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RESUMO

Este trabalho empregou ferramentas de bioinforméatica para estudar in silico o
mecanismo de transporte da bomba de efluxo multidroga AcrB. Essa bomba faz parte do
sistema de efluxo da bactéria gram-negativa Escherichia coli e € um modelo para estudos de
bombas que pertencem a familia RND.

Para que fosse estudado o mecanismo de efluxo, uma metodologia foi desenvolvida
especialmente para os testes de docagem. Essa metodologia proporcionou a criagdo das curvas
de energia e de diversas tabelas auxiliares que se caracterizaram como importantes
ferramentas para a analise dos resultados.

As simulagGes computacionais de docagem e de dindmica molecular indicaram que a
inibicdo do mecanismo de efluxo pode ocorrer através de competicdo entre inibidor e
substrato pelos mesmos sitios de ligacdo ou ainda por caminhos em comum no interior da
bomba. Os estudos realizados tambem revelaram que certas regides da AcrB parecem ter
maior afinidade com os substratos no que se refere a intensidade da energia de ligagdo. Foram
também identificados lacos, hélices-alfa e folha- beta que parecem ser relevantes no

transporte dos substratos.

Descritores: Bioinformética, Docagem, Dinamica Molecular, Bomba de Efluxo Multidroga
AcrB.

Vieira da Silva Jr., Lande — Bioinforméatica como Ferramenta para o Estudo do Mecanismo
de Efluxo da Bomba Multidroga AcrB. 2016. 88 f. Tese (Doutorado) — Programa de Pds

Graduacdo em Ciéncias da Saude. Universidade Federal do Rio Grande, Rio Grande.



ABSTRACT

The present work used bioinformatics tools to study, in silico, the transport mechanism
of the multidrug efflux pump AcrB. This pump is part of the efflux system of the gram-
negative bacteria Escherichia coli and is a model for studying other pumps that belong to the
RND family.

In order to study the efflux mechanism, a novel metodology was specially developed
for the docking tests. This methodology led to the creation of the energy curves and several
auxiliary tables that were of great importance as tools to analyze the results.

Docking and molecular dynamics simulations suggested that the efflux inhibition
could be due to competition between inhibitor and substrate for the same binding sites or for
common pathways in the internal part of the pump. The present studies also revealed that
certain AcrB regions seem to have more affinity with the substrates regarding the intensity of
the binding energy. Also, loops, a-helices and B-sheets that seemed important for a successful
transport were identified.

Descriptors: Bioinformatics, Docking, Molecular Dynamics, AcrB Multidrug Efflux Pump.

Vieira da Silva Jr., Lande — Bioinformatics as a Toll to Study the Efflux Mechanism of the
Multidrug Pump AcrB. 2016. 88 f. Thesis (Doctorate) — Graduated Program in Health

Sciences. Universidade Federal do Rio Grande, Rio Grande.
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1 INTRODUCAO

Esta tese foi realizada no Nucleo de Pesquisa em Microbiologia Médica (NUPEMM)
da Universidade Federal do Rio Grande (FURG), na cidade do Rio Grande no estado do Rio
Grande do Sul e seu objetivo geral foi o de estudar, utilizando técnicas diversas de
bioinformética, o0 mecanismo de efluxo da bomba multidroga AcrB, que faz parte do sistema
de efluxo da bactéria Escherichia coli.

O efluxo de substancias tdxicas em bactérias gram-negativas é considerado como um
mecanismo de resisténcia que pode levar ao surgimento de microorganismos resistentes aos
antimicrobianos atuais (Li e Nikaido, 2004; Nikaido e Takatsuka, 2009). Ressalta-se, por isso,
a importancia de estudos, realizados no menor tempo possivel, que sejam capazes de
desvendar a fisiologia das bombas de efluxo para melhor entender o seu funcionamento e as
suas afinidades por determinadas moleculas. Nesse contexto, o emprego de técnicas
computacionais mostra-se relevante para estudos da proteina transportadora AcrB sob o ponto
de vista das interacdes energéticas substrato, inibidor e proteina de efluxo. As estruturas
disponiveis da AcrB no banco de dados PDB, permitem identificar, através de simulacdes
computacionais, as regides onde os inibidores se ligam ao transportador e assim caracterizar
estes locais em relacdo as energias de ligacdo envolvidas no processo. Esta etapa € importante
para que se possa desenvolver moléculas capazes de inibir o mecanismo de efluxo da AcrB. A
associacdo dos indmeros recursos provenientes da bioinformatica e de técnicas
computacionais com resultados obtidos no laboratorio, torna a busca por inibidores da bomba
AcrB eficiente, rapida e racional. Justifica-se 0 emprego da proteina de efluxo AcrB como
modelo para estudos de bombas da familia RND, pois esta familia tem homdlogos em archea,
bactérias gram-positivas e células eucarioticas (Tseng et al., 1999). Finalmente, é razoavel
supor que certas caracteristicas da AcrB, como o mecanismo de transporte por exemplo,
estardo presentes em outras bombas. Portanto, estudar o mecanismo de acdo da proteina de
efluxo AcrB, empregando técnicas de bioinformatica, levara também a compreensao sobre o
funcionamento de outras bombas de efluxo.

Para este trabalho foram utilizados bancos de dados da internet como, por exemplo, o
Protein Data Bank (Protein Data Bank) para macromoléculas, de onde foram obtidas as
estruturas 1LIWG (Murakami et al., 2002) e 4DX5 (Eicher et al., 2012). Este banco de
proteinas contém mais de 100.000 estruturas e é um repositério mundial para estrutura

tridimensional de grandes moléculas e acidos nucleicos. As estruturas proteicas estdo
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disponiveis na rede e sdo de livre acesso, permitindo ainda que pesquisadores as utilizem para
estudos, bem como armazenamento e compartilhamento de informagdes sobre
macromoléculas em abrangéncia mundial. Outro banco de dados importante foi o Zinc (Irwin
et al., 2012), de acesso gratuito que permite a obtencdo de arquivos “.mol2” de compostos que
podem ser utilizados em estudos in silico. Nesse ponto, cabe ressaltar a praticidade
proporcionada pela bioinformatica, onde, se pode, sem qualquer gasto e com grande economia
de tempo, escolher estruturas proteicas e candidatos a substratos ou inibidores. Proteina e
substrato podem também ter sua compatibilidade verificada através do uso de programas de
docagem, como o AutoDock Vina (Trott e Olson, 2010), um programa que realiza os calculos
de maneira muito pratica e eficiente para encontrar os locais nos quais proteina e substrato se
ligam com altas magnitudes de energia de ligacdo. Com a etapa de docagem cumprida, 0
pesquisador pode inferir sobre o uso de certo composto como inibidor de efluxo. Tudo isso
poderia ser feito sem qualquer representacdo grafica, mas existem programas de distribuicéo
livre que permitem a visualizagdo tridimensional das estruturas proteicas e das moléculas
individualmente, ou em conjunto, onde se ilustra a interacdo proteina-substrato. A inspecao
visual de uma estrutura € importante, pois o pesquisador atento e experiente pode apenas com
0 olhar estimar o melhor lugar para se tentar realizar o procedimento de docagem. Para
andlise dos resultados de dinamica molecular dirigida (Schlitter et al., 1994), como a realizada
nesse trabalho com o programa Amber 12 (D.A. Casee et al., 2012), onde se pode simular a
movimentacdo dos residuos de uma proteina de acordo com o tempo decorrido, temperatura,
pressdo e estados inicial e final, a visualizagdo da estrutura € fundamental. Para esse propdsito
existem programas como o VMD (Humphrey et al., 1996) e o Chimera (Pettersen et al.,
2004), ambos gratuitos que permitem, dentre diversas possibilidades, elaborar filmes
mostrando como um substrato ou um inibidor se desloca no interior de uma proteina. E
importante ressaltar que, devido as dimensbes da proteina e também dos substratos e
inibidores, microscopia, mesmo que de varredura ou por transmissdo de elétrons, ndo
apresenta poder de resolucdo suficiente para revelar sitios de ligacdo de um substrato sendo
transportado por uma proteina. Entretanto, as ferramentas da bioinformética permitem, com

grande grau de certeza, visualizar o que acontece nas dimensdes de escala atbmicas.
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2 REVISAO BIBLIOGRAFICA

O aumento no nimero de casos de doengas infecciosas causadas por microrganismos
resistentes aos antimicrobianos reforca a necessidade de desenvolver novas alternativas
terapéuticas que possam ser utilizadas no tratamento destas enfermidades (Li e Nikaido, 2004;
2009).

A busca racional de novos farmacos procura reduzir o tempo e o custo do processo,
aumentando a eficicia particularmente nas fases iniciais da identificacdo de um novo
farmacoforo. As plataformas de desenvolvimento de farmacos tem sido amplamente
reforcadas a partir do uso da biologia computacional e da bioinformatica. Estes campos
utilizam conhecimentos diversos, tais como: quimica, fisica, matematica, ciéncias da
computacdo, dentre outros, para estudar sistemas biologicos, caracterizando-se como um
notavel campo interdisciplinar. Surge, entdo, um novo ambiente de estudos, além dos
tradicionais in vivo e in vitro, chamado de in silico, ou seja, estudos virtuais realizados no
computador. Nestes estudos através de simulacGes que envolvem modelos matematicos pode-
se simular o funcionamento de sistemas de organismos vivos. Neste sentido, estes estudos
podem ser utilizados na compreensdo de como interagem farmacos e proteinas (Lesk, 2005;
Claverie e Notredame, 2007).

O sistema de efluxo constitui-se em um dos mais importantes mecanismos
relacionados a resisténcia bacteriana a inUmeros compostos como corantes, detergentes,
antibioticos e outras substancias (Eicher et al., 2009). Este sistema é composto por proteinas
transportadoras que realizam a extrusdo de substancias do interior da célula (Martinez et al.,
2009). Por prevenir a acumulacdo de compostos tdxicos no interior da célula, o sistema de
efluxo permite a bactéria sobreviver em meios indspitos, aumentando seu tempo de vida e
favorecendo o surgimento de mutantes resistentes aos antimicrobianos (Martinez e Baquero,
2000).

Estas proteinas, conhecidas como bombas de efluxo, pertencem a diversas familias de
transportadores sendo que as bombas da superfamilia RND (Resistance Nodulation Division),
sdo predominantemente encontradas em bactérias gram-negativas, e apresentam grande
relevancia para a resisténcia do tipo multidroga (Nikaido e Takatsuka, 2009; Fernandez e
Hancock, 2012).

A bactéria Escherichia coli apresenta um sistema RND complexo composto por trés

proteinas distintas, AcrA, AcrB e TolC (Figura 1) (Seeger et al., 2008), e que esta relacionado
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com o transporte de antibioticos de diferentes familias como tetraciclinas, cloranfenicol, beta-
lactdmicos, rifamicinas e quinolonas (Okusu et al., 1996; Webber e Piddock, 2003). Este
complexo, responsavel pela multiresisténcia, é referido na literatura como bomba de efluxo
AcrAB-TolC e é capaz de capturar moléculas nocivas tanto no citoplasma quanto no espago
periplasmatico, para posteriormente exporta-las para o meio extracelular (Nikaido, 1996).
Quanto as fungdes de cada uma das partes acredita-se que a proteina AcrA tenha a funcéo
principal de conectar a AcrB com a TolC, a fim de estabilizar o conjunto. J& a proteina TolC
posiciona-se imediatamente sobre a AcrA, de tal maneira que atravessa membrana externa,
ou seja, ela recebe as moléculas que séo capturadas e transportadas pela AcrB e as conduz
para 0 meio externo. Por fim, a parte fundamental deste sistema é a proteina AcrB (Figura 2),
que é ativa e dependente de um fluxo proétons para seu funcionamento (Seeger et al., 2008).

Meio Extracelular
40 AT

Barril Beta

100 A Periplasma

' AcrA

30 A
Dominio TolC

40 Al

Dominio Poro

50 A

, . Ceccccooe o . - < A A AL AL A LAl al s AL L oLy alalal ol o ol ol oF ol o oF ST of oL ol ol ol o
Dominio W

Membrana Interna
Transmembrana

PIIIII 3 P 2492 PP 0303933333333 3333333333309
G .

Citoplasma

Figura 1: sistema de efluxo AcrAB-TolC da bactéria gram negativa Escherichia coli.
Constituido por trés partes distintas, uma proteina de conexao AcrA; uma outra que conduz as
substancias toxicas para o exterior via membrana externa (TolC); e a AcrB onde ocorre 0
transporte ativo e acontece a captura de substratos no citoplasma ou no espago periplasmatico

e subsequente transporte até a proteina TolC (figura adaptada de Seeger et al., 2008).
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A proteina AcrB é composta por trés mondmeros iguais, e, por isso dita
homotrimérica. As cadeias A, B e C — idénticas em relagdo a sequéncia de aminoacidos — da
AcrB em trés vistas diferentes podem ser visualizadas na Figura 2. Esta estrutura foi obtida
por cristalografia de raios-X e seu codigo no Protein Data Bank (PDB) é 2GIF (Seeger et al.,
2006). As trés cadeias estdo em um estado assimétrico, o que levou a formulacdo de um
modelo de transporte baseado na mudanca ciclica de conformacdo entre os mondmeros. Estes
poderiam assumir configuragdes chamadas “Loose”, “Tight” ¢ “Open”. O estado “Loose”
refere-se a um estado relaxado, no qual 0 monémero esta pronto para receber o substrato; o
estado “Tight” refere-se a um estado no qual o substrato esta fortemente ligado a um sitio de
ligacao e, finalmente o estado “Open” ¢é o estado no qual a proteina libera o substrato para a
proteina TolC, para que ele seja transportado para fora da membrana externa. Na Figura 3,
obtida pela mesma técnica esta a estrutura de codigo PDB 1IWG (Murakami et al., 2002),
cadeia A, também em trés visualizagGes distintas. Com este monémero, compde-se 0 trimer
que entdo € formado por trés partes iguais. A proteina assim formada é dita simétrica e é

considerada no estado de repouso por ndo ter nenhum substrato ligado a ela quando resolvida.

Figura 2: estrutura assimétrica 2GIF e as trés cadeias A (vermelho), B (azul) e C
(verde). a- vista lateral (referéncia), b- vista superior, c- vista inferior. Imagem gerada pelo

programa Chimera.
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Figura 3: AcrB cadeia A em trés vistas distintas, a- lateral (referéncia), b- superior, c-

inferior. Imagem gerada pelo programa PyMol.

Embora todas as trés proteinas (AcrA, AcrB e TolC) que compde o complexo sejam
importantes para o sucesso do efluxo, é na AcrB onde ocorre 0 acesso das moleculas para o
interior da bomba e também onde ocorre a parte ativa do transporte (Seeger et al., 2006; Pos,
2009). Para interferir de forma racional neste mecanismo de efluxo, torna-se importante
entender o funcionamento da AcrB. Entretanto, esta € uma proteina grande, composta por
3147 aminoéacidos (1049 por cada cadeia), 0 que traz certas dificuldades a compreensédo mais
clara do processo, como por exemplo, a variada gama de substratos da AcrB (Li et al., 2015).
Isoladamente, os estudos in vitro ndo sdo capazes de desvendar o que acontece durante o
momento em que as moléculas sdo primeiramente atraidas para dentro da bomba ou ainda
quando se ligam aos locais de alta afinidade e demandam energia para a retirada da molécula
destas regides de forte ligacdo. Um modelo, bastante aceito correntemente, que tenta explicar
como a bomba de efluxo AcrB funciona é o modelo de rotacdo das 3 cadeias A, B e C,
alternando entre os modos “entrada, ligacdo e saida”. Entretanto, o mecanismo de transporte
da bomba de efluxo desde a ligacdo inicial do substrato até a saida, é ainda desconhecido
(Seeger et al., 2006; Eicher et al., 2012).

Até o0 més de marco de 2016, 43 estruturas da AcrB foram depositadas no Protein
Data Bank (Protein Data Bank), desde a publicacdo da estrutura LIWG (Murakami et al.,
2002). Essas estruturas permitem o emprego de técnicas de biologia computacional para

estudar o comportamento da AcrB frente a diferentes compostos.
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A inibicdo de bombas de efluxo multidroga em bactérias gram-negativas, como a
AcrB da Escherichia coli, justifica-se pelo fato destas bombas terem um papel relevante no
mecanismo de resisténcia per se bem como precursoras no desenvolvimento de cepas
bacterianas resistentes (Vargiu e Nikaido, 2012). Entdo, compreender como funciona o
mecanismo de efluxo, e particularmente como atuam as proteinas transportadoras
responsaveis, € fundamental para a inibicdo do mecanismo, permitindo ndo apenas 0 uso
clinico de antibiéticos que sdo substratos destas bombas, desenvolvendo estratégias para
inibicdo e finalmente colaborando para a desaceleracdo no surgimento de microrganismos
resistentes aos antibioticos.

Bombas de efluxo apresentam algumas caracteristicas em comum, sendo uma delas
universal: todas precisam capturar a molécula a ser exportada e conduzi-la para fora da célula.
Desta forma, o conhecimento obtido e as técnicas desenvolvidas para se entender 0s processos
de transporte e ligacdo de um inibidor com a AcrB poderdo, posteriormente, ser estendidos
para outras proteinas de efluxo, de outros microrganismos ou mesmo para tratamento de
doencas humanas onde o efluxo € um mecanismo que dificulta o tratamento (Xia e Smith,
2012). Entretanto, como o sistema de efluxo tem a funcdo natural de protecdo das células,
projetar inibidores que o inviabilizem, é algo complexo quando considerada a necessidade de
toxicidade seletiva, mas desvendar o mecanismo de funcionamento de uma proteina de efluxo
pode ajudar nesta questdo. Pode-se, por exemplo, adaptar as estratégias para incapacitar a
bomba de efluxo AcrB da E. coli para inibir a bomba de efluxo Tap do Mycobacterium
tuberculosis, um microrganismo que apresenta um grande nimero de bombas de efluxo
relacionadas a resisténcia tanto intrinseca quanto adquirida (Da Silva et al., 2011). Ou ainda,
utilizar os conhecimentos para a AcrB, em casos de Pseudomonas aeruginosa
multirresistentes onde a caracteristica “multiresisténcia” ¢ atribuida, dentre outros fatores, a
superexpressdo de bombas de efluxo (Hirsch e Tam, 2010).

Embora uma patente até sugira formas gerais de moléculas inibidoras de bombas de
efluxo (Chamberland, 2002) o fato de ainda desconhecermos, de forma detalhada, o
mecanismo funcional das bombas torna dificil, sendo impossivel, o planejamento racional de
inibidores que atuem inibindo apenas a proteina de efluxo de interesse.

Diante do exposto, ressalta-se a importancia de estudos que sejam capazes de
desvendar a fisiologia das bombas de efluxo para melhor entender o seu funcionamento e as
suas afinidades por determinadas moléculas. Assim, justifica-se 0 uso da AcrB como modelo
para estudos de bombas da familia RND que tem homdlogos em archea, bactérias gram-

positivas e células eucarioticas (Tseng et al., 1999). O emprego de técnicas computacionais é
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fundamental para se estudar o transportador AcrB sob o ponto de vista das interacGes
energéticas ligante (inibidor) e proteina de efluxo. As estruturas disponiveis da AcrB no
banco de dados PDB, permitem a realizagcdo de varreduras virtuais de variados ligantes com
essa proteina de transporte em um tempo pequeno. Com isso, torna-se possivel identificar,
utilizando modelos computacionais, as regides onde os inibidores se ligam ao transportador
para caracterizar estes locais em relagdo as energias envolvidas no processo. Esta etapa €
fundamental para que se possa desenvolver moléculas capazes de inibir a AcrB. A associacao
dos inimeros recursos provenientes da bioinforméatica e da biologia computacional com
resultados obtidos no laboratério, torna a busca por inibidores da bomba AcrB eficiente,

rapida e racional.

3 OBJETIVOS

3.1 Objetivo Geral

Estudar o mecanismo de transporte da AcrB utilizando técnicas de Bioinformatica e

Biologia Estrutural.

3.2 Objetivos Especificos

Propor uma metodologia para mostrar a distribuicdo das energias de ligacdo na
proteina de substratos de interesse.

Identificar os sitios de alta energia de ligacdo tanto na superficie quanto no interior da
proteina.

Revelar possiveis caminhos percorridos pelos substratos testados.

Identificar residuos da proteina importantes para o sucesso do efluxo.

Sugerir maneiras de inibir o mecanismo de efluxo.

4 MATERIAIS E METODOS

4.1 Bancos de Dados na Internet e Programas utilizados
A fim de cumprir os objetivos desse trabalho, fez-se necessario o emprego de diversas

ferramentas de bioinformatica, descritas a seguir, de acordo com sua finalidade.
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Protein Data Bank — Banco de Dados de Proteinas.

Para que seja possivel realizar simulagBes computacionais e revelar sitios de alta
afinidade entre substrato e proteina, é necessario ter um arquivo que informe cada atomo que
compbe a proteina bem como suas coordenadas cartesianas (x,y,z). Arquivos .pdb contém
estas informagdes e podem ser obtidos na internet na pagina da internet do Protein Data Bank
(Protein Data Bank), que é um banco de dados de estruturas proteicas. Esses arquivos ainda
informam o residuo da proteina ao qual o atomo pertence. O cabecalho do arquivo fornece
informacGes sobre como a estrutura foi obtida, autores, se possui ou ndo substratos ligados
dentre outras. Nesse trabalho, foram utilizadas as estruturas 1IWG (Murakami et al., 2002),
simétrica no estado de repouso, e 4DX5 (Eicher et al., 2012) assimétrica. Ambas foram

obtidas com a técnica de cristalografia e difragéo de raios-X.

Zinc — Banco de Dados de Moléculas.

Os substratos para docagem e estudos de dinamica molecular foram obtidos no banco
de dados Zinc (Irwin et al., 2012), que possui aproximadamente 90 milhdes de compostos em
forma biologicamente relevante, gratuitamente. Moléculas como o brometo de etidio,
tetraciclina e clorpromazina foram obtidas nesse banco de dados. Entretanto, algumas
moléculas, como a molécula NUNLO2, derivada da tetra-hidropiridina, do artigo 1, tiveram
que ser construidas com o programa HyperChem (HyperChem (TM) Professional 7.51,

HyperCube Inc.) baseada em sua formula estrutural.

VMD, PyMol e Chimera — Programas de Visualizacdo, Modelagem e Analise.

Existem diversos programas destinados a modelagem, visualizacdo e analise de
arquivos “.pdb” disponiveis na internet, gratuitamente, para “download”. Os trés utilizados
nesse trabalho foram os programas VMD (Humphrey et al., 1996), PyMol (Schrodinger,
2015) e Chimera (Pettersen et al., 2004). O programa VMD (Visual Molecular Dynamics),
utilizado para confeccionar a maioria das imagens do artigo 2 deste trabalho, possibilita
diferentes representacGes para a proteina, para seus residuos e atomos ligados, o que facilitou
a identificacdo de regibes de interesse. A ferramenta de analise permitiu identificar os

residuos envolvidos no transporte. Além disso, o programa possibilitou a visualizagcdo de
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resultados de estudos de dinamica molecular e a construgdo de animagdes exibindo o
movimento dos substratos na proteina. O programa PyMol Molecular Graphics System é
semelhante ao VMD, mas a distribuicdo gratuita ndo possui todas ferramentas de analise e ndo
permite a elaboracdo de imagens de alta qualidade para publicagdo, embora gere imagens
razoaveis. Esse programa foi bastante utilizado para manipulacdo de arquivos .pdb, como por
exemplo para a construgdo homotrimérica da estrutura 1IWG, e analise dos estudos de
docking e dindmica. Finalmente, o programa Chimera da Universidade da Califérnia em Séo
Francisco, também de distribuicdo gratuita, sem limitac6es, faz essencialmente tudo o que os
outros dois fazem, mas possibilita uma melhor manipulacdo de estruturas com diversas
moléculas ligadas. Esse programa foi fundamental na preparacdo de substratos para docagem
no artigo 1 e para a criagdo dos complexos citados no artigo 2.

Embora parecidos e com muitas ferramentas em comum, cada um dos trés programas
mostra-se mais eficiente que 0s outros em certos aspectos, tanto no quesito facilidade de
executar a tarefa desejada quanto no quesito utilizagdo da unidade de processamento central
(CPU) do computador: por exemplo, o programa Chimera também permite a visualizacdo de
arquivos de dinamica molecular, mas o custo para a CPU é alto. J o programa VMD executa
a tarefa sem grande demanda para a CPU. Assim, a escolha sobre a melhor ferramenta
depende do que se quer fazer, da habilidade do usuario com cada programa e da capacidade

computacional de seu sistema.

Modeller — Modelagem de partes ndo resolvidas da estrutura 11WG.

Para esta finalidade, foi utilizado o programa Modeller 9.14 (Webb e Sali, 2014) que
criou um loop para os residuos 498 até 512 e 860 até 868, utilizando a configuracdo padrdo. A
escolha da melhor estrutura dentre as geradas foi baseada no valor DOPE, uma medida
estatistica usada para avaliar modelos gerados por homologia em predicdo de estruturas
proteicas, e em inspec¢do visual da estrutura. A estrutura escolhida, um monémero derivado da
1IWG original foi entdo transformada em uma estrutura homotrimérica, simétrica, com a
utilizacdo do programa PyMol. Essa estrutura foi utilizada no artigo 2 para os estudos de
dindmica molecular dirigida (Targeted Molecular Dynamics - TMD). Este programa é de

distribuicdo livre.
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AutoDock Tools e AutoDock Vina — Preparagdo da estrutura e ligantes para Docagem

e Docagem respectivamente.

O programa utilizado para preparar as estruturas e ligantes para a docagem foi o
Autodock Tools (Sanner, 1999; Morris et al., 2009), que também permite a obtencdo de
imagens. O programa Autodock Vina (Trott e Olson, 2010) foi escolhido para a docagem. Os
dois programas sdo gratuitos e disponiveis para “download”. AutoDock Tools é necessario
para salvar os arquivos .pdbqt referentes a estrutura utilizada da proteina e dos substratos e
também para dimensionar e posicionar a caixa no local da proteina onde, a partir dela serdo
feitas as docagens. O programa AutoDock Vina realiza, entdo, com os arquivos .pdbgt e com
as dimensbes e posicionamento da caixa a busca pelos sitios de melhor energia livre de
ligagdo em cada caixa.

Amber versdes 12 e 14 — Minimizagdo e Dindmica Molecular Dirigida.

Para o procedimento de dindmica molecular dirigida (“Targeted Molecular Dynamics”
ou TMD em inglés), minimizacdo da estrutura 1IWG-47 foi utilizado o programa Amber
versdo 12 (D.A. Casee et al., 2012). Para preparacdo dos complexos do artigo 2 foi utilizado
uma ferramenta do Amber chamada de X-Leap, como interface grafica ou ou T-Leap com
acesso via terminal. T-Leap € mais eficiente, pois permite a escrever um pequeno programa
gue executa automaticamente diversos procedimentos, evitando assim a digitacdo repetitiva
de comandos. Entretanto, algumas vezes o X-Leap deve ser utilizado. Para minimizacdo da
estrutura 4DX5 foi utilizado o programa Amber versédo 14 (D.A. Case, 2015). Este programa
ndo € de distribuicdo livre, necessita de uma licenca para sua utilizacdo. A dindmica
molecular é uma técnica muito utilizada para o estudo de macromoléculas bioldgicas. Sua
metodologia esta baseada na mecanica classica newtoniana, mas essa ferramenta fornece
informacBes sobre a movimentacdo dos residuos da proteina que levam a diferentes
configuragbes enquanto o tempo decorre. As forcas de interacdo entre cada atomo dos
residuos que compde a proteina sdo calculadas a partir de campos de forca. Nesse estudo
utilizamos para o artigo 1 o campo de forca ff14SB e para o artigo 2 o ff12SB. Um tipico
campo de forca apresenta-se conforme Vp=XV1+XV2+XV3+X4+25 Onde o
termo V 1 refere-se a energia de afastamento entre dois a&tomos em relacdo a posicdo de
equilibrio, V 2 refere-se a energia devida ao angulo da ligacdo entre o par de aomos, V3

relaciona-se a energia de torgéo da ligagdo, V 4 refere-se a energia das interagdes de Van der
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Waals e V5 refere-se a energia eletrostatica. A técnica utilizada no artigo 2 chama-se de
dindmica molecular dirigida (Targeted Molecular Dynamics) (Schlitter et al., 1994) e simula a
evolucdo da macromolécula entre dois estados, por exemplo com o substrato em uma posicéo
de partida inicial em um complexo da macromolécula e em outro complexo o substrato
encontra-se na posicdo final. Com essa técnica pode-se verificar como o substrato e a proteina
interagem, uma vez que o substrato serd conduzido ao estado final pelo caminho mais natural
possivel. Uma alternativa gratuita para a dinamica molecular é o programa Gromacs (Van Der
Spoel et al., 2005).

LigPlot+ — Identificar os residuos da proteina contatados pelos substratos.

Para esse fim, foi utilizado o programa LigPlot+ (Laskowski e Swindells, 2011),
gratuito para uso académico. Esse programa permitiu verificar quantos e quais residuos da
proteina fazem contatos com o brometo de etidio e com a molécula NUNLO2. A partir dessas
informacGes verificamos quais residuos sdo comuns aos dois substratos por cada posicdo de

melhor energia de ligacdo. O procedimento esta descrito no artigo 1.

4.2 Metodologia

Os métodos utilizados para alcancgar os resultados e conclusfes dos artigos 1 e 2 estdo
detalhados nas respectivas secdes de metodologia dos referidos artigos.

Entretanto, é importante ressaltar que esse trabalho teve como ponto de partida a
construcdo das curvas de energia. Para este fim, foi desenvolvida uma metodologia que
examina a proteina ao longo de seu eixo mais extenso o qual chamamos de eixo z, e que
corresponde a direcdo vertical de acordo com a representacdo proposta. A bomba de efluxo é
subdividida em varias caixas de mesmo tamanho (Figura 4). Calcula-se a melhor energia livre
de ligacédo para cada caixa com o programa Autodock Vina. Entdo, para cada caixa temos um
ponto que define a posi¢do de melhor docagem. Finalmente, como resultado desse processo,
construimos um grafico no qual o eixo vertical representa a energia de ligacdo e 0 eixo
horizontal, a respectiva caixa, construindo assim as curvas de energia (Figura 6). No artigo 2,
0 eixo horizontal ndo é a caixa, mas sim a coordenada média de ligacdo z da molécula em
relacdo aos residuos da proteina, para maiores detalhes, leia a metodologia do referido artigo.
As curvas de energia possibilitaram as analises feitas no artigo 1 e foram o ponto de partida

para a dindmica molecular realizada no artigo 2. Posteriormente, o procedimento de docagem



24

desenvolvido para o primeiro artigo foi automatizado e transformado em uma ferramenta
escrita em Python que realiza a docagem em posicGes predeterminadas pelo usuério e também

fornece os residuos contatados entre a proteina e o ligante (Seus e K. S.; Prates, 2016).

Figura 4: proteina AcrB e a direcdo do eixo z. As imagens a, b e ¢ representam 3 das

camadas onde s&o realizadas as docagens.
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ABSTRACT

Objectives: To evaluate tetrahydropyridine derivatives for their ability to inhibit intrinsic and
over-expressed AcrB efflux, and understand the mechanism action of the compounds by in
silico studies. Methods: To address the objectives it was carried out the minimal inhibitory
concentration determination, real-time fluorometric method and docking simulations.
Results: The results showed that compounds NUNLO2, NUNLO9 and 10 inhibit efflux
mechanism. NUNLO2 has a high affinity for the multidrug efflux pump AcrB and was
effective even in the presence of glucose under similar physiological condition. Docking
studies suggested that the action of NUNLO2 in the accumulation assay is very likely because
of competition with ethidium bromide for common binding sites and residues of the protein.
This finding was supported by the fact that the best inhibitor had strong affinity for the
regions where the substrate exhibited its strongest binding as well as for other positions.
Conclusion: Herein we showed for the first time the potential of tetrahydropyridines as efflux
inhibitors and highlighted compound NUNLO2 as an AcrB specific inhibitor. Docking studies
suggest that competition is the putative mechanism action of these compounds

Key Words: Efflux, Inhibitors, AcrB, Competition.
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INTRODUCTION

The phenomenon of multidrug resistance (MDR) is emerging in several clinical
important microorganisms® and drug efflux is an important mechanism contributing to
bacterial resistance to many antimicrobial and biocides®.

RND (Resistance-Nodulation-cell Division) family transporters are tripartite systems
responsible for the active efflux of many structurally dissimilar substrates, including clinically
relevant antimicrobials®. The AcrAB-TolC system present in Escherichia coli consists of a
transporter protein anchored in the plasma membrane that extends to the periplasm (AcrB), a
protein that forms a channel through the outer membrane (TolC) and an adapter protein
(AcrA) located in the periplasm®.

The role of efflux in subclinical resistance is poorly understood, although it was
suggested that it facilitates the selection of high-level resistant strains® °. Therefore, the use of
substances capable to inhibit efflux represents a promising therapeutic to implement as
adjuvants to antimicrobials, prevent the acquisition of another mechanism of resistance, or
restore the effectiveness of an antimicrobial agent’.

Pyridines, an important class of organic compounds, act as proton transfer agents,
and tetrahydropyridines have been shown to possess both therapeutic and pharmacological
properties such as flow regulation of calcium ions®, being candidates to efflux inhibitors (EI)
in bacteria.

Advances in computer modeling and bioinformatics have impacted the drug
discovery process®™*. Rational Drug Design (RDD)** *3, is an in silico step that reduces time
and cost involved in drug discovery. RDD helps to elucidate the interaction between small
compounds and a target receptor that can be simulated through molecular docking™ *.
Hundreds of thousands of orientations and conformations of a ligand in the binding site of the

receptor are tested and the best position and conformation of the drug candidate is estimated
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in terms of free energy of binding (FEB) scores™ *°. The more negative the FEB, the stronger
the binding.

This study evaluated eighteen tetrahydropyridines derivatives for their ability to
inhibit intrinsic (wild-type) and over-expressed AcrB. To understand the putative mechanism

of action, we performed in silico docking simulations using an original approach.

MATERIALS AND METHODS
Derivatives of tetrahydropyridines

Eighteen synthetic compounds were obtained using a previously described method”
8 Table A.1 shows the structures of the tetrahydropyridines (NUNL) and the respective
molecular formulas. All compounds were solubilized in 99.5% dimethyl sulfoxide at a
concentration of 10,000 mg/I and stored at 4°C.
Chemical reagents

All reagents were acquired from Sigma-Aldrich. Stock solutions of glucose (20% p/v),
ethidium bromide (EtBr) (10,000 mg/I), kanamycin (20,000 mg/l), tetracycline (10,000 mg/l),
chlorpromazine (CPZ) (10,000 mg/l) and verapamil (30,000 mg/l) were prepared in distilled
water, filtered with a 0.22 um filter (Millipore Corporation USA), stored at 4°C and kept
protected from light.
Microorganisms and growth conditions

Escherichia coli K-12 AG100, AG100ter and AG100A strains were used in this
study. K-12 AG100 is a wild-type strain that has several active intrinsic drug mechanisms,
including the AcrAB-TolC system. The AG100tgr strain corresponds to strain AG100
adapted to tetracycline and over-expressing the AcrB, while AG100A corresponds to AG100

(AacrAB::Tn903 Kan") strain with an inactivated AcrAB*®?!. The microorganisms were
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grown in LB medium, supplemented with 8 mg/l of tetracycline for AG100+gr growth or with
100 mg/I of kanamycin for AG100A, and incubated for 18 hours at 37°C.
Determination of minimum inhibitory concentrations (MIC)

The MICs of the tetrahydropyridine compounds, CPZ and verapamil were determined
using the two-fold broth microdilution method in 96-well microtiter plates according to the
CLSI 2%, The range of concentrations tested were 0.75 - 400 mg/l for the tetrahydropyridine
compounds, 0.45 - 240 mg/l for CPZ and 11.5 - 3000 mg/l for verapamil. After 18 hours of
incubation at 37°C, the MICs were registered.

Real-time fluorometric method

A fluorometric method was used for detection of accumulation and efflux of the
fluorochrome EtBr, a known substrate of the AcrB®*, using a Rotor-Gene 3000™
thermocycler (Corbett Research, Sydney, Australia) in combination with real-time analysis
software and filters for excitation and emission with wavelengths of 530 nm and 585 nm,
respectively?*%.

The tetrahydropyridine inhibitory activity upon the efflux activity was assessed in two
steps: (1) accumulation assays in the presence of the tetrahydropyridines and (11) efflux
inhibition assays, performed as previously described*?°. For both assays a steady-state EtBr
concentration, characteristic of each strain, was used to evaluate efflux inhibition as follows: 1
pg/mL (AG100 and AG100+1et) and 0.25 mg/l (AG100A). The reference efflux inhibitors
(CPZ and verapamil) and the compounds were used at sub-inhibitory concentrations to
guarantee no effect on cell viability (Table A.2).

The relative final fluorescence (RFF) index 2° was determined as RFF = (Fmo —
Feontrot) / Feontrol, t0 compare the tetrahydropyridine efflux inhibitory activity. F corresponds to
the final fluorescence values (at 60 min) of the EtBr accumulation curve in the presence of an

inhibitor (Fme), or the EtBr accumulation curve in the absence of the inhibitor (Fcontror).
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Assays were performed in duplicates and the RFF mean and standard deviation were
calculated with MedCal® v9.6.2.0. For each assay, the difference between the relative
fluorescence, obtained under conditions of maximum efflux (glucose only), and minimum
efflux (CPZ only) corresponds to 100% of efflux (i.e., 0% efflux inhibition). Thus, the
percentage of EtBr efflux inhibition promoted by each compound corresponded to the
difference between the maximum efflux and the ratio of relative fluorescence in the presence

of the tetrahydropyridine compound relative to the maximum efflux condition.

Cytotoxicity assay

Citotoxicity of NUNL 02, NUNL 09, NUNL 10 and NUNL 18 were assessed with the
J774A.1 (ATCC TIB-67) and MCF-7 as recommended by Pavan et al. (2010)*". The cells
were cultivated at 37 °C with 5% CO2 in modified DMEM medium (10,4 g DMEM, 900 ml
water MilliQ, 2,0g NaHCO3 - Sigma D5671) complemented with 10% Bovine Fetal Serum in
order to obtain about 1 x 10° cell/mL and 5 x 10* cell/mL to J774A.1 and MCF-7,
respectively . The compounds were dissolved in DMSO (5%) and subjected to two-fold serial
dilution from 200 to 0.78 mg/l. Cells were exposed to the compounds at various
concentrations for 24 h. Resazurin solution was then added to the cell cultures which were

incubated for 6 h. Cell viability was detected by reduction of resazurin to resorufin?’.

Docking

Docking studies with Autodock Vina*® and AutoDock Tools?® 2° were performed with
the AcrB structure, PDB ID 4DX5%°) (Protein Data Bank  website
http://www.rcsb.org/pdb/home/home.do), as the target receptor. Structure 4DX5 was chosen
for the docking studies because of its high resolution (1.9 A) and also because its three chains,

A, B and C compose an asymmetric trimmer, likely to correspond to one of the many possible
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biological configurations of AcrB. The software Chimera®! was used to prepare each of the
chains for docking. Finally, minimization was performed with software Amber 14, force field
ff14SB*. This procedure generated three different receptors for the docking studies: 4DX5-A,
4DX5-B and 4DX5-C.

Since the number or location of the best binding sites for ligands in the AcrB protein is
unknown, it is problematic to define a region to place a single grid in which the FEB for the
best ligand positions and orientations will be found. In order to locate the site, or sites, of best
binding a good strategy is to position many searching grids along the structure and calculate
the FEB in each of them. The size of the grids was defined with Autodock Tools, and
Autodock Vina was used to calculate the FEB values between EtBr, NUNLO02, CPZ,
tetracycline and structures 4DX5-A, B and C in each grid arranged along the z axis in (Figure
1). Each grid, hereafter called box, was constructed so that the length in the directions x and y
(65 A for each) determined the base of the box. Such dimensions allowed the resulting area to
cover the protein in these directions, with the exception of the loop to the right. The direction
z is the height of the box; a dimension of 15 A was chosen for this parameter. The lengths
chosen for x, y and z define the volume of the boxes and allow the ligands to assume all
possible orientations inside them. The size of the box was kept constant for the docking
studies. The first box was built at the lowest position of the protein, with the z coordinate
defined as 260 (Figure 1a). Autodock Vina determined the best binding position for this box.
Next, the box is kept with coordinates x and y unchanged, but 5 A were added to the z
coordinate, defining box 265. Autodock Vina calculates again the FEBs and determines the
best binding position of the ligand for this box. This procedure is repeated until box 380
(Figure 2c), the last one defined. Adjacent boxes have a superposition of 10 A and so the

procedure allows that near boxes have the same, or similar, best binding positions. In total, 25
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boxes were used to determine the best affinity sites between 4DX5-A, B, C and EtBr,

NUNLO2, CPZ and tetracycline.

Energy Distribution Curves

For each box in each of the three structures, the first model generated by Autodock
Vina was considered to be the best binding position for the ligand. Through the coordinates of
best binding, average coordinates (X, y, z) were calculated for each ligand in each box. Then, a
single value for x, y and z was considered to define the average position between each ligand
and the structure in each box. Plotting the z average coordinates against the FEB for each box,
and joining adjacent points, allowed the construction of the “energy distribution curves”. The
exact box, z average coordinates and FEBs used for making the curves can be found in Tables

A3, Adand A5.

Substrate/Ligand competition for common binding sites

With the results obtained with LigPlot+*%, Tables 1, A.6 and A.7, which summarize
the number of common residues between EtBr and NUNLO2 for each EtBr box were made for
all structures. In the left column of these tables is the number of the box where EtBr was
docked, in the middle column, the number of the boxes where NUNLO2 was docked that have
common protein binding residues with EtBr, finally, in the right column, is the respective
number of common residues (NCR) relative to the number of total EtBr binding contacts with
protein residues at the respective box (EtR).

Graphics of the tridimensional structure of the AcrB were made with Autodock

Tools® and PyMol®*.
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RESULTS

MIC and Cytotoxicity

Most of the compounds presented, for all strains, MICs equal or higher than 200 mg/I,
thus showing no relevant antibacterial activity. The MIC values were used to select the
concentrations of tetrahydropyridines applied in the fluorometric assays. No cytotoxicity of
NUNLO2, NUNLO9, NUNL10 and NUNL18 was observed in the used concentrations to both
cell line tested.
Effect of the tetrahydropyridine derivatives on EtBr accumulation

Higher RFF wvalues indicate a better compound capacity to promote EtBr
accumulation. As shown in Figures A.1 and A.2a, CPZ, NUNLO2 and NUNL10 had higher
RFF values than verapamil and NUNLOG6, either in the absence or presence of glucose in
AG100. Nevertheless, verapamil showed significant effect on AG100A (Figure A.2c).
Interestingly, NUNLO2 retained its capacity to promote EtBr accumulation in the presence of
glucose.

For AG100teT, again NUNLO2, NUNL09 and NUNL18 were the most effective
promoters of EtBr accumulation, with activity comparable to CPZ, either in the absence or
presence of glucose (Figure A.2b). The other compounds and verapamil showed no
significant effect. Regarding AG100A, the most effective compounds were NUNLO9 and 10,
either in the presence or absence of glucose. NUNLO3, 14, 16 and 21 also displayed

significant effect upon EtBr accumulation (Figure A.2c).

Efflux inhibition study
Table 2 shows the capacity of NUNLO2, 9 and 10 to inhibit EtBr efflux in AG100

and AG100ter. NUNLO9 and NUNL10O presented a higher efflux inhibitory capacity.
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However, this capacity was significantly reduced in the presence of glucose. NUNLO2 had an
efflux inhibitory capacity similar to CPZ for both strains and apparently was not so affected

by glucose.

Docking

When there was an active AcrAB-TolC system, NUNLO2 exhibited high RFFs, in
contrast if this efflux system was not functional, it had very low RFFs, a fact that support the
conclusion that NUNLO?2 is a substrate of the AcrB (Figure A.2). This is why NUNLO2 was
chosen for the docking studies

A visual inspection of the energy curves (Figure 2) permits to compare the FEBs and
binding positions along the z axis between compounds. Tables 1, A.6 and A.7 point out the
competition for same binding sites between EtBr and NUNLO2. Between the
tetrahydropyridine derivatives, the best El in the laboratory tests was NUNLO2: notice how its
energy curves (Figure 2a, b, ¢) match with the ones of EtBr in terms of shape and FEB values.
For CPZ, the FEB values are smaller than the ones for EtBr, however, the curves match fairly
well. (Figure 2g, h, i)

The energy curve of EtBr against tetracycline was made only to compare the FEB
values and z average coordinates of binding of these compounds (Figure 2d, e, f). Note that
the FEBs have the same magnitude, with EtBr having better values in many positions. This
justifies the use of EtBr, a cheap fluorescent compound, as a model for tetracycline efflux

studies.

Energy curves made only for one substrate, show immediately the z coordinate of the best

FEB values, which correspond to the deeper valleys in Figure 2 graphics. For example, for the
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EtBr docked in 4DX5-A (Figure 2a), valleys are found in boxes 270, 320 and 360 with FEB
values of -9.4, -8.2 and -7.6 kcal/mol.

When energy curves for different compounds are plotted in the same graphic, one can
verify if their best FEBs are in the same or different z position and compare their magnitudes.
For instance, the energy curves for EtBr against NUNLO2 (Figure 2a, b, ¢) and CPZ (Figure
29, h, 1) suggest that substrate and ligand compete for the same region. To have a better
insight on the hypothesis of competition as the mechanism of efflux inhibition, Tables 1, A.6
and A.7 must be used. In these tables, what calls attention is the fact that almost for all boxes
where the positions of best FEB for EtBr were found, there is at least one box, but generally
more, where NUNLO2 made, in its best docking positions, bindings to protein residues that
also are preferred by EtBr. This result is a strong indication that NUNLO2 and EtBr are
competing for the same or very near binding sites. For instance, in box 260 NUNLO2 and
EtBr found its best binding position in the same site. In the right column of Table 2, notice
that the compounds share 7 residues in common (numerator) and that EtBr makes a total of 7
contacts with the protein residues (denominator). For EtBr in box 345, notice that five
NUNLO2 boxes had binding positions with common protein residues. Also, for structure
4DX5-A only two best binding positions of EtBr do not have any common residues with
NUNLO2, in boxes 340 and 370 (Table 1). Tables A.6 and A.7 also indicate that EtBr and
NUNLO2 are competing for similar protein sites.

The valleys, in the EtBr energy curves, correspond to places of best FEBs and could
indicate important regions in the AcrB for a successful transport of substrates. Figure 2a, b
and c¢ show the valleys for EtBr and NUNLO2 while Tables 3, A.8 and A.9 specify the z
coordinates and the FEB of the valleys for EtBr, and the FEB for NUNLO2 at these valleys.
Notice that the FEB values for EtBr and NUNLO2 are of the same magnitude for dockings at

the same regions.
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Although EtBr and NUNLO2 are occupying the same spatial region most of the times,
sometimes there is no superposition between them, as can be seen in Figure A.3a in boxes 295
and 320, in Figure A.3b boxes 325, 330, 335 and in Figure A.3c boxes 280, 285, 315 and 355.
However, just visualizing this data would be misleading because in spite of not being
superposed, the compounds can still be competing for same protein residues as is the case
here. For instance, consulting Table 1, one can see that for the EtBr docked in box 295, there
is one common protein residue with NUNLO2 docked in box 305, a competition not for the
same region, but for the same AcrB residue. The presence of NUNLO2 in box 305 could

collapse the region of box 295 where EtBr is docked, impairing EtBr efflux.

DISCUSSION

In this study, we found that some tetrahydropyridines have potential to be used as
drug efflux inhibitors in E. coli. This finding was supported by real-time fluorometric assays
that have been shown to be a sensitive tool for monitoring the accumulation and efflux>®®.

NUNLO2, NUNLO9, NUNL10 and NUNL18 presented the best efflux inhibition
activity, similar to CPZ, and were not toxic for eukaryotic cells. Out of these compounds,
NUNLO2 deserves special attention because it only showed inhibitory activity in the E. coli
strains with a functional AcrB, suggesting that it is a strong El candidate with AcrB
specificity. This is highlighted because no NUNLO2 efflux inhibitory activity was detected for
AG100A, with a non-functional AcrB. In contrast, mainly for AG100, NUNL09 and
NUNLZ10 presented efflux inhibition activity.

Molecular docking studies were performed to further elucidate the mechanics of the

tetrahydropyridine derivative NUNLO2 in efflux inhibition. The docking results suggest that

the activity demonstrated by NUNLO2 in the accumulation assay was most probably due to
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efflux inhibition by competition for same binding sites and protein residues with EtBr in the
AcrB transporter.

If a relevant binding site for efflux is occupied by a compound, the other cannot be at
the same position, and so its efflux will be retarded until the first compound leaves this
binding place. Thus, efflux could be being inhibited by a mechanism of competition. The
energy curves of EtBr and NUNLO2 have a good match in terms of shape, which refers to
binding position, and FEB magnitudes, reinforcing the hypotheses of competition. On the
other hand, the FEB values for EtBr are higher than the ones for CPZ, and this could be
discouraging at first, to consider CPZ as an EI in this case. However, the energy curves of
these compounds (Figure 2g, h, i) match fairly well and that could be an indication of
preference for common binding sites. In our in vitro results the best EI was CPZ, a compound
which is very likely to be a substrate of the AcrB®" This could be an indication that the value
of the FEB is neither the most important, nor the only thing to be considered when analyzing
docking results for multidrug efflux pumps, since CPZ has worse binding energies than EtBr,
Preliminary information on the matter of competition could be inferred from the energy
curves by simply verifying if the curves match, or if the binding positions along the z axis are
about the same.

Traditionally, when analyzing docking results there is a tendency to consider that the
Els with better FEBs would also be the best efflux inhibitors in laboratory experiments.
However, on many occasions from 50% to 70% of the best inhibitors identified through
simple docking do not correspond to those with good performances under in vitro testing™.

It would be an erroneous interpretation to discard CPZ as an inhibitor of EtBr efflux or
as an AcrB substrate based only on the FEB values. Nevertheless, the shapes of EtBr and CPZ
energy curves have similar contours. This could be an indication of competition between EtBr

and CPZ for the same residues and positions, as it was for EtBr and NUNLO2 discussed
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previously. The energy curves for CPZ and EtBr (Figure 5g, h and i) suggest that having
common contact residues with the protein would be more important than the FEB when
looking for efflux inhibitors.

Although this finding is preliminary and permits no definitive conclusions, it demands
subsequent studies with different inhibitors, substrates and drug efflux proteins to verify
whether these curves could be a new useful tool to aid in the interpretation of docking results
and to verify whether a compound could be an EI.

In conclusion, herein we showed for the first time the potential of
tetrahydropyridines as efflux inhibitors and highlighted compound NUNLO2 as an AcrB
specific inhibitor. Further, we proposed a novel method to interpret the docking results
through the comparison of the shapes and FEBs of the energy distribution curves and suggest

that the mechanism behind efflux inhibition could be by competition.

EtBr 4DX5-A | NUNLO2 NCR/EtR

BOX BOX

260 260 717

265 260 717

270 265 - 270 10/14 — 10/14

275 275 - 280 - 285 8/10 — 8/10 — 2/10
280 275 - 280 - 285 8/10 — 7/10 — 1/10
285 275 - 280 - 285 - 295 1/4 - 2/4 - 4/4 - 1/4
290 285 - 290 - 295 1/7 - 6/7-6/7
295 290 - 295 - 305 5/9 - 6/9 - 1/9
300 290 - 295 6/7 — 517

305 310 5/11
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310 310 5/10

315 315 - 320 - 325 10/14 — 9/14 — 2/14

320 315 - 320 - 325 9/13 — 8/13 — 2/13

325 325 - 330 5/6 — 2/6

330 325 - 330 5/6 — 2/6

335 325 - 330 - 335 1/10 — 7/10 — 2/10

340 - -

345 335 - 340 - 345 - 350 - 355 | 1/11 — 2/11 — 8/11 — 7/11 — 1/11
350 335 - 340 - 345 - 350 2/11 - 3/11 — 7/11 - 7/11
355 355 - 360 718 =718

360 355 - 360 719 =719

365 365 6/8

370 - .

375 375 217

380 370 - 380 218 — 218

Table 1: 4DX5-A. Left column - number of the box where EtBr was docked. Middle column:

number of the boxes in which there exist common binding between EtBr and NUNLO2. Right

column: relative to NULNO2 boxes in the middle column, the respective number of common

residues per number of EtBr bindings.

AG100 AG1007eT
Compounds

Without glucose With glucose Without glucose  with glucose
NUNLO2 73.99% (£0.04) 68.24% (+13.0) 130.5% (£14.7) 74.6% (%3.9)
NUNLO9 120.4% (£29.1) 18.5% (£0.71) 145.4% (£13.3) 54.0% (x11.4)
NUNL10 106.1% (£3.04) 23.9% (£1.28) 144.8% (£10.4) 71.2% (£36.7)
CPz 100% (z0) 81.0% (+6.6) 100% (z0) 41.6% (£0.2)
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Table 2: Evaluation of the capacity of NUNL02, NUNLO9 and NUNL10 to inhibit EtBr
efflux in the E. coli strains AG100 and AG100+er after the promotion of a maximum EtBr

accumulation in the presence of CPZ.

4DX5-A EtBr NUNLO2

Box z coordinate FEB Box FEB

270 267.034 -9.4 265 - 270 -9.3/-9.2

295 295.858 -7.8 290 - 295 - 305 -7.9/-7.71-6.7
320 314.852 -8.2 315-320- 325 -7.7/-7.8/-7.2
355 - 360 ~356.90 -7.6 355 - 360 -7.9/-7.6

Table 3: The boxes with the z coordinate of the center of bindings for the minimum FEBSs, the
valleys in the energy curves, for EtBr in structure 4DX5-A. Also in the table, the
corresponding boxes where NUNLO2 and EtBr contacted common protein residues. The

FEBs are listed for both compounds.
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Figures

(b)

Figure 1: The search box is shown in three different positions. The height of the protein is
defined in the direction z. a) The x, y and z directions defined at box number 260, the bottom
of the protein and the starting position for the dockings. b) The box positioned about half of
the height of the protein. ¢) Box 380, the last one, at the top of the protein. The dimensions
chosen for x, y and z allow the ligands to assume all possible orientations and configurations

inside the boxes.
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Binding energies of EtBr against NUNLO2; (d) (e) (f) - EtBr against tetracycline; (g) (h) (i) -

EtBr against CPZ.



46

Appendix A

Table A.1. Tetrahydropyridines structural and molecular formula.

NUNL 01 NUNL 03 NUNL 05

"0, QL oy e QL
9 Yl il

EtO N N N
o\/ﬁ o N O% AN U
NUNL 12 NUNL 14 );NL 15 NUNL 16 NUNL 17 NUNL 18
o 0 Q
J\/E)%Fg [ CFs Mca
N
HN™ °N HN\/NK O\J
NUNL 19 NUNL 21 NUNL22
Compound Molecular Formula Compound Molecular Formula
1 Ca1H21F3N203 12 C1oH14F3NO;
2 Ca3H24F3N20 14 C11H14F3NO;
3 C21H21F3N20 15 CioH12F3NO;
5 Ca1H21F3N20 16 C11H14F3NO;
6 CigH17F3N20 17 CoH11F3N,O
7 Ci3H10F3N20 18 C11H15F3N20
8 Ci1oH12F3NO; 19 CioH13F3N20
9 CisH16F3NO; 21 CioH13F3N20
10 Ci16H18F3NO; 22 CoH10F3NO;




a7

Table A.2. Concentrations in units of mg/l used for Real-Time Fluorometric Method.

AG100 | AG1007eT | AG100a

Chlorpromazine 30 30 10

Verapamil 200 200 200
NUNLO2 6.25 100 100
NUNLO3 50 100 100
NUNL10 50 100 100
NUNL18 18 18 18

All other NUNL 100 100 100

Table A.3. Number of the box in Structure 4DX5-A where the docking was done, average z

coordinate of the bindings between the ligand atoms and the atoms of the protein residues,

and the free energy of binding values calculated in each box for the ethidium bromide and
compound NUNLO2.

4DX5-A Average z FEB (kcal/mol)
Box EtBr NUNLO2 EtBr NUNLO2
260 263.503 262.505 -6.6 -6.2
265 263.611 266.39 -7 -9.3
270 267.034 266.735 -9.4 -9.2
275 278.003 277.997 -6.9 -6.5




48

280 277.909 278.799 -1.2 -7.
285 285.482 283.001 -6.2 -1.5
290 294.109 293.747 -7.6 -7.9
295 295.858 294.343 -7.8 -1.7
300 295.944 298.413 -1.5 -6.8
305 307.166 308.454 -1.4 -6.7
310 307.189 307.254 -1.4 -6.5
315 314.845 315.307 -8.1 -1.7
320 314.852 315.375 -8.2 -7.8
325 326.298 324.29 -7.1 -7.2
330 326.288 330.079 -7.1 -7.2
335 333.75 337.933 -1.4 -6.2
340 336.885 342.095 -1. -6.8
345 349.406 348.495 -6.9 -1.4
350 348.994 348.173 -1. -1.2
355 356.866 355.243 -7.6 -71.9
360 356.969 356.72 -1.6 -7.6
365 360.716 363.719 -6. -5.6
370 366.629 370.174 -5.4 -4.8
375 374.692 370.26 -5.3 -4.8
380 379.509 379.44 -5.2 -4.1
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Table A.4. Number of the box in Structure 4DX5-B where the docking was done, average z
coordinate of the bindings between the ligand atoms and the atoms of the protein residues,
and the free energy of binding values calculated in each box for the ethidium bromide and
compound NUNLO2.

4DX5-B Average z FEB (kcal/mol)
Box EtBr NUNLO2 EtBr NUNLO2
260 262.587 261.665 -6.8 -6.5
265 265.647 263.755 -8.3 -1.7
270 267.27 267.954 -7.6 -7.1
275 275.944 278.597 -6.2 -5.2
280 280.684 279.981 -6.2 -6.4
285 285.942 280.327 -6.1 -6.2
290 293.437 291.185 -7.6 -7.9
295 293.078 293.84 -7.5 -1.2
300 299.453 297.787 -1.4 -6.9
305 309.009 309.006 -8.2 -6.6
310 310.568 310.866 -8.6 -8.5
315 315.707 316.951 -8.4 -71.6
320 316.005 317.343 -8.4 -8.8
325 327.166 326.031 -9.5 -8.8
330 327.189 329.047 -9.5 -9.8
335 331.686 330.752 -8.8 -9.1
340 337.699 337.898 -8.7 -8.6
345 347.671 348.624 -1. -7.9
350 354.833 354.395 -7.1 -6.7
355 355.407 355.966 -1.7 -6.7
360 354.617 355.522 -7.2 -7.6
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365 362.588 361.829 -5.7 -5.3
370 375.08 370.314 -5.4 -5.5
375 375.743 369.797 -5.6 -5.3
380 379.228 379.794 -5.1 -4.2

Table A.5. Number of the box in Structure 4DX5-C where the docking was done, average z

coordinate of the bindings between the ligand atoms and the atoms of the protein residues,

and the free energy of binding values calculated in each box for the ethidium bromide and

compound NUNLO2.

4DX5-C Average z FEB (kcal/mol)
Box EtBr NUNLO2 EtBr NUNLO2
260 259.698 260.304 -5.7 -5.4
265 265.776 267.234 -6.2 -6.1
270 272.037 270.202 -6. -5.3
275 277.853 279.524 -6.4 -1.2
280 283.505 280.642 -71.6 -7.1
285 283.48 285.637 -71.6 -1.
290 292.553 290.248 -6.4 -1.
295 295.913 291.152 -6.6 -6.3
300 299.53 298.436 -6.8 -7.1
305 307.473 308.044 -7.1 -6.7
310 313.716 310.122 -8.6 -6.9
315 314.762 313.586 -9. -9.
320 317.813 315.913 -7.6 -9.6
325 325.447 326.513 -7.9 -1.7
330 325.896 326.513 -1.7 -1.
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335 332.808 335.113 -6.9 -5.5
340 338.081 339.236 -6.2 -5.3
345 347.537 349.288 -6.8 -5.8
350 348.011 350.599 -6.8 -1.7
355 355.701 354.585 -8.1 -7.6
360 355.335 355.354 -1.4 -7.1
365 361.613 363.758 -6. -4.8
370 373.883 371.489 -5.3 -4.7
375 378.397 378.278 -5.5 -5.9
380 378.369 378.841 -5.6 -4.2

Table A.6: 4DX5-B. Left column: number of the ethidium bromide box. Middle column:
number of the boxes in which there exist common protein binding residues between the
ethidium bromide and NUNLO2. Right column: relative to the NULNO2 boxes in the middle

column, the respective number of common residues per number of ethidium bindings.

Ethidium Bromide NUNLO2 4DX5-B C.R/Et.R
4DX5-B

BOX
BOX
260 260 - 265 9/10 — 7/10
265 260 - 265 47— 4l7
270 270 2/14
275 - -
280 -
285 275 - 280 - 285 - 290 - 295 27 —2/7-3/7-2/7T-1/7
290 290 - 295 - 300 717 —5/7-2I7
295 290 - 295 - 300 8/8 —7/8 — 4/8
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300 290 - 295 - 300 3/10 - 5/10 - 8/10

305 300 2/13

310 300 1/10

315 315-320-325- 330 7/13 —10/13 - 2/13 - 1/13

320 315-320-325- 330 9/15-11/15-1/15-1/15

325 315-320-325-330-335- | 2/10-3/10-9/10 - 8/10 — 8/10 —
340 4/10

330 315-320-325-330-335- | 2/9-3/19-8/9-8/9-7/9-3/9
340

335 325-330-335- 340 5/7 —5/7—5/7—5/7

340 325 - 330 -335- 340 - 345 1/8 — 4/8 — 3/8 — 8/8 — 1/8

345 - -

350 355 - 360 17— 4l7

355 350 - 355 - 360 1/8 - 4/8 - 7/8

360 345 - 350 - 355 - 360 1/8 —1/8 — 3/8 — 6/8

365 365 5/6

370 380 1/5

375 370 - 380 1/5-1/5

380 370 - 380 1/7 - 5/7
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Table A.7: 4DX5-C. Left column: number of the ethidium bromide box. Middle column:
number of the boxes in which there exist common binding residues of the protein between the
ethidium bromide and NUNLO2. Right column: for each NULNO2 box listed in the middle

column, the respective number of common residues relative to number of ethidium binding

residues.

Ethidium Bromide 4DX5-C NUNLO2 4DX5-C C.R/Et.R

BOX BOX

260 260 717

265 260 5/9

270 - -

275 280 - 285 - 295 - 300 314 — 414 - 1/4 - 1/4
280 280 - 285 - 290 - 295 - 300 3/4 - 4/4 - 1/4 - 1/4 - 1/4
285 =280

290 285 - 290 - 295 2/8 — 6/8 — 6/8
295 290 - 295 3/6 — 3/6

300 300 5/5

305 305 - 310 6/11 — 6/11

310 315-320- 325 8/11 -6/11-1/11
315 315-320- 325 8/11 - 8/11-1/11
320 - -

325 320 - 325-330 2/12 — 8/12 - 7/12
330 320 - 325-330 1/11 -6/11-7/11
335 325 - 330 1/12 - 3/12

340 340 - 350 4/9 —2/9

345 355 2/11

350 345 - 350 1/11 - 6/11
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355 345 - 350 - 355 - 360 1/9-1/9-6/9-7/9
360 345 - 355 - 360 1/8 —5/8 - 6/8

365 - -

370 370 - 375 6/7 - 1/7

375 375 - 380 6/8 — 7/8

380 =375 375 - 380

Table A.8: The boxes with the z coordinate of the center of bindings for the minimum FEBs,
the valleys in the energy curves, for EtBr in structure 4DX5-B. Also in the table, the
corresponding boxes where NUNLO2 and EtBr contacted common protein residues. The
FEBs are listed for both compounds.

4DX5-B EtBr NUNLO2
Box z coordinate | FEB Box FEB
265 265.647 -8.3 260 - 265 -6.5/-7.7

325 - 330 ~327.20 -9.5 315 up to 340 -7.6/-8.8/-8.8/-9.8/-9.1/-8.8
355 355.407 -7.7 | 350-355-360 -6.7/-6.7/-7.6
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Table A.9: The boxes with the z coordinate of the center of bindings for the minimum FEBs,
the valleys in the energy curves, for EtBr in structure 4DX5-C. Also in the table, the
corresponding boxes where NUNLO2 and EtBr contacted common protein residues. The

FEBs are listed for both compounds.

4DX5-C EtBr NUNLO2
Box z coordinate FEB Box FEB
280 - 285 ~283.5 -7.6 280 up to 300 -7.1/-7.0/-7.0/-6.3/-7.1
315 314.762 -9.0 315-320- 325 -9.0/-9.6/-7.7
355 355.701 -8.1 345 up to 360 -5.8/-7.7/-7.6/-7.1
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Figure A.1. Effect of the tetrahydropyridine compounds NUNLO2 and NUNLO6 on
comparison with reference inhibitors CPZ and VER on the accumulation of EtBr by E.coli

strain AG100.
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Figure A.2. RFF values based on EtBr accumulation assays for the tetrahydropyridines in the
absence (gray bar) and presence (white bar) of glucose (0.4%) for E. coli strains AG100 (4a),
AG100TET (4b) and AG100A (4c).
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280 - 285

Figure A.3: The data from tables 8, 9 and 10. The EtBr is represented by red spheres in
structures 4DX5-A, B and C in the positions corresponding to the valleys (sites of best
bindind) in the energy curves. NUNLO2 is represented by yellow sticks. Notice the
superposition between NUNLO2 and EtBr indicating competition for the same binding region.
Sometimes, as in box 270 and 295 (a), 325 — 330 and 355 (b) and 315 — 355 (c) there is no

overlapping, but NUNLO2 and EtBr still make some contact with common protein residues.

Fim do artigo 1
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Abstract

The technique of Targeted Molecular Dynamics was performed to the multidrug efflux
pump AcrB, structure 1IWG, to study the mechanism of transport of two known substrates,
ethidium bromide and a tetrahydropyridine derivative. The studies revealed a set of flexible

loops, a-helices and B-sheets that seem to be of importance for the success of efflux.

Introduction

The multidrug efflux pump AcrB from Escherichia coli, belonging to the resistance-
nodulation division family has been extensively studied as a model for RND efflux pumps
that occur in gram-negative bacteria. It is responsible for the capture and extrusion of a wide
variety of substrates from the cell (1). Since these efflux pumps contribute to bacterial
resistance to many antimicrobial and biocides (2), thus constituting a health concern (3), it is
important to use the best methods available for understanding the AcrB capture-extrusion
mechanism, in order to inhibit efflux, improve the efficacy of antimicrobials and reduce the

resistance level of gram-negative microorganisms.

Targeted Molecular Dynamics (TMD) is a method that induces conformational
changes to a structure based solely on geometrical constraints (4). In this procedure, an initial
spatial configuration is guided towards a predefined final configuration. TMD has been used
before to find conformational changes (5) and pathways (6) due to the presence of ligands in
macromolecules. These constraints correspond to a complex, or structure and ligand, in an

initial (1) state and then in a final (F) state. The | and F states are known configurations of the
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complex, and this knowledge can come from practical studies, i.e. the structure comes from
X-Ray diffraction or NMR studies and has already the ligand bonded in different positions. If
no structures of such kind exist, the 1 and F states could also come from docking simulations,
as is the case for this work. Based on the docking results obtained for ethidium bromide
(EtBr) and a tetrahydropyridine derivative NUNLO2 (7, 8) in structure 1IWG, | and F states
were defined and then TMD was performed to characterize possible pathways of these ligands

while being transported by the protein.

The TMD simulations revealed interesting conformational changes in the protein
backbone as the ligand finds its pathway across a series of loops, alpha helices and beta sheets
and reinforce the idea of competition as a mechanism of efflux inhibition discussed in
(9)(submitted).

Methodology

The structure with PDB: ID 1IWG (10), which has no ligands bound, and is considered to be
in the resting state was the one chosen for the TMD studies. This X-ray crystal structure of the
AcrB, is the symmetric conformation of the AcrB efflux protein. This ligand free structure has
a resolution of 3.5 Angstrons, and 1049 residues for Chain A. The structure is divided in to
three domains: a transmembrane domain, that seems to connect the inner cell with the
periplasm, and a pore domain and the TolC domain that constitute the periplasmic headpiece
(10, 11) (Figure 1). A small part of the amino acid sequence of the structure was not resolved
by x-ray diffraction, and then, software Modeller 9.14 (12, 13), with default parameters, was

used to construct loops in these missing parts.

Following the docking methodology described in (9) (submitted), Autodock Tools
(11) and AutoDock Vina (12) were used to find positions of high affinity between the
substrates EtBr, compound NUNLO2 and the Modeller completed receptor structure 1IWG,
chain A, based on the free energy of binding (FEB) scores. Positions 2 and 7, in the
transmembrane domains, 13 and 20 in the pore domains and 28, in the TolC domains, were
chosen (Figure 1) (Table 1). Position 2, has the best FEB for the region of the protein that is
below the plasma membrane. Position 28 do not present a large magnitude FEB, but it was
needed a position outside the structure to be the last F state. Theoretically, once in position
28, the molecule would be already inside the TolC protein. Both, EtBr and NUNLO2 are
substrates of the multidrug efflux pump AcrB (9, 11, 14). Note that EtBr (red spheres) and

NUNLO2 (yellow sphere) are superposed for these reference positions.
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Figure 1: An overview of the positions chosen for the TMD procedure. EtBr is depicted as a
red sphere and NUNLO2 as a yellow one. The AcrB structure is represented as new cartoon in
blue. Position 2 is located outside the structure, under the cell membrane, position 7 is at the
side of the protein, sandwiched between the cell membrane and the AcrB in the
transmembrane domains, position 13 is inside the structure in the pore domains, position 20 is
between the pore and the TolC domains, finally position 28 is out the AcrB and already in the

TolC protein.

Position 2 7 |13 | 20 | 28
Energy EtBr -58|-71(-82|-74|-23
(kcal/mol) | NUNLO2 | -7.2 | -6.2|-7.6 | -6.8 | -1.1
Table 1: free energy of binding (FEB) for the positions that compose the pathways for EtBr
and NUNLO2.

The relatively low values found for the FEB of the positions (Table 1) could be due to
the fact that, since structure 11WG is ligand free, the protein is likely in a resting state, and the
sites of high FEB magnitude in the structure are not in the optimal conformation. However,
when, following the same methodology, docking was carried out for AcrB structure 4DX5
(15), which is asymmetrical and has ligands bound, the FEB values found with Autodock

Vina were not much higher in magnitude (9).

The following pathways were constructed for the TMD simulations.
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Pathway 1: for EtBr and NUNLO2, with the departing point in a region which is inside
the cell, below the plasma membrane, position 2, passing by intermediate positions 13 and 20,
which were the positions of strongest binding in the docking procedures, with the final
position located outside AcrB, position 28 (Figure 1a). In this simulation, we assume that the
ligand could be captured by the AcrB from the cytoplasm, inside the cell (10).

Pathway 2: for EtBr and NUNLO2, the departing point is position 7, located at the side
of the protein, in a region that is thought to be in the domain of the plasma membrane or
immediately above it. The ending point is position 13, located inside the protein. In this
simulation it is assumed that the substrate could be captured at the upper transmembrane
domain (16).

From the completed structure obtained, a homotrimeric structure was built with
Pymol (17). To this structure the substrates were added to the construction the complexes |
and F for the TMD procedure. AMBER 12 with packages SANDER, xLeap and
ANTECHAMBER was the molecular dynamics software used in this work (18). Then for
each complex, with xLeap, missing hydrogens were placed and Na+ counter ions were added
to neutralize the structure. After, the complex was placed in a truncated octahedron water box.
Minimization of the complexes was performed with SANDER in two steps: first the protein is
keep restrained and the water molecules were free to move (500 steps of steepest descent and
500 of conjugate gradient, cutoff set to 8) and secondly the whole complex is allowed to move
(1000 steps of steepest descent and 1500 steps of conjugate gradient, cutoff set to 10). Force
fields ff12SB and gaff were used, respectively, for protein structure and for the substrates.
The atomic charges for the substrates were obtained with ANTECHAMBER. Heating from 0
to 300 K (20 ps and protein weakly restrained) and further equilibration at 300 K (100 ps) was
performed for each complex before the TMD procedure that was then performed for pathways
1 and 2 with a very low driving force (0.5 kcal/mole per A), small enough not to brute force

the passage of the substrate through unlikely paths.

However, Amber requires the number of water molecules in the periodic water box to
be the same in both I and F states. The way to accomplish this was by, initially, building a
complex with the ligand bound in both the initial position and in the final position. This
complex was named IF. The water box was added automatically and it contains a certain
number of water molecules distributed equally around the structure. Then, from complex IF,

with xLeap, the final position was removed, leaving the complex as protein plus ligand in the
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initial position plus the water box (complex I). Note that the number of water molecules in
complex I is the same of complex IF, it was not altered by this procedure. Then, complex I
was prepared for the TMD as described previusly. The same procedure, but removing the
ligand from the initial position instead, allows the construction of a complex with the ligand
bonded to the final position in a water box, or complex F with the same number of water
molecules in the box as complex I. In this work one complex had to be built for each
reference point, resulting in 10 complexes that can be used to create different pathways, as
long as they pass at the reference points. For instance, with the 10 complexes generated, it
would be possible to create a TMD run to analyze a pathway starting in position 2, then going
to 20 and returning to 13. However, only the 2 pathways described preciously were studied in
this work. The results for region 20-28 in pathway 1 are for the EtBr only.

Results

Pathway 1
The results of TMD for this pathway show that the ligands are superposed most
of the time, as they climb from position 2 to position 20, along the efflux protein. Figure 2
shows all frames from the TMD simulations for this pathway for ligands EtBr and NUNLO2.
Interestingly, from position 20 (Figure 2) up to 28, the paths are different.

Figure 2: The EtBr and NUNLO2 follow the same path inside the AcrB efflux pump, from position 2
to 13 to 20. Only between positions 20 (white arrow) and 28 the path of these substrates diverge.
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The simulations with EtBr for pathway 1, revealed a structure that could be thought of
as a tunnel, with many flexible loops, sheets and helices that exhibit switch like movements in
some occasions. Dividing pathway 1 in three different areas made it easier to locate structures
that, in the simulations, seemed to have an important role in transporting the substrates
(Figure 3).

FIGURE 3: pathway 1 and the three regions. Orange: from position 2 to 13 (region 2-13), this region
supposedly connects the inner cell with the periplasm, crossing the plasma membrane. It could be
imagined as an access tunnel that capture and transport ligands from the cytoplasm. The TMD runs
revealed a peristaltic like movement in this region. Green: from position 13 to 20 (region 13-20),
located in the periplasm, a set of stiff B-sheets and flexible loops that open, close and adjust to let the
substrates be transported. Blue: from position 20 to 28 (region 20-28), still in the periplasm, is the
region that is connected to the TolC protein, show B-sheets, flexible loops and helices with switch like

movements.

Region 2-13: depicted in Orange (Figure 4), this region is partly embedded in the
plasma membrane. This region has a total of 12 transmembrane a-helices (Murakami et al.
2002), but only 9 were represented here for they seem to be the inner core of an entrance

tunnel. Table 2 describes the residues in each helix.



Figure 4: From pathway 1, region 2-13, the helices that form a tunnel structure with

EtBr in position 2.
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Helix 1

Helix 2

Helix 3

Helix 4

Helix 5

Helix 6

Helix 7

Helix 8

Helix 9

367-386

396-421

428-430

432-436

443-454

466-476

481-493

925-952

964-990

Table 2: residues for the helices in region 2-13.

Position 2 (Figure 5a), could be both a capture and an access point located inside the

cell, thus allowing the AcrB efflux pump to extrude molecules that are in the cytoplasm. Also,

a peristaltic movement seems to be well characterized in Region 2-13 as can be seen in Figure

5: in Figure 5a the helices are in a tighten position while EtBr is in position 2. The helices are

in the transmembrane domain (10). When the molecule is inside the tunnel (Figure 5b) it is

noticeable that the tunnel is wider, the helices made space for the passage of the substrate. In

Fig 5c¢ the tunnel shrinks again and finally in Figure 5d, when EtBr is almost in position 13,

the helices are practically arranged as they were in Figure 5a. The helices in yellow (Figure

5) correspond to helices 6 and 7. These two helices are probably a single one that has a

stretchable, flexible region that appears in the cartoon depiction as a loop comprehending
residues 478 to 480.
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Figure 5: From pathway 1, side view of the tunnel with EtBr located in position 2.

Notice the movement of the helices, widening from a to b and then shrinking from b to d.

Figure 6 illustrates three helices from the access tunnel and between positions 2 and
13, helix 6 in yellow and helices 1 and 2 in orange. Although there is a peristaltic like
movement in region 2-13 involving all helices, helix 6, in yellow (Figure 6) has a pronounced
displacement when compared to the neighbor helices. So, helix 6 could be of great importance

for transport by allowing the passage of the substrate to the upper part of region 2-13.

Figure 6: Helix 6 (in yellow), helix 1 and 2 (partially shown). From a to d, note the switch like

movement of helix 6.

Region 13-20: this region (Figure 7 in green), in contrast to region 2-13, is mostly
composed of beta sheets and flexible loops, it is within a region named pore domain

(Murakami et al. 2002). The B-sheets are very stable and do not present great displacements
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with the exception of the one indicated by an arrow in Figures 7 and 8a, with the residues in
Table 3. In this region, there is still the impression of a tunnel shape, more or less delimited by
B-sheets displaced in a way that resembles a thoracic box, giving a visual sensation of
stiffness to the region. The flexible parts are indeed the loops. Loops 1 and 2 (Figure 7 and 8),
whose residues are listed in Table 2 are on the borderline of region 2-13 and 13-20. They
could be thought as the entrance to region 13-20. Loop 1 is the one with more prominent
displacement, from Figure 8a to 8d, it is noticeable that it lifts up, giving space for the
substrate and then goes down, once the substrate is farther, closing this passage. As loop 1

rises, so does the B-sheet in yellow (Figure 8b and 8c).

Figure 7: region 13-20 has many beta sheets arranged in a way that resembles a thoracic box,
giving a visual feeling of stiffness to this region. Loop 1, 2, 3, 4 and the B-sheet marked

presented interesting displacements. EtBr, in red is located right on position 13.
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Figure 8: from region 13-20, a detail of loop 1 (arrow 1), loop 2 (arrow 2) and a beta sheet,

that show a significant displacement as the substrate enters this region.

Loopl |Loop2 |pB-sheet |Loop3 |Loop4
30-42 668-678 | 132-144 | 49-53 84-85

Table 3: residues of the loops and the B-sheet that seemed to be of importance for the transport

in region 13-20.

On the borderline of region 13-20 and 20-28 are loops 3 and 4 (Figure 10, residues in
Table 3). These loops are practically at position 20 and they could be thought of as an
entrance to region 20-28. In Figure 9 from image a to d it is possible to note that the loop 3

lifts, allowing the substrate to reach region 20-28. Loop 4 lifts a little too (Figure 7 and 15).

Region 20-28: Depicted in blue in Figure 9, this region is in the TolC domain (10). It
is composed of B-sheets, small a-helices and many loops. Helices 10 and 11 act like a switch,
opening to let the substrate pass and loop 5 stretches allowing the substrate to reach position

28 (Figure 9, Table 5).
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Figure 9: Region 20-28. Loop 3 is on the borderline of region 13-20 and 20-28.

Helices 10 and 11, in yellow, are the helices with a more prominent displacement, already in

region 20-28. Loop 5 exhibits flexibility and is located at the exit of the protein, near position

28.

Helix 10

Helix 11

Loop 5

752-754

203-208

189-202

Table 5: residues of Helix 10, 11 and loop 5.

The results for EtBr were chosen when looking for interacting residues in this region

because NUNLO2 moves to the outside of the protein. However, if the AcrB were attached to

the TolC protein, as is believed (Seeger et al 11) NUNLO2 would probably not behave so.

Pathway 2

Pathway 2 is comprehended in region 2-13 described for pathway 1. The difference is

that the substrate capture point is in position 7, outside the structure, in the transmembrane

region, sandwiched between the plasma membrane and the AcrB protein (figure 1). Position

13 is the same position described previously for pathway 1. TMD simulations for pathway 2

showed that the ligands do not enter the protein immediately from position 7. Instead, the

ligands climb by the side of the protein until finding an entrance a little below the level of

position 13 (Figure 11).
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Figure 11: a) EtBr (in red) and NUNLO2 (in yellow) at the AcrB structure. TMD revealed that
both substrates shared the same path from position 7 to 13. b) Detail of the access position to

the interior of the protein.

Figure 12: from position 7 (a) until the access point (b) there are not great configuration

changes.

From the capture point at position 7, until the entrance of the protein (Figure 12),
TMD did not reveal any major conformational change in the protein structure. However, once

the substrate access the protein, loop 1 lifts to let the substrate go inside (Figure 13).

& W
o T\\p

osition 13

\

Figure
13: from a (immediately before the access) to c (inside the protein). a) Loops 1, 2 and 6. b) At

the access point, loop 1 rises to allow the entrance of the substrate, loop 2 changes its
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conformation a little. ¢) Loop 1 remains opened after the substrate reaches position 13.

Once inside the protein, when the substrate leaves position 13 to reach position 20,

loop 6 lifts up (Figure 14) allowing the passage of the substrate.

6 1N

Figure 14: a) Loop 6, when the substrate is at position 13 remains in its original state. b) Once
the substrate moves up, loop 6 rises. c) Loop 6 still interacts with the substrate that is on the

way to position 20.

Loop 1 Loop 2 Loop 6
30-42 668-678 131-137

Table 3: Loops 1 and 2 (same as described in Table 2) and loop 6.

Discussion

The asymmetric configuration of the AcrB structure suggested a magnificent model
for drug transport based on conformational cycling of the monomers between loose, tight and
open configurations (11, 19). However, in this study, we used the symmetric structure 1IWG
and the TMD results suggest that each monomer would be able to perform alone,
independently, capturing and conducting the substrate towards the TolC protein to be
extruded. The cycling model for the asymmetric structure would require a lot of coordination
compared to a simpler model where the monomers could act individually. Besides, acting
independently would probably make the efflux pump more efficient, for coordination is likely

to demand extra time and energy. Reality may correspond to something in between models.

The first description of the AcrB structure 1IWG (10) divided it into three domains:

transmembrane, pore and TolC. In this work, the division of the structure 1IWG in regions
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was not based on what was originally described. Instead, the choice for the regions was based,
primarily, on the initial and final positions for the TMD procedures as described, that was
based on the best binding sites found by docking procedures. Further, after TMD was carried
out, pathway 1 was subdivided in three regions, named 2-13, 13-20 and 20-28. The limiting
points of these regions are positions 2, 13, 20 and 28 (Figure 1). There is a morphological
difference between regions and there are access points between regions. The approach used in
this work to define the regions, defined practically the same regions as the original division.
That could be a coincidence or an indication that whenever there are morphological
differences between regions of an efflux protein, points of strong binding and access/exit
points between regions are likely to be found.

Although AcrB is thought to capture its substrates from the periplasm (20) and from
within the outer leaflet of the cytoplasmic membrane (16), it is considered that the spatial
configuration of the protein and its positioning in the cell, allows the capture of substrates
from the cytoplasm (10). According to TMD performed here, position 2, could be a capture
point located inside the cell membrane as well as an access point to region 2-13. This feature
would increase the efficiency of the AcrB as a multidrug exporter for it would not depend on
other membrane proteins, for instance EmrE and MdfA to transport the substrates from within
the cell to the periplasm, where AcrB would then capture them (21). Position 13 of this study
is located at the region named porter domain, it is inside the protein and was the position of
strongest binding in the dockings. The access to this position, is delimited by loops 1, 2 if the
substrate comes from position 2 (Figure 8), and by loops 1, 2 and 6 (Figurel3) if the substrate
comes from position 7. The set of loops are likely to be an access point to region 13-20,
controlling the entrance of substrates region 13-20. Could there be a deep binding pocket at or
around position 13, as the one described previously (15)? It is reasonable to think there could
be. In this case loops 1, 2 and 6 would be the switch-loops mediating the entrance to this
pocket. Still in region 13-20, immediately before entering region 20-28 there are loops 4 and
5, at what could be considering the exit of region 13-20, mediating the passing of the
substrate. A switch-loop (Figure 15) that comprehends residues 614 to 623 mediates the
entrance of the substrate to a deep binding pocket already described (15). However, loops 3
and 4 (Table 2), located a bit higher than the switch loop (Figure 15), mediate the access to
region 20-28. If the switch-loop is considered to be at the entrance of the deep binding pocket,
it is reasonable to conceive that loops 3 and 4 are likely to be at the exit of both, the binding

pocket and region 13-20.
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Figure 15: the switch-loop in orange (15) and loops 3 and 4. Notice how loop 3 lifts to allow
the passage of the substrate, EtBr (licorice, in red). Loop 4 do not show a major displacement

as loop 3, but it does move, as can be noticed comparing images a and b.

As for position 20-28, there are helices 10, 11 and loop 5 (Figure 9, Table 3), that
interact with the substrate guiding it toward the TolC protein.

The transmembrane region corresponding to region 2-13 is mostly composed of a-
helices, region 13-20, on the other hand, is predominantly composed of B-sheets. Region 20-
18 is composed of small helices, sheets and loops.

The tunnel like appearance of pathway 1, between positions 2 and 13 is notable, and
suggests that the substrates are likely to follow through this tunnel. The TMD results reinforce
this point of view, showing that with a very low driving force, the substrates traverses
pathway 1 very naturally. Note, in Figure 5d, that the tunnel seem to reset to its initial position
in Sa, suggesting that the efflux pump monomer would be ready to capture another another
from the cytoplasm. The tunnel exhibits a peristaltic kind of movement (Figure 5). However,
it is hard to tell if the peristaltic movement is responsible for the conduction of the substrate,
or if it is, actually, the interaction between substrate and protein residues that causes the
peristaltic movement. If the second consideration is true, then the peristaltic movement is the

consequence and not the cause of the substrate transport.

Pathway 2 is an interesting one because position 7, likely embedded in the upper layer
of the cell membrane, in the transmembrane domain, could be a capture point on the outer
surface of the protein. TMD results suggest that the substrate climbs the protein side until it

finds an entrance in the periplasm domain and reach position 13. The access point would be at
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the same height of position 13. Loop 1 mediates the access to position 13 and loop 6 mediates
the exit. Loops 1, 2 and 6 surround position 13, the one with the higher FEB magnitude in the
dockings (Table 1). It is tempting to state that position 13 is a position of importance for
transport in the AcrB. The possibility of lateral capture of substrates that then would be
laterally transported to an access point would increase the efficiency and power of the AcrB
efflux protein. The substrate would have a larger area to dock, and not a specific target. This is
an advantage when compared to entering the protein from specific access points, that are
generally considered to be three for structure 1IWG (22). Thus, maybe any possible binding
area on the outer surface the AcrB could be a potential via for its inside.

Also, according to the TMD results, the substrates EtBr and NUNLO2 compete for the
same trajectories in both pathways studied (Figures 2 and 11). It is known that NUNLO2 has
great affinity for with the AcrB protein and the results of the simulations reinforce the idea of
inhibition by competition between substrates as proposed before (9). In pathway 1, EtBr and
NUNLO2 compete for the same path until position 28, when then, their ways diverge (Figure
2). Such divergence is a very good result for it indicates that TMD does not force the
substrates to follow the same track once the initial and final positions are defined. The same
superposition of EtBr and NUNLO2 along the path, appear again in the simulations for
pathway 2, when the substrates climb laterally until position 13. Considering competition, it
would be possible to conceive a good inhibitor as one that has the same or, at least the closest
path to the compound supposed to have its efflux inhibited and not only the same docking
positions.

TMD results showed no evidence, in agreement with a previous study (20), that the
substrates would go through the central pore.

Perhaps, to impair the efflux mechanism, instead of targeting single residues, it would
be needed to target the loops, sheets and helices, the greater active parts described here and
others that can be found in other studies. A simple substitution of a residue, for example, from
an active loop, could not cause the loop to lose its functionality. A possible analogy could be
that a hand does not lose its capacity of holding objects if one or two fingers are lost,
however, of course some fingers are more important than others. Losing the thumb makes it
harder to hold objects. Maybe the same reasoning is valid for residues and the greater parts
they are part of. Besides, targeting residues could be more substrate specific than targeting
entire flexible loops, sheets and helices that would have to be functional for the successful

transport of any substrate. Looking only at the residues, may cause the missing of the greater
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important parts. Should we look at the forest (loops, sheets and helices) or the trees

(residues)?

Conclusion

The technique of targeted molecular dynamics was used to study how EtBr and
NUNLO2 could be captured and transported by the AcrB efflux pump. The simulations were
done for two different pathways named 1 and 2 and revealed that loops 1, 2 and 6 (region 13-
20), 3 and 4 (region 13-20), and 5 (region 20-28), a-helices 1 to 9 (region 2-13), 10 and 11
(region 20-28) and a B-sheet (region 13-20) had an active role in transport, interacting with
the substrates as they were being extruded. Further, the simulations revealed that EtBr and
NUNLO2 compete for the same path both in pathway 1 and 2. This finding suggests that the
mechanism of efflux inhibition by competition between molecules is likely. Subsequent
studies could reveal which residues from these loops, sheets and helices described here are
paramount for transport and so contribute for new strategies to inhibit the AcrB and other

RND multidrug efflux pumps.
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5 Resultados e Discussdes Gerais

5.1 Artigo 1

Nesse artigo, os resultados obtidos através das docagens tornaram possivel a
construcdo das curvas de energia (Figura 5) e as tabelas 1, A3 e A4, que indicam a preferéncia
dos substratos pelos sitios de maior magnitude de energia de ligacdo na proteina. As curvas de
energia e as tabelas passam a ser as principais ferramentas de analise das docagens. As curvas
de energia facilitam a visualizacdo dos valores das energias nos locais onde os substratos
foram docados, indicando haver ou ndo competicdo pelo mesmo sitio. As tabelas se
mostraram bastante Uteis, pois identificam o nimero de residuos da proteina contatados em
comum pelos substratos mesmo quando aparentemente ndo ha& superposicdo entre 0s

substratos na mesma caixa definida na proteina (Figura A3 do artigo 1).

260 280 300 320 340 360 380
Z
Figura 5: Eixo horizontal — Coordenada z onde se encontrou a melhor energia de
ligacdo. Eixo Vertical — Energia de Ligacdo em unidades kcal/mol. Brometo de Etidio (linha
cheia) e moléculas NUNLO2.

Por exemplo, utilizando um programa de visualiza¢do, como o PyMol, percebe-se que
diversas vezes a superposicdo entre substratos na AcrB é facilmente verificada, mesmo
quando parcialmente. Entretanto, algumas vezes ndo ha superposicdo, mas mesmos residuos

podem estar sendo compartilhados. Nesse trabalho ndo foi encontrado um nimero de residuos



78

compartilhados maiores do que um, quando ndo ha superposicdo. Entretanto, um residuo
ocupado por um ligante, se importante para o sucesso do efluxo, torna-se indisponivel
momentaneamente para se ligar ao outro substrato. Por isso, as curvas de energia e as tabelas
devem ser usadas em conjunto para a andlise dos resultados de docagem. Conhecer a
quantidade de superposicGes ou de residuos em comum entre substrato e composto pode ser
um indicativo de que a inibicdo do efluxo se d& por competicdo. Sabe-se pelos testes de
laboratério descritos no artigo 1 que, tanto o brometo de etidio quanto a molécula NUNLO2
sdo substratos da bomba de efluxo AcrB e que a molécula NUNLO2 inibiu o efluxo do
brometo de etidio. Entdo, de acordo com os resultados obtidos, competicdo passa a ser um
provavel mecanismo de inibicdo, conforme proposto. O método de docagem permitiu
encontrar, dentre outros, trés locais de alta energia de ligacdo entre substrato e proteina, as
posicdes 7, 13 e 20, que foram definidas e utilizadas no artigo 2.

Por fim, o artigo 1 apresenta também a hipdtese de que, a semelhanca entre as curvas
de energia entre inibidor e substrato seria mais importante do que uma simples analise dos
valores da energia livre de ligacdo, encontrados por docagem. Essa hipotese vem do fato da
molécula clorpromazina ser um substrato reconhecido da AcrB (Bailey et al., 2008) e que no
entanto, seus valores de energia de ligacdo ndo sdo da mesma magnitude do EtBr. Néo ¢
possivel explicar esse fato somente baseado em valores. Torna-se necessario buscar outra
explicacdo e a comparacdo das curvas de energia do EtBr e da clorpromazina sugere que a
competicdo por mesmos sitios, que se reflete na semelhanca no desenho das curvas, pode ser

uma possivel explicacdo .

5.2 Artigo 2

Para o artigo 2, a importancia das curvas de energia foi a de estabelecer as posicdes de
partida e chegada para os substratos EtBr e NUNLO2 na AcrB estrutura 1IWG otimizada.
Foram construidos, entdo, dois caminhos baseados nos valores de maior magnitude para a
energia livre de ligacdo entre os substratos e a proteina. Nesses caminhos foi realizado o
procedimento de TMD (Schlitter et al., 1994), que desloca o substrato na proteina, entre duas
posicBes predeterminadas, seguindo o caminho de menor energia, ou seja, 0 provavel caminho
que o substrato percorreria na bomba em uma situacdo real, com a proteina funcional na
célula bacteriana. O primeiro caminho estabelecido, desloca os substratos do interior da
célula, do citoplasma até fora da AcrB, no espaco que ja corresponderia a proteina TolC. O

segundo caminho, tem como ponto de partida uma posigéo que fica na regido transmembrana
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plasmatica, onde o substrato fica entre a lateral da proteina e a membrana, dai o substrato é
deslocado até o interior da célula, na altura da caixa da figura 5b. Com os resultados da TMD,
foi possivel a identificagdo de “loops”, folhas beta e hélices alfa que participaram ativamente
do transporte dos substratos nas simulagdes e que ndo se encontram adequadamente
identificados na literatura. E importante salientar que, muito provavelmente, ja que ndo foram
encontradas referéncias na literatura até o momento, € a primeira vez que se utiliza TMD para
estudos da bomba de efluxo AcrB.

Os resultados das simulagdes também reforcaram a hip6tese sobre a existéncia de
competicdo entre inibidor (NUNLO2) e substrato (EtBr) por mesmas trajetorias nos caminhos
definidos na AcrB. As Figuras 2 e 11 do artigo 2 mostram as trajetorias compartilhadas pelo
EtBr e pela NUNLO2. No caminho 1, revelou-se movimentos peristalticos, e conjuntos de
loops que atuam como mediadores entre regibes da proteina, definidas no artigo 2 que
correspondem, praticamente aos dominios definidos na Figura 1. Outro resultado muito
interessante foi a trajetoria lateral seguida pelos ligantes no caminho 2. A menor trajetoria
entre as posi¢Oes determinadas para esse caminho seria uma linha reta, mas para isso 0
substrato deveria entrar imediatamente na proteina. Entretanto, o substrato escala a superficie
lateral da proteina até encontrar uma regido de acesso, situada na altura da caixa da Figura 5b.
Se esse resultado ocorre quando a proteina estd em estado bioldgico, pontos de ligacédo
externos a proteina podem ser pontos de captura de substratos. A partir desses pontos eles
seriam conduzidos até algum ponto de acesso. Um substrato capturado esta impossibilitado de
adentrar na célula. Essa caracteristica aumentaria a eficiéncia da proteina AcrB, pois ela
poderia estar ativamente transportando um substrato em seu interior para fora da célula, mas
ja possuir outros capturados em sua superficie que esta em contato com o periplasma e
também em outros pontos de captura. Além disso, como aparentemente existem as estruturas
que delimitam diferentes regides, torna-se razoavel supor que uma vez que o substrato deixe
uma regido e passe para outra, esta regido estaria acessivel para outro substrato. Assim, estas
portas de comunicacdo entre regides sdo também possiveis alvos para inibidores. Outro
resultado interessante das simulacdes do artigo 2 foi a trajetdria diferenciada dos substratos na
Gltima parte do caminho 1. Isso indica que o procedimento TMD, embora defina as posicdes
inicial e final, ndo predetermina os substratos a seguirem a mesma trajetoria.

Assim, resta baseado nos resultados obtidos, propor um mecanismo de inibicdo do

efluxo.
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Em primeiro lugar, propde-se que seja construida a curva de energia para 0 composto
a ter seu efluxo inibido, o substrato, e as respectivas tabelas que informam sobre a
competicdo. Depois, faz-se 0 mesmo para os candidatos a inibidores. De acordo com as
formas das curvas, os valores de energia obtidos ao longo da AcrB e a quantidade de residuos
comuns obtidos das tabelas, ja se pode verificar se existe compatibilidade entre inibidor e
bomba e competicdo entre inibidor e substrato. Essa primeira etapa pode ser feita somente
com estudos de docagem seguindo a metodologia descrita no artigo 1. O emprego de TMD
poderé vir logo a seguir, pois mostra a dindmica do processo além de identificar residuos e

regides que nao séo localizados por simples docagem.

8 CONCLUSOES

As técnicas de bioinformatica constituiram uma ferramenta Gtil para estudos da bomba
de efluxo multidroga AcrB.

A técnica de docagem permitiu a construgcdo das curvas de energia, que se mostrou
uma ferramenta importante para se descobrir locais da proteina nos quais os substratos se
ligam a ela com valores de grande magnitude de energia livre de ligacdo. As curvas de energia
também sugerem, pela simples comparacdo de sua forma, se um substrato tem preferéncia
pelos mesmos sitios de ligacdo que o outro. As curvas de energia possibilitaram ainda a
construcdo dos caminhos a serem percorridos pelos substratos no segundo artigo.

A construcdo das tabelas do primeiro artigo possibilitou verificar a quantidade de
competicBes por mesmos sitios entre substratos.

A dinamica molecular dirigida do segundo artigo revelou uma série de “loops”, hélices
o e folhas B que participam do transporte dos substratos e que podem ser, portanto, alvo de
inibidores de efluxo. Além disso, essas simulacdes também mostraram que, dentre o0s
caminhos escolhidos, os substratos percorreram as mesmas trajetorias.

Concluindo, a analise conjunta das curvas de energia, das tabelas, apresentadas no
primeiro artigo e dos resultados da dindmica molecular dirigida no segundo artigo, indicam
que competicdo por mesmos sitios de ligacdo, ou caminho, podem ser um mecanismo de

inibicdo de efluxo.
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9 Anexo 1

Os professores doutores Adriano Werhli e Karina Machado, do Programa de Pds-
Graduacdo em Ciéncias Computacionais da FURG, gentilmente elaboraram uma descricao
mais genérica para o procedimento de deslocamento da caixa de docagem. O procedimento
original, descrito no artigo 1 desta tese, foi idealizado pelo autor deste trabalho durante a
escrita do referido artigo. Segue abaixo a sugestdo dos professores.

Posicionamento Variavel da Caixa de docagem

Geralmente em simulacGes de docagem é necessaria a definicdo de uma caixa de
busca. Essa caixa define o espago tridimensional no qual o algoritmo do programa de
docagem utilizado procura pela melhor posicdo do ligante em relacdo a proteina receptora, de
acordo com um escore fornecido pelo programa que geralmente esta relacionado a energia
livre de ligacdo. Uma caracteristica muito Gtil do “framework” proposto é a possibilidade de
se planejar com antecedéncia caixas especificas que serdo analisadas pelo algoritmo de
docagem. A simulacdo de docagem é realizada em todas as caixas que forem definidas. Dessa
forma, ao final das simulac6es, tem-se 0 melhor resultado da docagem para cada caixa.

No programa Autodock Tools, utilizado neste trabalho, a caixa de docagem ¢é definida
pelo comprimento de cada uma de suas dimens@es, chamadas X, i, z; € pela posi¢do de seu
centro (X, Ye, Zc).

No “framework™ proposto, ¢ possivel variar a posi¢do do centro da caixa em qualquer
combinacgéo de dimensdes, ou seja, 0 usuario pode decidir se a variacdo serd em uma, duas ou
trés dimensdes. Para cada dimensdo a qual o usuario desejar uma variacdo, ele devera
informar a coordenada final e um passo o qual indica o deslocamento da caixa na dimenséo
desejada. Generalizando, para a variacdo da posicdo da caixa, 0 usuario tem que fornecer a
posicdo final do centro da caixa, (Xend, Yends Zend), € O PaSSO (Xstep, Ystep, Zstep) qUE Sera usado em
cada coordenada para alcancar a posicdo final. Definidos esses valores, um conjunto de
pontos para cada coordenada € criado,

X = {Xe,(Xc + Xstep),(Xe + 2 X Xstep), - - - ,(Xc + Nx X Xstep) }

Y = {Yo.(Ye + Ystep), (Ve + 2 X Ystep), - - - »(Ye + Ny X Ystep) }

Z = {Zc,(Zc + Zsep),(Zc + 2 X Zsep), . . . ,(Zc + Ny X Zsiep) }
Where Xend = X + Ny X Xsteps Yend = Ye + Ny X Ystep € Zend = Zc + Nz X Zstep.
Note que o numero total de simulacdes de docagem que sera realizado é dado por
N =nyxnyxn,

Se 0 usuario desejar variar o0 posicionamento da caixa em apenas uma dimensao, como
foi feito no artigo 1 desta tese, ele devera deixar os campos das coordenadas finais e passos
relativos as dimensGes restantes em branco.
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10 Anexo 2

Carta eletronica do editor da revista International Journal of Antimicrobial Agents
(NAA) afirmando que reconsiderard o artigo 1 desta tese se as corre¢Bes solicitadas forem
feitas. As correcdes estdo sendo feitas.

From: IJAA (ELS) <lIJAA@elsevier.com>

Date: 2016-03-30 8:04 GMT-03:00

Subject: RE: Your Submission IJAA-D-16-00239
To: Pedro Silva <pedrefurg@gmail.com>

Dear Pedro Silva,
With reference to your enquiry.

The Editor has advised that in this instance he would be happy to reconsider your
paper if you are able to respond to the reviewers requests.

If you wish to go ahead, please let us know and we will initiate a rebuttal, which will
allow you to revise your paper and resubmit.

Kind regards

Jacqui Merrison

From: Pedro Silva [mailto:pedrefurg@gmail.com]

Sent: 24 March 2016 16:06

To: 1JAA (ELS)

Subject: Re: Your Submission IJAA-D-16-00239

Dear Editor

Thanks for your attention for our manuscript. Regard to the reviewer’s comments we
would like highlight that:

1. In fact, the structures are in Table Al, as indicate in line 89 and showing all
compounds.

2. Both references are in indexed journals. 17 (European Journal of Organic Chemistry
indexed in pubmed with Impact Factor: 3.065) and 18 (Synthesis indexed Current
Contents/Life Science, Current Contents/Physical, Chemical and Earth Science,
Chemical Abstracts, Science Citation Index, Research Alert, Scisearch, Index
Chemicus, Chemistry Citation Index, Current Chemical Reactions, Reaction Citation
Index, Reference Update, Biological Abstracts, EMBASE, CABS/BIOBASE, GEO


mailto:IJAA@elsevier.com
mailto:pedrefurg@gmail.com
mailto:pedrefurg@gmail.com

89

Abstracts/GEOBASE). Both have DOl DOI: 10.1055/s-0029-1218779 and
10.1002/ejoc.200801119, 17 and 18 respectively.

3. In fact, cytotoxicity was done in J774A.1 (ATCC TIB-67), an eukaryotic cell and
showed no cytotoxic.

Obijectively, regarding the request of Reviewer:

(1) the necessary information for a correct assessment of the potential interest of these
compounds as drugs (including structures, water solubility and other pertinent
biophysical and biochemical properties).

We could show the structure of all compounds and describe the main physical and
biochemical properties of these compounds, however the chemical formula is there
(Appendix A)

(i) the results of cytotoxicity assays with at least two lines of eukaryotic cells.

We could do cytotoxic assay with another line of eukaryotic cells, besides J774A.1
Best regards,

Pedro Eduardo Almeida Silva



