344
16 5.796 5.233 -0.563
17 5.5623 5.218 -0.305
18 6.509 5.804 -0.705
19 6.155 5.770 -0.385
20 5.796 5.649 -0.148
21 5.620 5.977 0.357
22 5.398 5.694 0.296
23 6.155 6.016 -0.139
24 5.824 5.976 0.152
25 6.301 5.962 -0.340
26 7.180 6.856 -0.324
27 7.356 6.782 -0.575
28 6.854 6.808 -0.046
29 6.097 6.769 0.672
30 7.155 6.558 -0.597
31 6.824 6.594 -0.231
32 6.523 6.498 -0.025
33 6.000 6.512 0.512
34 5.682 6.604 0.922
35 7.337 6.832 -0.505
36 7.509 6.825 -0.684
37 7.137 6.751 -0.386
38 6.409 6.867 0.458
39 7.081 6.850 -0.231
40 6.620 6.831 0.211
41 6.553 6.829 0.276
42 4.468 4.707 0.239
43 3.870 4.842 0.972
44 5.236 4.713 -0.523

45 4521 4.852 0.331
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53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77

4.292
5.468
5.276
4.692
4.769
5.347
5.113
6.060
6.337
4.418
4.252
4.661
4.661
5.796
6.569
7.699
7.070
7.301
6.409
7.000
6.769
5.319
6.167
5.677
7.004
5.509
6.886
6.187
5.347
7.757
8.000
7.155

4.829
4.863
4.743
4.708
5.567
5.689
5.559
6.164
6.365
4.854
4.520
4.502
4.505
6.125
7.271
7.217
6.949
7.143
6.225
6.538
5.830
5.724
5.331
6.182
7.210
5.826
7.076
6.784
4.938
7.737
7.575
6.858

0.537
-0.605
-0.533
0.016
0.798
0.342
0.446
0.104
0.028
0.436
0.268
-0.159
-0.156
0.329
0.702
-0.482
-0.121
-0.158
-0.184
-0.462
-0.939
0.405
-0.836
0.505
0.206
0.317
0.190
0.597
-0.410
-0.021
-0.426
-0.298
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