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Resumo

Tap € uma importante bomba de efluxo associada a resisténcia a multiplos farmacos
em Myocbacterium tuberculosis. O desenvolvimento de inibidores de efluxo (IES) para
Tap possivelmente aumentaria a eficAcia dos antimicrobianos de segunda linha e
reduziria a duracdo do tratamento atual. A bomba de efluxo Tap fica localizada na
membrana plasmatica, que faz parte de um complexo envelope celular, que tem
importante papel da resisténcia intrinseca a antimicrobianos. O fosfatidil-mio-inositol
dimanosideo (PIM2) é um componente essencial do envelope celular e o lipidio mais
predominante na membrana plasmatica de M. tuberculosis. Dessa forma, o objetivo
deste trabalho foi desenvolver modelos atomisticos computacionais das estruturas de
uma membrana de PIM2 e da bomba de efluxo Tap de M. tuberculosis, como alvos
no estudo racional de antimicrobianos. Um modelo estrutural de Tap permite estudo
racional de IEs, enquanto um modelo para a membrana de PIM2 aumenta a acuracia
do modelo de bombas de efluxo, além de permitir o estudo de farmacos que interagem
com o envelope celular de M. tuberculosis. Desenvolvemos um modelo molecular de
Tap, ao longo de um extenso estudo de modelagem molecular, que mostrou possivel
inibicdo competitiva entre IEs e antibidticos. Desenvolvemos e analisamos um modelo
de membrana de PIM2 com simulacBes por Dinamica Molecular, possibilitando
aprimorar o modelo desta proteina. O modelo de membrana de PIM2 também foi
usado para estudar a interacdo da membrana do M. tuberculosis com um candidato
ao reposicionamento de farmacos, a mefloquina, por meio de simulagbes por
Dindmica Molecular, sendo que os resultados concordaram com as analises
espectroscopicas. Esta tese gerou artigos que descrevem o desenvolvimento destes
dois importantes modelos estruturais, da bomba de efluxo Tap e da PIM2, para o

estudo racional de farmacos.

Palavras-Chave: Bioinformatica estrutural; Bomba de efluxo Tap; Membrana de

Mycobacterium tuberculosis; Modelo estrutural; Estudo racional de antimicrobianos.
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Abstract

Tap is an important efflux pump associated with multidrug resistance in Myocbacterium
tuberculosis. The development of efflux inhibitors for Tap could raise the effectiveness
of second line drugs and reduce the duration of the current treatment. Tap efflux pumps
are located in the plasma membrane, which is part of a complex cell envelope, which
plays an important role in intrinsic resistance to antimicrobials. Phosphatidyl-myo-
inositol dimannoside (PIM2) is an essential component of the cell envelope and the
most predominant lipid in the plasma membrane of M. tuberculosis. Thus, the objective
of this work was to develop atomistic computational models of the structures of a PIM2
membrane and the Tap efflux pump of M. tuberculosis, as targets in the rational study
of antbiotics. A structural Tap model allows a rational study of Els, while a model for
the PIM2 membrane increases the accuracy of the efflux pump model, and also allows
the rational study of drugs that interact with the M. tuberculosis cell envelope. We
developed a molecular model of Tap, throughout an extensive molecular modelling
study, that showed possible competitive inhibition between Els and antibiotics. We
developed and analyzed a Molecular Dynamics PIM2 membrane model, that showed
reliability in its interaction with Tap, enhancing the Tap model. The PIM2 membrane
model was also used to study the M. tuberculosis membrane interaction with a
candidate for drug repurposing, mefloquine, throughout Molecular Dynamics, and the
results agreed with the spectroscopic analyses. This thesis generated papers that
describe the development of these two important structural models, the Tap efflux

pump and the PIM2 membrane models, for the rational drugs study.

Keywords: Structural Bioinformatics; Tap Efflux Pump; Mycobacterium tuberculosis

membrane; Structural model; Rational study of antibiotics.
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1 Introducéao

A tuberculose (TB) € uma doenca infectocontagiosa cujo principal agente
etiolégico em seres humanos é o bacilo Mycobacterium tuberculosis. Foram
estimados 10 milhées de casos novos de TB e 1,4 milhdes de Obitos em 2019. Um
dos desafios no combate a TB é a emergéncia da resisténcia a multiplos farmacos
(MDR) — causada por cepas resistentes a pelo menos isoniazida (INH) e rifampicina
(RIF) - que estima-se ter tido 362 mil novos casos em 2019 (WORLD HEALTH
ORGANIZATION, 2020). A principal forma de resisténcia de M. tuberculosis é a
adquirida, porém a resisténcia intrinseca também se mostra importante (DA SILVA et
al., 2011; GYGLI et al., 2017). M. tuberculosis apresenta dois principais mecanismos
de resisténcia intrinsecos que reduzem a concentracao de antimicrobianos na célula:
um ativo sistema de efluxo e o envelope celular altamente impermeével (DE ROSSI;
AINSA; RICCARDI, 2006; FAVROT; RONNING, 2012; GYGLI et al., 2017).

Bombas de efluxo em M. tuberculosis podem ser associadas a TB resistente a
multiplos farmacos (TB-MDR) (COELHO et al., 2015; LI et al., 2015) e até mesmo a
resisténcia a bedaquilina (BDQ) (ALMEIDA et al., 2016; LI et al., 2018), que € um dos
altimos antimicrobianos desenvolvidos para TB e recentemente introduzido no
tratamento de pacientes com TB-MDR (ANDRIES et al., 2014; COHEN, 2013).

Além disso, o efluxo desempenha um papel importante na evolucdo para altos
niveis de resisténcia em M. tuberculosis (COELHO et al., 2015; MACHADO et al.,
2012; VIVEIROS et al., 2012), uma vez que confere baixos niveis de resisténcia, que
podem resultar em uma maior exposicdo a concentracdes subinibitérias de um
antimicrobiano, e em consequéncia aumentar a probabilidade do desenvolvimento de

outros mecanismos de resisténcia, como os de mutacéo pontual (MARTINEZ, 2017).

A bomba de efluxo de resisténcia a tetraciclina/aminoglicosideo (Tap), Rv1258c
(AINSA et al., 1998; DE ROSSI et al., 2002), é uma bomba de efluxo de M. tuberculosis
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associada a TB-MDR (JIANG et al., 2008; SIDDIQI et al., 2004). O gene Tap
apresentou maior expressdo em amostras clinicas quando exposto a RIF (COELHO
et al., 2015; JIANG et al., 2008; SIDDIQI et al., 2004), INH (COELHO et al., 2015;
JIANG et al., 2008; MACHADO et al., 2012) e ofloxacina (OFLO) (SIDDIQI et al.,
2004). Foi demonstrado que a delecdo de Rv1258c do M. bovis BCG aumenta a
suscetibilidade do organismo & INH e RIF (DE ROSSI; AINSA; RICCARDI, 2006). Esta
bomba de efluxo também foi associada ao desenvolvimento de resisténcia a
fluoroquinolonas de segunda linha e antibiéticos aminoglicosideos (MALINGA;
STOLTZ; WALT, 2016).

Além da acao na resisténcia, as bombas de efluxo em M. tuberculosis também
sdo associada a divisdo celular (DHAMDHERE; ZGURSKAYA, 2010; LAU;
ZGURSKAYA, 2005) e a viruléncia (CAMACHO et al., 1999), possivelmente por serem
responsaveis pela secrecdo de componentes do envelope celular (CAMACHO et al.,
2001). Foi mostrado que a inativacdo da Tap reprimiu genes da biossintese da parede

celular, em particular da formacao do peptidoglicano (RAMON-GARCIA et al., 2012).

Uma forma de superar e evitar a resisténcia relacionada ao mecanismo de
efluxo € com a adicdo de Inibidores de Efluxo (IE) como adjuvantes no tratamento
antimicrobiano (GUPTA et al., 2013; KAPP; MALAN; SAMPSON, 2017; MAHAMOUD
et al., 2007; MARQUEZ, 2005). O uso de um IE com especificidade para a bomba de
efluxo Tap poderia possibilitar: a introducéo no tratamento da TB de antimicrobianos
ja disponiveis, porém nao efetivos contra a TB, como espectinomicina ou tetraciclina
(TET); a maior eficacia de antimocrobianos da segunda linha do tratamento de TB
como PAS e estreptomicina (STR); a reducao da duracdo do tratamento padrao, que
por si sO ja é uma das causas de casos de resisténcia (RAMON-GARCIA et al., 2012).
O planejamento de IEs efetivos requer um entendimento da dinamica funcional e dos
mecanismos moleculares das mudancas conformacionais desse tipo de proteina
(OPPERMAN; ST, 2015; OSWALD; TAM; POS, 2016; WANG et al., 2017). Desta
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forma, o estudo racional de farmacos é uma forma rapida e precisa de descobrir IEs
clinicamente (LIU; WRIGHT; HOP, 2014; WALMSLEY; MCKEEGAN; WALMSLEY,
2003; YE et al., 2014).

As bombas de efluxo de M. tuberculosis ficam localizadas na membrana
plasmatica, que faz parte de um complexo envelope celular que € responsavel por
protecdo da bactéria em ambientes hostis, resisténcia mecanica, transporte de solutos
e proteinas e adesdo a receptores de hospedeiros, além de ter importante papel da
resisténcia intrinseca a antimicrobianos (BRENNAN; GOREN, 1979; DAFFE;
DRAPER, 1998; DULBERGER; RUBIN; BOUTTE, 2020; SARTAIN et al., 2011). Este
envelope é composto pela membrana plasmatica ou membrana interna (Ml), o
complexo peptidoglicano-arabinogalactano e a membrana externa (ME) que esta
covalentemente ligada ao arabinogalactano (BANSAL-MUTALIK; NIKAIDO, 2014).
Lipidios exclusivos da espécie ou da micobactéria compdem esse envelope. A
abundancia e importancia biologica desses lipidios refletem em extensos estudos para

elucidar suas estruturas e fungdes (SARTAIN et al., 2011).

Os fosfatidil-mio-inositol manosideos (PIMs) sé&o glicolipideos Unicos
abundantes nas Ml e ME das micobactérias (GUERIN et al., 2010). Estes glicolipideos
também sao precursores dos dois principais lipoglicanos micobacterianos, o
lipomanano (LM) e o lipoarabinomanano (LAM) (SANCHO-VAELLO et al., 2017), que
sdo formas multiglicosiladas de fosfatidil-mio-inositol dimanosideos (PIM2)
(CHATTERJEE et al., 1992; KHOO et al.,, 1995). Os PIMs, além de componentes
essenciais do envelope celular micobacteriano, sédo fatores de viruléncia importantes
em M. tuberculosis e podem modular interagbes patégeno-hospedeiro (SANCHO-
VAELLO et al.,, 2017). Estruturalmente, os PIMs sdo constituidos por um grupo
fosfatidil-mio-inositol (Pl) contendo manosideos esterificados no anel inositol
(GUERIN et al., 2010). A classe mais abundante de PIMs em M. tuberculosis é PIM2,

sendo a forma tetra acilada dos PIM2 — diacil fosfatidil-mio-inositol dimanosideo
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(Ac2PIM2) o lipidio mais abundante da MI, compondo até 42% de sua massa seca
(BANSAL-MUTALIK; NIKAIDO, 2014).

A caracterizagédo fisico-quimica de uma membrana lipidica € de fundamental
importancia para entender seu papel em funcbes fisiolégicas como o trafego de
vesiculas, suas interacbes com proteinas (BOVIGNY et al.,, 2015). A Dinamica
Molecular (DM) € método de simulacdo computacional que se torna uma ferramenta
poderosa para analisar as propriedades fisicas e quimicas de uma membrana, sua
organizacgao e dindmica temporal em um nivel de detalhe atomistico, que é atualmente
indisponivel diretamente em estudos espectroscopico (DESERNO et al.,, 2014;
FRIGINI; LOPEZ CASCALES; PORASSO, 2018; VENABLE; KRAMER; PASTOR,
2019).

Um modelo de DM para uma membrana bacteriana permite analisar os efeitos
na membrana de antimicrobianos que interajam com ela (BOAGS et al., 2017). Como
€ o caso da mefloquina (MFL), uma molécula que mostrou efeito antimicrobiano em
M. tuberculosis (BERMUDEZ; MEEK, 2014; GONALVES et al., 2012; JAYAPRAKASH
et al., 2006; RODRIGUES-JUNIOR et al., 2016), e que pode afetar a integridade de
membranas procarioticas (BROWN; STANCATO; WOLFE, 1979). Um modelo assim
também permite estudar as interacfes entre a membrana bacteriana e proteinas-
transmembrana, como bombas de efluxo (MULLER et al., 2019). Adicionalmente, a
simulacéo da inser¢do natural da bomba de efluxo em uma membrana bacteriana da
mais precisdo ao estudo estrutural da bomba (CLOETE et al., 2018; SANDHU,
AKHTER, 2017).

Esta tese esta dividida da seguinte forma: a Se¢éo 2 é a Revisado Bibliogréfica,
que detalha o estado da arte dos temas abordados; a Secdo 3 € a de Objetivos,
apontando os objetivos do trabalho; a Secéo 4 é a de Material e Métodos, que explica
de forma resumida a metodologia utilizada em cada artigo (as metodologias estao

detalhadas nos artigos); e a Secdo 5 é a Bibliografia, contendo toda a bibliografia
18



utilizada nas secdes anteriores. Em seguida estéo os trés artigos: a Secéo 6 é o Artigo
I “Molecular modelling and competitive inhibition of a Mycobacterium tuberculosis
multidrug-resistance efflux pump”, que ja foi publicado na revista “Journal of Molecular
Graphics and Modelling”; a Se¢éo 7 é o Manuscrito Il “A Molecular Dynamics study of
PIM2 lipid bilayer membranes” pronto para a submisséo para a revista “Biochimica et
Biophysica Acta — Biomembranes”; a Secéo 8 € o Manuscrito Il “Mefloquine synergism
with anti-tuberculosis drugs and correlation to membrane effects: biologic,
spectroscopic and molecular dynamics simulations studies”, submetido para a revista
“Bioorganic Chemistry”. A Secdo 9 € a de Conclusbées e a Secdo 10 a de

Consideracdes Finais e Perspectivas.

2 Revisao Bibliogréfica
2.1 Tuberculose

A TB € uma doenca infectocontagiosa cujo principal agente etioldgico em seres
humanos € o bacilo Mycobacterium tuberculosis (WORLD HEALTH ORGANIZATION,
2020). A doenca é um importante problema na saude publica pela sua alta taxa de
morbimortalidade, tendo maior indice de mortalidade em pacientes HIV positivos
(ALVARO-MECA et al., 2014; WORLD HEALTH ORGANIZATION, 2020).

Foram estimados 10 milhdes de casos novos de TB e 1,4 milhdes de 6bitos em
2019 (WORLD HEALTH ORGANIZATION, 2020). A maioria dos infectados com o
bacilo desenvolve a forma latente, que além de constituirem-se no maior reservatério
de um patdgeno em todo o mundo ainda coloca 10-15% destas pessoas em risco de
desenvolver a doenca em algum momento da vida. Estima-se que cerca de ¥4 da

populacdo mundial esteja infectada com M. tuberculosis (HOUBEN; DODD, 2016).

A terapéutica antimicrobiana da TB € a principal estratégia para o controle da
doenca, pois além de promover a cura dos pacientes, rompe a cadeia de transmisséo

do bacilo. A estratégia terapéutica de primeira linha para TB tem duracdo de seis
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meses, utilizando INH e RIF durante todo o tratamento com adi¢céo de pirazinamida e
etambutol (ETB) nos dois primeiros meses (WORLD HEALTH ORGANIZATION,
2020). Esta longa duracéo do tratamento em que o paciente deve ingerir diariamente
0s antimicrobianos, somada a sua toxicidade e efeitos colaterais, contribui com que
ocorra relapso no tratamento. A falha no tratamento representa um importante
problema de saude publica, pois um tratamento incompleto pode propiciar a selecéo

de cepas resistentes aos antimicrobianos (CLARK et al., 2013).

2.2 Resisténcia bacteriana aos antimicrobianos

A resisténcia bacteriana aos antimicrobianos € um crescente problema no
cenario clinico (GYGLI et al., 2017; MARTINEZ, 2014). A exposi¢cdo de compostos
antimicrobianos em concentragdes menores do que a concentragdo minima inibitoria
favorece a selecdo de cepas resistentes. Isto ocorre porque as bactérias resistentes
irdo sobreviver, fazendo com que o fendtipo de resisténcia vire predominante na
populacao bacteriana (HOGAN; KOLTER, 2002; MARTINEZ, 2014).

Os mecanismos de resisténcia aos antimicrobianos ocorrem basicamente pela
inativacdo do farmaco, pela modificacdo do alvo de ag¢do e/ou por reducdo da
concentracao intracelular. Os mecanismos de resisténcia do primeiro tipo, causados
por inativacdo do farmaco, incluem a producdo de enzimas que o degradam ou
modificam, como por exemplo: betalactamases e aminotransferases. A segunda
categoria mencionada, por modificacdo do alvo de agao, envolve as mutacdes que
alteram o sitio de acdo do antimicrobiano. A terceira categoria de mecanismo de
resisténcia consiste na reducdo da concentracdo intracelular como o efluxo e a
diminuicdo da permeabilidade do envoltorio celular. Tendo em vista que a eficacia de
um antimicrobiano depende de sua capacidade de alcancar seu alvo, a diminuicao da
permeabilidade das paredes celulares e o efluxo sdo fatores efetivos no aumento da
resisténcia aos antimicrobianos (HOGAN; KOLTER, 2002).
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A resisténcia bacteriana aos antimicrobianos pode ser de natureza intrinseca
ou adquirida. A resisténcia adquirida ocorre a partir da selecdo das bactérias
resistentes devido a da presséo seletiva causada pela exposi¢cdo ao antimicrobiano
em questdo, enquanto a resisténcia intrinseca ocorre por mecanismos ja presentes
na bactéria (HOGAN; KOLTER, 2002; MARTINEZ, 2014). Bactérias ttm mecanismos
de resisténcia intrinsecos e complexos que frequentemente ndo sdo detectados em
testes rotineiros de sensibilidade a antimicrobianos realizados em laboratorios clinicos
(BURIAN et al., 2012; DA SILVA et al., 2011; GYGLI et al., 2017).

2.2.1 Resisténcia a antimicrobianos em M. tuberculosis

A emergéncia de cepas multidroga-resistentes (MDR) em M. tuberculosis é um
obstaculo ao controle da TB. Em 2019, tiveram aproximadamente 362 mil novos casos
de TB multirresistente (TB-MDR), como € chamada a TB causada por cepas
resistentes a, pelo menos, INH e RIF (WORLD HEALTH ORGANIZATION, 2020).

A principal forma do desenvolvimento de resisténcia observada em isolados
clinicos de M. tuberculosis € a mutacdo em genes que codificam os principais alvos
de antimicrobianos ou em genes responsaveis pela ativacdo de pré-farmacos (DA
SILVA et al., 2011; GYGLI et al., 2017). No entanto, o fendtipo de resisténcia aos
antimicrobianos em M. tuberculosis e outros microrganismos € resultado de um

cenario molecular mais complexo que muta¢des pontuais (BLACK et al., 2014).

Além da resisténcia adquirida, a resisténcia intrinseca se mostra importante em
M. tuberculosis (DA SILVA et al., 2011; GYGLI et al., 2017). Micobactérias apresentam
dois principais mecanismos de resisténcia intrinsecos que reduzem a concentragdo
de antimicrobianos na célula: a parede celular altamente impermeavel por ser rica em
acidos micélicos e um ativo sistema de efluxo (DE ROSSI; AINSA; RICCARDI, 2006;
FAVROT; RONNING, 2012; GYGLI et al., 2017).
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2.3 Mecanismo de Efluxo

O efluxo é a extrusdo de compostos realizada por proteinas transportadoras,
chamadas de bombas de efluxo, localizadas na membrana plasmética de todos os
tipos de células (WALMSLEY; MCKEEGAN; WALMSLEY, 2003). Estas proteinas séo
importantes na resisténcia a antimicrobianos em diversos patdégenos e a agentes

quimioterapicos em células cancerigenas (WU; HSIEH; WU, 2011).

Uma das estratégias empregadas para prevencao e superacao da resisténcia
aos antimicrobianos é o desenvolvimento de compostos com capacidade de inativar
o mecanismo de efluxo (GUPTA et al., 2013; MAHAMOUD et al., 2007). O racional
desta estratégia € que estes IEs poderiam ser adicionados ao esquema terapéutico
como adjuvantes que restaurariam ou potencializam a atividade de antimicrobianos
frente a microrganismos cuja resisténcia aos antimicrobianos esteja relacionado,
diretamente ou indiretamente, ao efluxo (MARQUEZ, 2005; RODRIGUES et al., 2013).

A MDR é um fendétipo que era antes considerado resultado exclusivo da
combinacdo de varios genes de resisténcia, cada um codificando resisténcia a um
antimicrobiano (NIKAIDO, 1998). Porém, esses fenétipos MDR também podem ser
resultado da atividade de bombas de efluxo (PIDDOCK, 2006a).

O papel fisiolégico das bombas de efluxo ndo é exclusivamente de conferir
resisténcia a antimicrobianos, mas amplo espectro de funcdes da célula bacteriana
como patogenicidade, viruléncia, formac¢ao de biofilme e quorum sensing (CHAN;
CHUA, 2010; DA SILVA et al.,, 2011; H@IBY; CIOFU; BJARNSHOLT, 2010;
PIDDOCK, 2006a, 2006b; SUN; DENG; YAN, 2014).

As bombas de efluxo constituem um diversificado grupo de transportadores,
tanto quanto a especificidade do substrato transportado - especifico a um
antimicrobiano ou a multiplos -, quanto do tipo de fonte de energia utilizada para o

transporte - forca proton-motriz, antiporte com sédio ou adenosina trifosfato (ATP)
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(WALMSLEY; MCKEEGAN; WALMSLEY, 2003). As bombas de efluxo sdo divididas
em cinco familias (Figura 1) de acordo com sua especificidade para substratos e sua
fonte de energia: Divisdo de Resistencia e Nodulagdo (RND), Superfamilia das
Grandes Facilitadoras (MFS) e Pequena familia de resisténcia a multiplos farmacos
(SMR), que utilizam a forca proton-motriz para gerar energia, familia de Extrusao de
Compostos Toxicos e de Mdltiplas drogas (MATE) que realizam antiporte com sédio
como fonte de energia e familia de Cassete de Ligacdo de ATP (ABC) que utilizam
ATP para obter sua energia (PIDDOCK, 2006b).

Figura 1: Representacao das familias de bomba de efluxo.
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Familias nas quais se classificam as proteinas de efluxo (PIDDOCK, 2006b).

2.3.1 Sistema de Efluxo em Mycobacterium tuberculosis
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O numero de bombas de efluxo em M. tuberculosis € um dos maiores entre as
bactérias, considerando o tamanho de seu genoma (PAULSEN et al., 2001). A
importancia do efluxo na resisténcia de M. tuberculosis a antimicrobianos, parece
estar associada ao processo evolutivo que envolve a resisténcia aos antimicrobianos,
sendo uma etapa anterior as mutacdes que conferem resisténcia a altas
concentracdes e, eventualmente, participando em conjunto com estas mutagcdes para
determinar o nivel de resisténcia. O efluxo confere baixos niveis de resisténcia, que
pode resultar em uma maior exposicdo a concentracdes subinibitérias de um
antimicrobiano, e em consequéncia aumentar a probabilidade do desenvolvimento de

outros mecanismos de resisténcia (MACHADO et al., 2012).

Além disso, em até 30% dos casos de resisténcia a INH e cerca de 5% dos
casos de resisténcia a RIF, observada em isolados clinicos, a resisténcia ndo esta
relacionada com as mutacgdes classicas (LOUW et al., 2009). Isto permite inferir que,
entre outros possiveis mecanismos de resisténcia, também por estar envolvido o
efluxo (COELHO et al., 2015; DA SILVA et al., 2011; ESCRIBANO et al., 2007; SPIES
et al., 2008).

Quanto a regulacdo da transcricdo de genes de bombas de efluxo, diversos
reguladores tém sido descritos em micobactérias (BOLLA et al., 2012; DA SILVA et
al., 2011; RICHARD et al., 2018; VADIJA et al., 2018). O gene whiB7 é induzido por
concentragfes subinibitérias de antimicrobianos e sua transcricdo causa resisténcia
aos antimicrobianos ao ativar um regulon que inclui Rv1473 e o gene Tap (GEIMAN
et al., 2006; MORRIS et al., 2005).

Além da resisténcia, bombas de efluxo desempenham um papel importante na
sobrevivéncia de M. tuberculosis no hospedeiro (PIDDOCK, 2006a). No macroéfago, a
sobrevivéncia do bacilo depende na sua capacidade de obstruir a formacédo do
fagolisossoma. Foi mostrado que genes homélogos a bombas de efluxo possuem

relagcdo com a interrupgéo da maturagéo do fagossomo (PETHE et al., 2004). A seguir
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descreverei, resumidamente, as principais familias de transportadores relacionados

ao efluxo de antimicrobianos.

2.3.2 Bombas de efluxo em Mycobacterium tuberculosis

Nesta secao serdo apresentadas o papel das familias de bombas de efluxo em
M. tuberculosis, e entdo as principais bombas de efluxo do bacilo serdo descritas em

subsecdes dedicadas.

A familia ABC é uma das familia de transportadores mais amplamente
distribuida entre procariotas e eucariotas, sendo que o genoma do M. tuberculosis
apresenta 38 transportadores desta familia (XU; ZHOU; YAO, 2014). Os clusters de
genes drrA-drrB-drrC e  Rv2686c¢c-Rv2687c-Rv2688c estdo  associados,
respectivamente, com a resisténcia de amplo espectro a antimicrobianos clinicamente
relevantes e com a resisténcia a ciprofloxacina quando sobre-expressados em M.
smegmatis (CHOUDHURI et al., 2002; GUILFOILE; HUTCHINSON, 1991; PASCA et
al., 2004).

A familia RND tem transportadores de antimicrobianos muito frequentes nas
bactérias gram-negativas. Em M. tuberculosis, o gene mmpL7 codifica um
transportador que confere resisténcia de alto nivel para INH quando sobre-expressado
em M. smegmatis (PASCA et al.,, 2005). Da mesma familia, a bomba de efluxo
MmpS5-MmpL5 esta associada a resisténcia de BDQ, um dos ultimos antimicrobianos
desenvolvidos para o tratamento da TB e recentemente introduzido nos esquemas
terapéuticos para tratamento de TB-MDR (ALMEIDA et al., 2016; ANDRIES et al.,
2014; RADHAKRISHNAN et al.,, 2014). Foi demonstrado que transportadores da
familia MmpL (Grandes Proteinas de Membrana de Micobactérias), geralmente estéo
acoplados a transportadores da familia MmpS (Pequenas Proteinas de Membrana de
Micobactérias), e tem como funcao fisioldgica exportar lipidios micobacterianos para
a sintese da parede celular (RADHAKRISHNAN et al., 2014).
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Na familia MATE, o gene MSMEG_2631 de M. smegmatis codifica para uma
bomba de efluxo, existente em micobactérias inclusive M. tuberculosis. A delecao
deste gene aumentou a sensibilidade para a amicacina, canamicina, capreomicina,
cloreto de cetilpiridinio e outros antimicrobianos das familias glicopeptidicos e
sulfanomidas (MISHRA; DANIELS, 2013). Na familia SMR, a bomba de efluxo Mmr
confere resisténcia a acriflavina, brometo de etidio e eritromicina em M. tuberculosis

quando expressado em um vetor multicépia (DE ROSSI et al., 1998).

Na familia SMR, a bomba de efluxo Mmr também apresenta possivel tolerancia
a INH, um dos dois farmacos de primeira linha do tratamento da TB (BOLLA et al.,
2012; RODRIGUES et al., 2012).

A familia MFS é outra ancestral familia de transportadores e pelo menos 16
transportadores foram identificados em M. tuberculosis: Rv0037c, Rv0191, Rv0783c,
Rv0849, Rv1250, Rv1258c, Rv1410c, Rv1634, Rv1877, Rv2333c, Rv2456¢c, Rv2459,
Rv2846¢ (efpA), Rv28994, Rv3239c e Rv3728 (DE ROSSI et al., 2002). Destes, a
proteina Rv1258c confere resisténcia a TET e aminoglicosidios, portanto € uma
bomba de efluxo Tap (AINSA et al., 1998; DE ROSSI et al., 2002) e a proteina P55
(Rv1410c) confere resisténcia a STR (antimicrobiano usado na segunda linha do
tratamento de TB), TET e RIF (DA SILVA et al., 2011; RAMON-GARCIA et al., 2009).

A bomba de efluxo Tap, mostra um importante papel em M. tuberculosis
apresentando tolerancia a RIF, um dos dois principais farmacos no tratamento da TB,
e associacao com a TB-MDR (DA SILVA et al., 2011; GEIMAN et al., 2006; JIANG et
al.,, 2008; MORRIS et al., 2005; SIDDIQI et al.,, 2004). A bomba de efluxo efpA,
também da MFS, gera resisténcia a INH, o que mostra sua importancia (MACHADO
et al.,, 2012; RODRIGUES et al., 2012).
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2.3.2.1 Bomba de Efluxo Mmr

A bomba de efluxo Mmr (Rv0365), da familia SMR, gera resisténcia a
compostos téxicos, como a tetrafenilfosfonio, eritromicina, brometo de etidio,
acriflavina, safranina O e pironina Y e trioridazina (BOLLA et al., 2012; DE ROSSI et
al., 1998; LI; ZHANG; NIKAIDO, 2004). Um mutante com o gene Mmr nocauteado
mostrou uma suscetibilidade maior a brometo de etidio, tetrafenilfosfénio e brometo
cetrimetilamonio, enquanto a sobre-expressdo causou uma menor suscetibilidade a
brometo de etidio, acriflavina e safranina O, o que foi obliterado na presenca dos IEs
VERA e CCCP (RODRIGUES et al., 2013).

Foi mostrado que a bomba de efluxo Mmr estava significativamente sobre-
expressa sob a exposicdo de INH em duas cepas sensiveis aos antibidticos de
primeira linha e duas cepas clinicas monorresistentes a RIF (MACHADO et al., 2012).
Cepas induzidas por INH apresentaram uma maior atividade de efluxo e
sobreexpressao do gene Mmr (RODRIGUES et al., 2012).

2.3.2.2 Bomba de Efluxo efpA

A bomba de efluxo efpA pertence a familia MFS (DE ROSSI et al., 2002) e
guando foi sobre-expressada em cepas de M. tuberculosis expostas a altos niveis de
INH apresentaram uma maior atividade de efluxo, que foi inibida por IEs (MACHADO
et al., 2012; RODRIGUES et al., 2012).

A delecao do homologo de efpA em M. smegmatis produziu maior sensibilidade
a fluoroquinolonas, brometo de etidio e acriflavina, mas inesperadamente também
resultou em diminuigéo da sensibilidade a rifamicinas, INH e cloranfenicol (LI; ZHANG,;
NIKAIDO, 2004). Além disso, efpA foi sobre-expresso em cepas de M. tuberculosis

monorresistentes a RIF (LI et al., 2015).
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2.3.2.3 Bomba de Efluxo MmpL5

Uma das causas da resisténcia a BDQ sdo mutacdes em Rv0678, que
aumentam o efluxo a partir do complexo MmpS5-MmpL5 (ALMEIDA et al., 2016, p.
201; ANDRIES et al., 2014; RADHAKRISHNAN et al., 2014). A BDQ é o primeiro
farmaco a ser aprovado para o tratamento de TB-MDR em décadas, assim ganhou
aprovacdo acelerada como parte da terapia em casos no qual outra opcado de
tratamento ndo era possivel (COHEN, 2013). Por isto, € um problema alarmante o
surgimento da resisténcia a BDQ.

Resisténcia causada por efluxo foi identificada em isolados de pacientes
tratados com BDQ, assim como em camundongos, onde foi confirmada a diminuicédo
da eficacia bactericida. Apesar de nao poder excluir a possibilidade de outras bombas
de efluxo estarem envolvidas nessa resisténcia a BDQ, o fato de mutag¢des no gene
Rv0678 estarem presentes em todos os isolados do trabalho em questdo e a
sobrexpressdo da bomba de efluxo MmpS5-MmpL5 vista por protedmica, reforcam
que esta bomba de efluxo é responsavel por resisténcia adquirida. Além disso, os
dados de sobrexpressdo desse artigo apontam para que BDQ seja substrato de
MmpL5 (ANDRIES et al., 2014).

2.3.2.4 Bomba de Efluxo Tap

Foram caracterizadas a bomba de efluxo Tap de M. tuberculosis, que confere
resisténcia a TET e resisténcia de baixo nivel a acido p-aminosalicilico (PAS, farmaco
anti-TB de segunda linha), espectinomicina e acriflavina e sua analoga de M. fortuitum
gue confere resisténcia de baixo nivel a aminoglicosideos inclusive STR, TET, 2'-N-
etilnetilmicina, e 6'-N-etilnetiimicina (AINSA et al., 1998; RAMON-GARCIA et al., 2006,
2012). O gene tap apresentou maior expressdo em amostras clinicas quando exposto
a RIF (COELHO et al., 2015; JIANG et al., 2008; SIDDIQI et al., 2004), INH (COELHO
et al., 2015; JIANG et al., 2008; MACHADO et al., 2012) e OFLO (SIDDIQI et al.,

2004). Foi demonstrado que a delecdo do gene tap do M. bovis BCG aumenta a

28



suscetibilidade do organismo & INH e RIF (DE ROSSI; AINSA; RICCARDI, 2006). Esta
bomba de efluxo também foi associada ao desenvolvimento de resisténcia a
fluoroquinolonas de segunda linha (MALINGA; STOLTZ; WALT, 2016).

Além da acdo na resisténcia, as bombas de efluxo Tap estdo associadas a
importantes funcdes fisiolégicas em M. tuberculosis como a divisdo celular
(DHAMDHERE; ZGURSKAYA, 2010; LAU; ZGURSKAYA, 2005) e a viruléncia
(CAMACHO et al., 1999), possivelmente por serem responsaveis pela secrecdo de
componentes do envelope celular (CAMACHO et al., 2001). Foi mostrado que a
inativacdo da Tap reprimiu genes da biossintese da parede celular, em particular da
formacéo do peptidoglicano (RAMON-GARCIA et al., 2012).

Tem sido demonstrado que diferentes compostos como carbonilcianeto m-
clorofenil-hidrazona (CCCP), reserpina, verapamil (VERA) e clorpromazina (CPZ),
inibiram o efluxo determinado pela Tap. Porém, ndo ha nenhum IE em uso no
tratamento para TB (SINGH et al., 2014). O uso de um IE com especificidade para a
bomba de efluxo Tap poderia possibilitar: a introducdo no tratamento da TB de
antimicrobianos ja disponiveis, porém nao efetivos contra a TB, como espectinomicina
ou TET; a maior eficacia de antimocrobianos da segunda linha do tratamento de TB
como PAS e estreptomicina; a reducéo da duracao do tratamento padrdo, que por si

s6 ja é uma das causas de casos de resisténcia (RAMON-GARCIA et al., 2012).

2.4 Estrutura tridimensional de bombas de efluxo

A chave para o entendimento da funcdo das bombas de efluxo envolve a
determinacdo de suas estruturas tridimensionais e a elucidacdo das mudangas
conformacionais que acompanham a translocacdo dos antimicrobianos (LIU;
WRIGHT; HOP, 2014; WALMSLEY; MCKEEGAN; WALMSLEY, 2003). A maior parte

das informacdes estruturais disponiveis destes transportadores vem de previsdes das
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estruturas secundarias, a partir de suas estruturas primarias (WALMSLEY;
MCKEEGAN; WALMSLEY, 2003; YE et al., 2014).

O planejamento de IEs clinicamente efetivos é lento e necessita de um
desenvolvimento racional (WALMSLEY; MCKEEGAN; WALMSLEY, 2003). Isto inclui
um entendimento da dindmica funcional e dos mecanismos moleculares das
mudancas conformacionais desse tipo de proteina (OPPERMAN; ST, 2015;
OSWALD; TAM; POS, 2016; WANG et al., 2017). Desta forma, o estudo racional de
farmacos é uma forma rapida e precisa de contribuir com a descoberta IEs
clinicamente eficazes (LIU; WRIGHT; HOP, 2014; WALMSLEY; MCKEEGAN;
WALMSLEY, 2003; YE et al., 2014).

A determinacéo de estruturas de bombas de efluxo por Cristalografia de Raio
X e Espectroscopia de Ressonancia Magnética Nuclear € dificultada pela natureza
anfifilica e pela dificuldade de atingir pureza e quantidade (DIALLINAS, 2014). Apesar
destas dificuldades, a cristalizacao tridimensional de algumas bombas de efluxo foi
realizada com sucesso (DU et al., 2014; LEI et al., 2014). Estes dados de estruturas
tridimensionais ficam depositados no Bancos de Dados de Proteinas (PDB), que
podem ser utilizados em abordagens de modelagem por homologia (HILLISCH;
PINEDA; HILGENFELD, 2004).

Ainda assim, além das dificuldades citadas para proteinas de membrana, estas
técnicas sdo fastidiosas, demoradas e economicamente desvantajosas. Com a
necessidade pelo conhecimento da estrutura de uma proteina para entender sua
atividade, novas abordagens para esse estudo sao importantes (WALMSLEY;
MCKEEGAN; WALMSLEY, 2003). A modelagem molecular é uma ferramenta
importante para determinar a estrutura de proteinas que ainda n&o foram
cristalografadas (HILLISCH; PINEDA; HILGENFELD, 2004; MARTI-RENOM et al.,
2000). Diversos estudos utilizam a modelagem molecular para determinar as

estruturas de bombas de efluxo de M. tuberculosis, como a Mmr
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(SURIYANARAYANAN; SAROJINI SANTHOSH, 2015), a MmpL5 e a MmpS5
(SANDHU; AKHTER, 2017) e a Tap (CLOETE et al.,, 2018). Dessa forma, nés
realizamos um estudo que objetiva a modelagem molecular da bomba de Efluxo Tap
de M. tuberculosis no Artigo | (SCAINI et al., 2019), Secao 6 desta Tese.

2.5 Modelagem molecular de proteinas

A modelagem molecular representa um conjunto de métodos, tedricos e
computacionais, utilizados para modelar ou mimetizar o comportamento de moléculas.
Recentemente, a biologia computacional tem apresentado importantes avangos em
algoritmos de modelagem estrutural de proteinas (ESWAR et al., 2008; KELLEY;
STERNBERG, 2009; ZHANG, 2008). O numero de possiveis conformacfes possiveis
para uma cadeia peptidica € de grande escala, e as predi¢cdes de estrutura por
modelagem molecular buscam resolver este problema (DURUP, 1998).

A modelagem por homologia se baseia na definicdo de que, durante o processo
evolutivo, a estrutura terciaria das proteinas permanece mais conservada que sua
sequéncia de aminoécidos, assim proteinas com sequéncias diferentes podem manter
a mesma funcgdo por possuirem a mesma estrutura. Portanto as homologias entre as
sequéncias de aminoacidos implicam em semelhancas estrutural e funcional
(CHOTHIA; LESK, 1986; KACZANOWSKI; ZIELENKIEWICZ, 2010). As proteinas
homologas apresentam conservadas suas regides internas, majoritariamente
constituidas por elementos de estrutura secundaria (a-hélices e folhas-B) e as
alteracdes estruturais entre proteinas homdélogas ocorrem principalmente em regides
de alcas (ECHAVE; SPIELMAN; WILKE, 2016).

A modelagem molecular por homologia € um método que, seguindo esses
principios, faz uso de estruturas homologas a proteina de interesse como moldes para
a construcdo do modelo tridimensional da proteina alvo (LUSHINGTON, 2015). Este

método apresenta quatro etapas principais: 1) procura por sequéncias de proteinas
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homologas; 2) alinhamento das sequéncias; 3) construcéo e otimizacdo dos modelos
e 4) avaliacdo e validacdo das estruturas geradas (CAVASOTTO; PHATAK, 2009;
D’ALFONSO; TRAMONTANO; LAHM, 2001; MARTI-RENOM et al., 2000).

A modelagem por threading é recomendada para proteinas sem estruturas
homologas depositadas no PDB (ZHANG, 2008). Este método utiliza como molde
proteinas com estrutura determinada com relacdo estrutural estatistica, ou seja,
levando em conta analogias evolutivas (ROY; KUCUKURAL; ZHANG, 2010).

A modelagem ab initio ou de novo determina a estrutura terciaria de uma
proteina a partir apenas da estrutura primaria, sem necessidade de um molde. A
predicdo do mecanismo de enovelamento das proteinas a partir da sequéncia de
aminoécidos tem sido um desafio por mais de cinco décadas. A modelagem ab initio
ainda tem pouca precisao, tendo sucesso em proteinas pequenas. Porém € um
avanco importante para entender os mecanismos de enovelamento (LEE;
FREDDOLINO; ZHANG, 2017).

2.6 Docking Molecular

Docking molecular € um método usado para estimar as orientacbes e
conformacdes preferivel em que uma molécula se liga a uma outra, formando um
complexo estavel. Este método também pode prever a forca de ligacdo entre estas
duas moléculas (MORRIS et al., 2009; TROTT; OLSON, 2010). Geralmente as duas
moléculas em questao sdo uma macromolécula (receptor), como uma proteina, e uma
molécula menor (ligante) (LORBER, 1999; LYBRAND, 1995). O docking molecular é
eficaz no estudo das interacdes proteina-ligante, permitindo uma triagem de farmacos
gue pode ser utilizado tanto no planejamento de novos farmacos quanto no reuso de
farmacos (HOU et al., 1999; ISLAM et al., 2020; VALDES-TRESANCO et al., 2020).

AutoDock Vina & um software de docking molecular de proteina-ligante

(TROTT; OLSON, 2010) amplamente utilizada (A. MAIA et al., 2018; FORLI et al.,
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2016; ISLAM et al., 2020; VALDES-TRESANCO et al., 2020). Este programa tem
significativas melhoras na acuracia média nas predicdes de ligacbes em relacéo a
versdes anteriores. A forca da ligacdo proteina-ligante é avaliada por uma funcéo de
score que estima a energia livre de ligacdo (FEB — Free Energy of Binding), quanto
mais negativo o score de FEB, maior a afinidade (MORRIS et al., 2009; TROTT,;
OLSON, 2010).

O AutoDock Vina permite o usuério escolher qual sitio da proteina que sera
utilizado como receptor a partir de uma caixa, a grid box (TROTT; OLSON, 2010). O
framework de triagem virtual proposto por SEUS et al., 2016 possibilita a variacdo da
grid box do AutoDock Vina. Isso permite a avaliacdo da afinidade de IEs e
antimicrobianos em diferentes sitios de uma bomba de efluxo, e assim avaliar a
possibilidade de competicdo pelos mesmos. Isso € importante para testar a hipétese
da competicao inibitéria, na qual o mecanismo de ac¢éo do IE seria a competicado pelo
mesmo sitio com o antimicrobiano, quando o IE é também um substrato da bomba de
efluxo (DA SILVA JUNIOR et al., 2017; LOMOVSKAYA et al., 2001; PUTMAN et al.,
1999; SCAINI et al., 2019). Desta forma, nos estudamos a possibilidade da acéo de
IEs pela competicado inibitéria em um modelo molecular da bomba de efluxo Tap de
M. tuberculosis utilizando o docking molecular no Artigo | (SCAINI et al., 2019), Secéo
6.

2.7 Envelope celular das micobactérias

O envelope celular micobacteriano consiste de uma capsula polissacaridica e
protéica, a parede celular (PC) e a membrana plasmatica. A PC robusta e
impermeavel é uma caracteristica dominante da estrutura da célula das micobactérias
em geral e do M. tuberculosis em patrticular, sendo responsavel pela protecdo da
bactéria em ambientes hostis, resisténcia mecanica, transporte de solutos e proteinas
e adesdo a receptores de hospedeiros. Sob o ponto de vista terapéutico, enzimas

envolvidas na sintese da PC sdo alvos de antimicrobianos como ETB, INH,
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Etionamida e mutacdes nos genes que codificam estas enzimas sao responsaveis
pela resisténcia a estes antimicrobianos (DAFFE; DRAPER, 1998; GYGLI et al.,
2017).

Uma forma de combater a resisténcia causada por antimicrobianos é o
rompimento do envelope celular (BOAGS et al., 2017), como a MFL, um farmaco
utilizado no tratamento de maléria, que pode afetar a integridade de membranas
procariéticas (BROWN; STANCATO; WOLFE, 1979) e que mostrou efeito
antimicrobiano em M. tuberculosis (BERMUDEZ; MEEK, 2014; GONALVES et al.,
2012; JAYAPRAKASH et al., 2006; RODRIGUES-JUNIOR et al., 2016).

Varios lipidios Unicos para micobactérias compdem este envelope, entre eles,
os acidos graxos de cadeia longa, acidos micolicos, cuja abundancia confere
caracteristicas particulares deste género (BRENNAN; GOREN, 1979; SARTAIN et al.,
2011). A esses lipidios foram atribuidas varias das propriedades biolégicas de
micobactérias, como a alta resisténcia para um amplo espectro de antibidticos e sua
reconhecida impermeabilidade a nutrientes (JARLIER; NIKAIDO, 1990). Por conta
disso, a importancia biolégica destes lipidios sao alvo de varios estudos que tentam
elucidar suas estruturas e funcées (CHIARADIA et al., 2017; SANCHO-VAELLO et al.,
2017; SARTAIN et al., 2011).

A estrutura do envelope celular micobacteriano referida usada nesta tese é
baseada na utilizada no artigo de BANSAL-MUTALIK; NIKAIDO, 2014, que realiza
extracdo micelar dos lipidios de ambas parede celular e membrana plasmética, e
valida o modelo de que lipidios da PC comp8em uma ME. Desta forma, o envelope
celular micobacteriano é composto pela ME, o complexo peptidoglicano-
arabinogalactano e a Ml (Figura 2) (BANSAL-MUTALIK; NIKAIDO, 2014).

No folheto externo da ME existe uma variedade de lipidios localizados de forma

nao covalente que sao estruturalmente atipicos: ftiocerol dimicocerosato, dimecolato
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de trealose, sulfolipideos, PIMs, e lipoarabinomanano com extensos ramos metil que
possuem uma estereoquimica sofisticada (ADHYAPAK et al., 2020; BANSAL-
MUTALIK; NIKAIDO, 2014; BRENNAN; NIKAIDO, 1995). O folheto interno da ME é
formado por acidos micadlicos, acidos de cadeia longa com entre 60 e 90 atomos de
carbono, que sdo covalentemente ligados aos arabinogalactanos do complexo
peptidoglicano-arabinogalactano (BANSAL-MUTALIK; NIKAIDO, 2014).

Figura 2: Estrutura do envelope celular micobacteriano
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arabinogalactano, PG é o peptidoglicano e IM € a membrana interna (BANSAL-

MUTALIK; NIKAIDO, 2014). Alguns lipideos também estéo representados na imagem:
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GPL - glicopeptidiolipideos, TAG - triacilglicerol, DAG — diacilglicerol, MA — acido
micolico, PL — fosfolipidios, além de lipidios apolares, AcPIM6, Ac2PIM6 e AC2PIM2.

O complexo PG-AG compreende o peptidoglicano covalentemente ligado ao
arabinogalactano. O peptidoglicano € composto de unidades repetitivas de N-
acetilglucosamina e  N-acetil/glicolimuramico com peptideos curtos. O
arabinogalactano, por sua vez, € um heteropolissacarideo que contém uma cadeia
galactana composta de residuos de D-galactofuranosil, sendo que trés cadeiras de
arabinano substituem a cadeira de D-galactano em M. tuberculosis. Em M.
tuberculosis, dois tercos dos motifs pentarabinosil terminais nao-reduzidos sao
esterificados por &cidos micdlicos, que como foi dito, ocupam o folheto interno da ME
(ALDERWICK et al., 2015; DAFFE, 2015). O complexo PG-AG incluindo os acidos
micolicos (folheto interno da ME) formam o esqueleto da parede celular, que define a
forma da célula micobacteriana (DAFFE, 2015). A parede celular € composta por este
esqueleto e a ME (BANSAL-MUTALIK; NIKAIDO, 2014).

MI é composta de fosfolipidios tipicos como cardiolipina (CL), Pl e
fosfatidiletanolamina (PE), constituindo ~ 10%, ~ 3% e ~ 4% da massa seca do extrato
da MI, respectivamente. Também possui trealose monomicolato (TMM) constituindo ~
10% da massa seca do extrato da MI. No entanto, o lipidio mais abundante é a forma
tetra acilada dos PIM2 (Ac2PIM2), sendo até 42% da massa seca do extrato da MI.
Outros glicolipideos da familia PIM, incluindo a forma triacilada de PIM2 (Ac1PIM2),
as formas tri- e tetraaciladas de Pl tetramanosideos (AclPIM4 e Ac2PIM4,
respectivamente) e as formas tri- e tetra aciladas de Pl hexamanosideos (Ac1PIM6 e
Ac2PIM6, respectivamente; compbe até 26% da massa seca do extrato da MI.
Ac2PIM2 é presente principalmente no folheto interno da MI, enquanto o folheto
externo parece conter outros lipidios, incluindo Ac1PIM6 e Ac2PIM6, TMM, CL, Pl e
PE (BANSAL-MUTALIK; NIKAIDO, 2014). O acido palmitico (C16: 0) e o acido 10-
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metiloctadecanoico (C19: 0) sdo os principais constituintes do acido graxo da Mi
bioquimicamente isolada (DAFFE; DRAPER, 1998).

2.7.1 PIMs

Os PIMs séo glicolipideos unicos abundantes nas Ml e ME de todas as
micobactérias, sendo componentes estruturais do envelope celular. Estruturalmente,
os PIMs séo constituidos por um grupo Pl contendo manosideos esterificados no anel
inositol (GUERIN et al., 2010). A familia PIM compreende Pl mono-, di-, tri-, tetra-,
penta- e hexamanosideos, com até quatro cadeias acil. As duas classes mais
abundantes em M. tuberculosis sdo PIM2 e Pl hexamanosideos (PIM6) (SANCHO-
VAELLO et al., 2017).

Como ja foi dito, varios PIMs comp8e uma grande parte da MI, incluindo
Ac2PIM2, o lipidio mais abundante desta membrana, e também AcPIM2, AcPIM4,
Ac2PIM4, Ac2PIM6 e Ac2PIM6 (BANSAL-MUTALIK; NIKAIDO, 2014). Além disso,
sao precursores dos dois principais lipoglicanos micobacterianos, o LM e o LAM, que
sao formas multiglicosiladas de PIM2 (CHATTERJEE et al., 1992; KHOO et al., 1995).
PIMs e estes lipoglicanos séo, além de componentes essenciais do envelope celular
micobacteriano, fatores de viruléncia importantes em M. tuberculosis, e podem
modular interacfes patdgeno-hospedeiro (GUERIN et al., 2010; SANCHO-VAELLO et
al., 2017). Como a PIM2 é a classe de PIMs mais abundante em M. tuberculosis,
sendo a Ac2PIM2 o lipidio mais abundante da MI, e sendo os LM e LAM formas
multiglicosiladas de PIM2, nés desenvolvemos um modelo estrutural de uma

membrana de PIM2 utilizando a DM.

2.8 Dinamica Molecular

A DM é uma técnica computacional desenvolvida para o estudo da dinamica
conformacional e posicional de atomos e moléculas (BORHANI; SHAW, 2012;
RODRIGUEZ-BUSSEY; DOSHI; HAMELBERG, 2016). A DM utiliza logica da
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dindmica newtoniana para simular a movimentacdo de todos os atomos de uma
proteina em qualquer ambiente a partir do aumento de temperatura gerada pela
velocidade de movimentacdo dos a&tomos, levando em consideracdo as forcas de
ligaches e as forgcas que ndo sédo de ligacéo, que sao calculadas a partir dos dados no
campo de forca (BORHANI; SHAW, 2012). O campo de forca, por sua vez simula as
forcas reais que atuam nos atomos em um sistema macromolecular, utilizando valores
obtidas de forma empirica (PIANA; LINDORFF-LARSEN; SHAW, 2011).

Simulacbes de DM tem sido usadas no planejamento racional no
desenvolvimento de farmacos por possibilitar uma visdo mais ampla e realista das
afinidades dos farmacos com a proteina-alvo, assim como estruturas mais realistas
por serem flexiveis (BORHANI; SHAW, 2012; RODRIGUEZ-BUSSEY; DOSHI,
HAMELBERG, 2016). A observacdo do comportamento de uma proteina com atomos
em movimento em um solvente é fundamental para a avaliacdo da qualidade da
estrutura (FIGUEIREDO et al., 2014; PIANA; LINDORFF-LARSEN; SHAW, 2011).

GROMACS (BERENDSEN; VAN DER SPOEL; VAN DRUNEN, 1995) é um
pacote de programas desenhado para a simulacdo computacional de moléculas
bioquimicas como proteinas, lipidios e acidos nucléicos. Possui algoritmos que
calculam uma estimativa das for¢as intramoleculares, o que possibilita a simulacao de
moléculas complexas sob a atuacéo destas forcas (ABRAHAM et al., 2015; PALL et
al., 2014; PRONK et al., 2013).

2.8.1 Dinamica Molecular em Membranas

A caracterizacao fisico-quimica das membranas biologicas é fundamental para
o entendimento do seu papel fisiolégico (BOVIGNY et al., 2015). A elucidacdo dos
mecanismos responsaveis pelas distintas conformacdes estruturais e morfologias, e
a fusédo e dissolucdo € essencial para compreender uma vasta gama de processos
bioldgicos, como por exemplo a viruléncia (BAUMGART; HESS; WEBB, 2003; DE
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VRIES; MARK; MARRINK, 2004). Para isso, uma das abordagens mais empregadas
para entender o comportamento das membranas celulares sédo as simulacées de DM.
Este método in silico possibilita controle e uma andlise detalhada das propriedades
fisicas e quimicas da membrana e tem sido amplamente aplicado para fornecer
informacdes sobre sua organizacao espacial e dindmica temporal (DESERNO et al.,
2014; FELLER, 2000; FRIGINI; LOPEZ CASCALES; PORASSO, 2018).

Simula¢gbes de DM séo capazes de produzir as configuragées dinamicas de
moléculas de lipidios dispostas em membranas de bicamada e em um nivel de detalhe
atdmico que nao estéa disponivel diretamente em estudos espectroscépicos (KLAUDA
et al., 2008; SAPAY; TIELEMAN, 2008; SCHLENKRICH et al., 1996). Essas
configuracbes sdo dependentes dos campos de forca, que sdo otimizados para
reproduzir uma gama de parametros experimentais que caracterizam a estrutura da
bicamada (PASTOR; MACKERELL, 2011; VENABLE; BROWN; PASTOR, 2015).

Por conta de tudo isso, nds realizamos um estudo que objetiva o
desenvolvimento de um modelo atomistico de DM de uma membrana de PIM2 de M.
tuberculosis no Manuscrito I, Secdo 7 desta Tese. Também utilizamos este modelo
para estudar a hipotese de que a interacdo da MFL com o envelope celular € o motivo
de seu sinergismo com outros antimicrobianos em M. tuberculosis no Manuscrito lll,

Secdao 8 desta Tese.

2.9 Justificativa

Considerando que a Tap tem sido a bomba de efluxo mais frequentemente
descrita como envolvida com resisténcia aos antimicrobianos em M. tuberculosis,
além do seu possivel papel na viruléncia, um IE com especificidade para esta bomba
poderia possibilitar: a introducdo, no tratamento da TB, de antimicrobianos ja
disponiveis, porém nao efetivos contra a TB; a maior eficacia de antimicrobianos da

segunda linha do tratamento de TB; a redugéo da duracéo do tratamento padrao. Para
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tal, o estudo racional de IEs para Tap a partir de uma abordagem estrutural é uma
forma efetiva para a descobrir IEs que possam ser utilizados clinicamente, tanto pelo
desenvolvimento de novos IEs quanto pelo reposicionamento de IEs j& utilizados para
outros tratamentos. Assim, um estudo estrutural da bomba de efluxo Tap por
ferramentas como a modelagem molecular, o docking molecular e a DM pode

contribuir na adicdo de um IE no tratamento.

Para aumentar a acuracia dos estudos estruturais com bombas de efluxo, é
importante a utilizacdo de um modelo de membrana plasméatica. No entanto, ndo ha
nenhum modelo molecular da membrana de M. tuberculosis que represente sua
composicao lipidica incomum. Portanto, seria importante desenvolver um modelo de
membrana plasmatica micobacteriana para permitir estudos estruturais que levassem
em consideracao sua real composicao lipidica. Como citado antes, o PIM2 é um dos
lipidios mais abundantes da MI, abundante na ME e precursor dos lipoglicanos LM e
LAM, além de ser um fator de viruléncia importante em M. tuberculosis. Assim um
modelo de membrana de PIM2 de M. tuberculosis possibilitaria uma gama de estudos
que envolve este complexo envelope. Um destes estudos € a investigacdo da MFL,
uma molécula que mostrou efeito antimicrobiano em M. tuberculosis, e que pode ser
devido a sua possivel interacdo com o envelope. Este estudo ganha um maior
esclarecimento quanto ao mecanismo de ac¢do fisico e quimico com o estudo da DM

utilizando o modelo de membrana para M. tuberculosis.
3 Objetivos

3.1 Objetivo Geral

Desenvolver modelos atomisticos computacionais das estruturas de membrana
de PIM2 e da bomba de efluxo Tap de M. tuberculosis, como alvos no estudo racional

de antimicrobianos.

3.2 Objetivos Especificos
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* Desenvolver e avaliar um modelo da bomba de efluxo Tap

* Avaliar a possibilidade de competicao inibitéria como mecanismo de acao de
IEs no modelo de Tap

* Desenvolver e avaliar um modelo de membrana de PIM2 para M. tuberculosis

* Avaliar a interacdo do modelo da membrana de PIM2 com a bomba de efluxo
Tap

* Avaliar o modelo de membrana de PIM2 na presenca de mefloquina

4 Material e Métodos

A metodologia utilizada nesta tese esta sintetizada na Figura 3. Dividido em o
que foi utilizado em cada artigo. Os métodos sédo descritos nos artigos (se¢des 6, 7 e
8).
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Figura 3: Fluxograma de Material e Métodos.
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Figura 4: Resumo gréfico do artigo |

RMSD of Tap-Phyre2 MD simulation in a DPPC bilayer
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Imagem resume de forma grafica os resultados do artigo. O artigo objetivou o
desenvolvimento de um modelo tridimensional da Tap, que tem sua estabilidade
representada no grafico da direita por seu RMSD em uma DM dentro de uma
membrana lipidica de dipalmitoilfosfatidilcolina (DPPC). O artigo também objetivou
analisar a competicao de sitios com os antimicrobianos como um possivel mecanismo
de acao de IEs. A imagem da esquerda mostra o resultado de um docking molecular
mostrando em magenta os aminoacidos de ligagdo em comum entre o antimicrobiano

e o IE.
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abstract
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Tuberculosis is a major cause of mortality and morbidity in developing countries, and the emergency of multidrug and extensive
drug resistance cases is an utmost issue on the control of the disease. Despite the efforts on the development of new antibiotics,
eventually there will be strains resistant to them as well. Efflux plays an important role in the evolution of resistance in
Mycobacterium tuberculosis. Tap is an important efflux pump associated with tuberculosis resistant to isoniazid, rifampicine
and ofloxacin and with multidrug resistance. The development of efflux inhibitors for Tap could raise the effectiveness of second
line drugs and reduce the duration of the current treatment. Therefore the objective of this study is to build a reliable molecular
model of Tap efflux pump and test the possible competitive inhibition between efflux inhibitors and antibiotics in the optimized
structure. We built twenty five Tap models with molecular modelling to elect the best according to the results of the validation
analysis. The elected model went through to a 100 ns molecular dynamics simulation in a lipid bilayer, and the resulting
optimized structure was used in docking studies to test if the used efflux inhibitors may act via competitive inhibition on
antibiotics. The validation results pointed the model built by Phyre2 as the closest to a possible native Tap structure, and therefore
it was the elected model. RSMD analysis revealed the model is stable, where the predicted binding site stabilized between 15
and 20 ns, maintaining the RMSD at around 0.35 A throughout the molecular dynamics simulation in a lipid bilayer. Therefore
this model is reliable and can also be used for further studies. The docking studies showed a possibility of competitive inhibition
by NUNLO2 on ofloxacin and bedaquiline, and by verapamil on ofloxacin and rifampicin. This presents the possibility that
NUNLO2 and verapamil are possible inhibitors of Tap efflux and highlights the importance of including efflux inhibitors as
adjuvants to the tuberculosis therapy, as it indicates a possible extrusion of ofloxacin, rifampicin and bedaquilin by Tap.

© 2018 Elsevier Inc. All rights reserved.
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1 Introduction

Tuberculosis (TB) is an important global health issue and a major cause of mortality
and morbidity mainly in developing countries. The emergency of drug resistance in
Mycobacterium tuberculosis is an utmost issue in TB control. In 2016, the World Health
Organization estimated 6.3 million new TB cases and 490,000 new multidrug-resistance
(MDR) cases, which are caused by strains resistant to at least isoniazid (INH) and
rifampicin (RIF) [1]. Furthermore, the TB therapeutic options are limited as there is a
growing incidence of MDR, and extensively drug-resistant (XDR) strains [2].

Efflux pumps in M. tuberculosis are associated to MDR-TB [3, 4], and even to
bedaquilin (BDQ) resistance [5, 6], which is the first anti-TB drug in decades to be
approved and used on the treatment of MDR-TB patients [1, 7]. Moreover, efflux plays an
important role in the evolution to high levels of resistance in M. tuberculosis [3, 8, 9] as
the exposure to subinhibitory antibiotic concentrations enhances the probability of drug
resistant strains selection [10].

Tap (Rv1258c) [11, 12]is an efflux pump of M. tuberculosis associated to MDR-TB
[13, 14]. The gene tap is part of the regulon WhiB7 that causes drug resistance phenotype
and is induced by subinhibitory concentrations of erythromycin, tetracycline, and
streptomycin [15, 16]. Previous studies show increase in the tap gene expression in
exposure to RIF and ofloxacin (OFLO), used on the treatment of MDR-TB patients, and
relates to the high level of resistance to this drugs [13]. It was also shown an increase in
tap expression in a MDR clinic strain in the presence of INH and RIF [14].

A way to overcome and avoid the resistance related to efflux mechanism is to add
efflux inhibitors (EIl) as adjuvant to antimicrobial therapy [17, 18, 19]. The development of
specific El for Tap would allow the introduction of clinically available antibiotics that are
up to now not effective against TB such as streptomycin or tetracycline in the TB

treatment. It could also raise the effectiveness of second-line TB treatment drugs, such
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as p-aminosalicylic acid and streptomycin. Furthermore, it would also reduce the duration
of the current standard treatment, avoiding the development of antibiotic tolerance related
with Tap efflux [20]. The mechanism of action of EIs may be elucidated by biochemical,
computational and structural approaches [21]. Therefore, structure-based drug design can
be a fast and accurate approach to discover clinically effective El [22, 23, 24].

It is difficult to achieve enough quantity and purity for the structure determination of
efflux pumps by X-Ray Crystallography and Nuclear Magnetic Resonance Spectroscopy
due to the amphiphilic nature of those proteins [25]. Molecular Modeling allows the
determination of a protein structure by computer algorithms that counts with experimental
results and are faster and less expensive than the biophysical methods [26, 27, 28, 29,
30]. There is not any Tap three-dimensional structure published so far in the Protein Data
Bank (https://www.rcsb.org/) [31], which would allow structure-based drug design studies.

A possible Tap Efflux Pump structure is expected to form a pore with 12
transmembrane helices, like Glycerol-3-Phosphate Transporter (PDB ID: 1PW4) or
Lactose Permease (PDB ID: 1PV6), which are both sugar transporters of the family MFS,
since Tap is also transporter from this family and has a sugar transporter signature [11].
The objective of this study is to build a reliable molecular model of Tap efflux pump and
test the possibility of inhibitory competition between Els and antibiotics in the optimized

structure.

2 Methodology

The whole Methodology is represented in Figure 1. We built various Tap Efflux
Pump models with molecular modelling to elect the best according to the validation results.
The elected model was submitted to a molecular dynamics simulation in a lipid bilayer,
and the resulting optimized structure was used in Docking studies to test if efflux inhibitors

may act via competitive inhibition on antibiotics.
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Figure 1: Fluxogram of the Methodology followed in this work.

2.1 Molecular Modelling

This study used three comparative modelling tools to build Tap efflux pump three-
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dimensional models. Every model was built from the amino acid FASTA sequence of Tap
(UNIPROT: PO9WJX9-1) [32]. We created the figures of the protein strucutres with VMD
[33].

2.1.1 Tap-Phyre2

This study used Phyre2 [30] to build Tap-Phyre2 model. Phyre2 uses its own
structure database to find homologous proteins to use as templates. It builds models for
each selected template and use those models to provide pairwise distance constraints to
the tool Poing [34]. Poing builds a model based on this information and uses an ab initio
procedure to complete the regions without coverage of homologous proteins. This model
and all the selected templates are input to Modeller [35], that generates the final model
[36].

2.1.2 Tap-Itasser

This study built Tap-ltasser using the software Itasser [37]. Itasser uses
homologous proteins from its own database as templates to align with the target amino
acid sequence. It then builds five models and determines the C-score and TM-score
values for each of them. C-score values indicates the model quality varying from -5 to 2,
where the higher C-score is, the closer to a possible native structure is the generated
model. TM-score shows the model accuracy, where values between 0.5 and 1.0 indicate
a correct topology related to the native protein. These scores are used to choose the best
ranked model [38]. The structures used as templates by Itasser were GlpT Glycerol-3-
Phosphtae transporter (PDB ID: 1PW4) and PePTSo Oligopeptide-proton symporter
(PDB ID: 4D2B).

2.1.3 Modeller Models
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This study used Modeller V9.14 [28] to build some models using different
templates. The templates used were proteins with the highest amino acid identity (AAI)
with Tap determined with BLAST [39]. We built single-template models from alignments
between the Tap sequence and each template. An alignment between all the templates
was aligned with Tap sequence to build the multi-template models. Finally, a Modeller
script built five models and calculated a Discrete Optimized Protein Energy (DOPE) for
each one. For each alignment, we chose the model with the lowest DOPE score, as it is
the closest to a possible native protein structure [40].

One single-template model was built for each template determined by BLAST.
Several multi-template models were created using different combinations of templates
between the structures determined by BLAST. At last, a multi-template model was created

following the Advanced tutorial in the official Modeller website [41].

2.2 Validation

We determined the quality of the models using validation tools to measure which
model bears more physical and chemical resemblance to a native Tap structure.

This study used the online software Verify3D to determine the local errors on all
models [42, 43]. This method validates the compatibility of the 3D structure with the
primary structure using the 3D-1D matrix, which calculates the probability of each amino
acid on its chemical environments. A 3D-1D score represents this probability, and
approves a residue that scores 0.2 or higher [44]. Only the models that had more than
50% of its residues with a 3D-1D score higher than 0.2 on Verify3D were validated with
ModFold [45, 46] and MolProbity [47, 48].

ModFold predicts both global and local 3D structure quality based on the distance
of each residue in the model from its position on a possible native structure. ModFold

server returns a global score and a p-value of the local scores showing the probability of
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the model to be wrong. A global score higher than 0.4 means the structure is highly similar
to a possible native structure. The software indicates the confidence of the structure
according to the p-value [45, 46].

MolProbity is a software that generates a Ramachandran plot, an evaluation tool
to assess the stereochemical quality of a given model through the analysis of phi and psi
angles for all protein residues. The Ramachandran plot classifies residues varying from
most favored to outliers [47, 48].

We elected the four models with the best results in these three tools to go through

Molecular Dynamics (MD) simulations in order to analyze their stability.

2.3 Molecular Dynamics Simulation in a lipid bilayer

To determine the stability of the four best models, this study performed 100 ns MD
simulations with each of the four best models inserted in a lipid bilayer. For such, we used
GROMACS 2016.4 [49, 50, 51, 52] package on a Linux platform. The force field used was
GROMOS96 53a6 force field [53] modified with Berger lipids for protein-lipid simulations
[54]. These simulations followed a published protocol [55] with a few changes, as
described.

This study obtained the coordinates and topology of a stable and flexible
dipalmitoylphosphatidylcholine (DPPC) that was previously published [56]. The protein
was inserted in the DPPC bilayer following the InflateGRO technique [57, 58] modified in
accordance with the followed protocol [55]. It consists in inflating the lipid bilayer and
deflating the area, with an EM after each deflation, slowly accommodating the membrane
around the protein.

The incorporation of two 1 nm thick boxes of water model SPC on the top and
bottom of the membrane with the protein solvated the system. Finally, the addition of five

sodium ions in the water neutralized the charge of the system. GROMACS 2016.4
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package [49, 50, 51, 52] executed the EM and equilibration with restraints for all heavy
atoms of proteins, in order to shape the membrane around the protein. The equilibration
also had restraints on the lipid phosphorus on the -axis, so that the lipids would not
vertically leave their positions before the system is equilibrated. The equilibration
consisted of a 100 ns temperature adjusting phase and a 1 ns pressure adjusting phase,
maintaining the same temperature. At last, the production phase ran for 100 ns with no
restraints and the temperature and pressure kept the same of the previous phase.

GROMACS 2016.4 package [49, 50, 51, 52] generated the files for the simulation
plots, which were obtained using R 3.1.3 and R studio 0.99.491 [59, 60]. Two analysis
were made by calculating the Root-mean-square deviation (RMSD) for each 2 ps along
the entire MD simulations. The first one was the validation of four models according to
their all atoms RMSD, to finally elect the best model considering this analysis and the
other validation tools. The second was to further study the stability of the best model,
analyzing the RMSD of the entire structure, of each secondary structure and of the binding
site, predicted with COACH [61, 62].

2.4 Docking

Two different protein-ligand Docking methodologies were performed with Tap-
Phyre2 and the antibiotics INH, RIF, OFLO, BDQ and the Els chlorpromazine (CPZ),
verapamil (VERA) and NUNLO2. NUNLO2 is a tetrahydropyridine derivative that showed
potential as an efflux inhibitor [63]. This study used AutoDockTools 1.5.6 [64] and
AutoDock Vina 1.1.2 [65, 66] to define the boxes and to perform the Docking simulations,

respectively.

2.4.1 Slice Docking

In order to test the hypothesis of competitive inhibition we performed Slice
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Docking, a previously published Docking strategy [63] consisting on the placement of
many grid boxes along the receptor for the execution of a Docking simulation in each of
them. This approach is because it has been suggested that efflux pumps can have more
than one drug binding site [67, 68]. The receptor was the optimized structure of Tap-
Phyre2 result of the 100 ns MD simulation in a DPPC bilayer. The ligands were considered
flexible for higher accuracy. A framework for visual screening [69] prepared multiple boxes
for the receptor.

Each box was constructed so that the size of the (44 A) and (62 A) covered the
protein in these axis, that were the base of the box. The -axis corresponds to the height
of the box; with a dimension of 18 A for this parameter, after the ligands were measured
with AutoDockTools, to make sure they fit well in the Docking box. The sizes considered
for , and define the volume of the box and allow the ligands to assume all possible
orientations inside them. The box size was constant throughout the Docking studies.
Because the volume of the box was large (49104 cubic A), the exhaustiveness was set to
128.

The first box was at the lowest position of the protein, with the coordinate centered
at 10, therefore called box 10. AutoDock Vina determined the best binding position for this
box. Next, the box changes only at the coordinate, adding 6 A, defining box 16. AutoDock
Vina calculates the Free Energy of Biding (FEB) and determines the best binding position
of the ligand for the new box. This procedure is repeated until box 52 (Supplementary
Material). Since adjacent boxes have a superposition of 12 A, the procedure allows the
possibility of near boxes having the same best binding positions. Eight boxes were used
to determine the best affinity sites between Tap and each ligand.

For each box, this study considered the best binding position for a ligand the one
with the strongest FEB. We calcutated the average coordinates for each ligand in each

box. Plotting the average coordinates against the FEB for each box, joining adjacent
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points, allowed the construction of the Energy Distribution Curves (EDCSs). LigPlot+ [70]
identified the residues that shared interactions with the ligands. Supplementary material
shows the aligned residues of all the ligands in the two boxes that got the strongest FEBs
between antibiotics and Els. We created the figures of the protein strucutre and the ligands
with VMD [33].

2.4.2 Flexible Receptor Docking

Most of docking algorithms consider the ligand flexibility. However, the inclusion of
receptor flexibility remains a challenge. Proteins are flexible on their cellular environment
and frequently this flexibility is important to their functions and ligands interactions [71, 72,
73]. In order to evaluate the impact of Tap flexibility on docking simulations, as well as to
verify the most important residues of the proposed model binding site, we performed
docking simulations incorporating the flexibility of Tap receptor.

Diverse approaches have been developed to take into account the receptor
flexibility on docking simulations as reviewed by previous works [71, 72, 74, 75]. Soft
docking was one of the first proposed approaches and was developed to incorporate
conformational changes allowing small overlaps between receptor and ligand atoms [76].
Diverse approaches incorporate the receptor flexibility considering some side chains on
the binding site as flexible [64, 77].

Soft docking and flexibility of side chains consider only local movements in some
residues on the binding site, but cannot capture the global effects of the receptor flexibility.
To overcome these limitations, it was proposed the Ensemble docking where different
structures of the receptor can be combined on one structure or a set of molecular docking
simulations is performed considering in each simulation one different conformation of a
receptor [78, 71, 79].

In this paper, we are performing the Ensemble docking considering a set of protein
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conformations obtained from the performed molecular dynamics simulation with the Tap-
Phyre2 model. From the Tap-Phyre2 MD simulation of 100 ns we selected a snapshot
every 100ps totalizing 1,000 snapshots. Thus, we performed 1,000 docking simulations
with each ligand. On these dockings we consider the ligand as rigid and the
exhaustiveness was set to 64 to reduce computational cost. The docking box was defined
to involve the amino acids of the predicted binding site and was configured with size 24,
34 and 28 A in, and -axis, respectively, and centered at 43, 34 and 25 A in, and -axis
respectively. To configure all the docking simulations we used the framework for virtual
screening [69] and for analyses the receptor conformations-ligands interactions we
applied LigPlot+ [70].

3 Results and Discussion

3.1 Molecular Modelling

This study built one model with Phyre 2 (Tap-Phyre2) [30], one model with I-Tasser
(Tap-ltasser) [37], and the other models with Modeller [28]. There were eighteen possible
templates based on their BLAST AAI with Tap (Table 1). Thus, we built eighteen single-
template models, one for each found template, and five multi-template models based on

combinations between those templates.

PDB AAI with Tap [Super-family / family | Species

4APS 56.00% MFS / POT Streptococcus thermophilus LMG 18311
4D2B 56.00% MFS / POT S. thermophilus LMG 18311

4M64 56.00% MFS Salmonella enterica LT2

2XUT 38.00% MFES / POT Shewanella oneidensis MR-1

41U8 37.00% MFS / NNP Eschirichia coli K-12

2GFP 36.00% MFS E. coli

67



4LEP 35.00% MES / POT Shewanella oneidensis MR-1
2Y5Y 33.00% MFS E. coli K-12

40H3 33.00% MFS Arabidopsis thaliana
3WDO 33.00% MFS E. coli

4Q65 32.00% MFS / POT E. coli K-12

3MKT 31.00% MATE Vibrio cholerae str. N16961
307P 29.00% MFS E. coli K-12

307Q 29.00% MFS E. coli K-12

4J05 29.00% MFS Piriformospora indica

1PV6 28.00% MFS E. coli

2CFQ 28.00% MFS E. coli

1PW4 24.00% MFS E. coli

Table 1: Templates used to build Tap models using Modeller. The PDB column shows

the templates PDB ID. The AAI with Tap column shows the BLAST amino acid identity

(AAI) for the alignment between the amino acid sequences of both the template and Tap.

The Super-Family / Family column shows in which protein family is that protein. The

Species column shows which bacteria, fungus, or plant species which this protein was

isolated from for the crystallization.

ModFold MolProbity Verify3D
Model Global P-Value Confidence |Favored (%) |Outlier (%) | Approved
(%)
Tap-Phyre2 0.4867 5.727E-3 91.37 3.36 67.54
Tap-Itasser 0.4831 5.943E-3 91.61 3.60 75.42
Tap-Mod_1PW4 0.4065 1.318E-2 MEDIUM 91.85 2.16 52.03
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Tap-Mod_Advanced |0.3881 1.596E-2 MEDIUM 94.00 1.68 60.86
Tap-Mod_2CFQ 0.3674 1.98E-2 MEDIUM 89.45 2.88 55.13
Tap-Mod_2Y5Y 0.3347 2.78E-2 MEDIUM 89.69 2.16 51.79
Tap-Mod_4J05 0.2890 4.469E-2 MEDIUM 89.69 2.88 59.43
Tap-Mod_40H3 0.2734 5.257E-2 MEDIUM 88.25 3.12 60.62
Tap-Mod_7 0.2699 5.455E-2 LOW 90.41 3.86 69.21
Tap-Mod_3WDO 0.2636 5.824E-2 LOW 92.81 1.92 61.58
Tap-Mod_3 0.1821 1.359E-1 POOR 92.57 1.92 59.43
Tap-Mod_5 0.1209 2.566E-1 POOR 91.13 2.88 54.42
Tap-Mod_4Q65 0.0408 5.899E-1 LOW 92.09 3.36 61.34
Tap-Mod_4D2B 0 9.017E-1 POOR 92.09 3.60 55.37

Table 2: Validation results for the Tap models. These are only the models which more
than 50% of its residues scored higher than 0.2 on Verify3D. The first column shows the
identification of the models. The second column shows ModFold global scores, third the
p-value the fourth local score confidence according to the p-value. The fifth column shows
the percentage of Ramachandran favored residues and the sixth is the percentage of
Ramachandran outliers of each model according to MolProbity. The seventh column
shows the percentage of residues that scored higher than 0.2 on each model according
to Verify 3D. The four lines in bold represent the models elected as the best and were
submitted to the MD in a lipid bilayer.

The AAI with Tap (Table 1) determined the templates used to build the multi-
template models. Tap-Mod_18 included all proteins on the list as templates. The twelve
proteins with AAI higher than 30% were templates to Tap-Mod_12. Tap-Mod_7 had all the

seven proteins with AAI higher than 35% as templates. Tap-Mod_5 included the five best
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proteins ranked by AAI. The three templates with AAI higher than 50% based Tap-Mod_3.
In addition, one model was built following the Advanced tutorial in the Modeller website
[41]. For this one, we tried to cluster each template determined by BLAST in a family using
DBAIi v2.0 [80]. Only lactose permease (PDB ID: 1PV6) and sugar free lactose permease
(2CFQ) formed any cluster. Both structures formed the same cluster, with four structures
of lactose permease (PDB ID: 1PV6, 1PV7, 2CFQ and 2CFP). The residues from 401 to
410 formed a loop that was poorly modelled, according to DOPE score, so we refined this
region using a Modeller script. This range of possibilities from various templates was
generated to look for the best possible model.

A published work also built a structural model of Tap Efflux Pump [81]. They used
Protein Preparation Wizard [82], which has the advantage of having different tools to edit

the protein and is specific for virtual screening.

3.2 Validation

We used Verify3D (Table 2) to validate all Tap models built and analyzed them by
the quantity of approved residues (residues that scored 0.2 or higher). Tap-ltasser
obtained the highest number of approved residues (75.42%), followed by Tap-Mod_7
(69.21%) and Tap-Phyre2 (67.54%). All models with more than 50% approved residues
were also validated with MolProbity and ModFold (Table 2).

ModFold considers a model with a global score higher than 0.4 close to a possible
native structure. High ModFold confidence indicate there is 1% chance that the model is
wrong. Tap-Phyre2 got the best ModFold score (high confidence, global score of 0.4867),
followed by Tap-ltasser (high confidence, global score of 4.831) and Tap-Mod_1PW4
(medium confidence, global score of 4.065) (Table 2). According to MolProbity, the model
with the most Ramachandran favored residues and less Ramachandran outliers was Tap-
Mod_Advanced (Table 2).
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Figure 2: The four generated Tap efflux pump models elected as best according to
the Verify3D, ModFold and MolProbity results.
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Figure 3: RMSD of the four best models in a 100 ns MD simulation in a DPPC bilayer.

-axis represents the RMSD in nm and the -axis represents the time in ns.

Thus, we elected four models (Figure 3.2) to test their stability with MD
simulations using GROMACS. Tap-Phyre2 (Figure 3.2) and Tap-Itasser (Figure 3.2)
were the two best models according to the previous validation results. Tap-Mod_1PW4
(Figure 3.2) got the best ModFold score within all the Modeller models and one of the
only three with a global score higher than 0.4, despite its low Verify3D score (52.03%)
(Table 2). And finally, Tap-Mod_Advanced (Figure 3.2) had the highest MolProbity
scores, fourth highest Verify3D score, with 60.86% of residues approved, and the
fourth highest ModFold score (medium confidence, global score of 0.3881). All four
models obtained more than 90% residues on most-favored regions in MolProbity
Ramachandran plot (Supplementary Material).

The four elected models have the uniform topology of 12 transmembrane alpha
helices, which is a characteristic of the MFS proteins [83]. The most important

difference between the four elected models are how the helices are disposed, in Tap-
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Phyre2 and Tap-Mod_Advanced they have a similar disposition, Tap-ltasser has more
parallel helices, and Tap-Mod_1PW4 more open ones. That is relevant because the
flexibility of the loops is what will affect this disposition, and therefore determine the
stability of the model.

3.3 Molecular Dynamics Simulation in a lipid bilayer

In order to choose the best model, and then further analyze its structure, we
performed a 100 ns MD simulation with the four elected models (Figure 3.2). The MD
simulation in a lipid bilayer allowed an insight on the stability and quality of the models
[84], which fits the purpose to elect the best model, as Tap is a transport protein that
is found embedded in a lipid membrane. Therefore, the RMSD of all atoms during the
100 ns MD was analyzed on the four best models, and one model was elected as the

best considering the results from this analysis and from the validation tools.
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Figure 4: RMSD of Tap-Phyre2 100 ns MD simulation in a DPPC bilayer. -axis

represents the RMSD in nm and the -axis represents the time in ns.

Tap-Mod_1PW4 (purple) had its RMSD raising since the beginning of the
simulation, reaching almost 0.8 nm from 80 ns to the end of the simulation (Figure 3.2).

It had the worst stability from all models. Tap-Itasser (blue) had its RMSD fluctuating
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around 0.5 and 0.6 nm between 10 and 50 ns. From 50 to 85 ns the RMSD raised to
almost 0.7 nm, lowering to 0.6 nm from 90 ns to the end of the simulation (Figure 3.2).
It had too much variation in its conformation, therefore showing low stability.

Tap-Mod_Advanced (green) stabilized with less than 0.6 nm between 10 and
20 ns, but it got higher after 90 ns (Figure 3.2). This model showed high stability and
also got the best Molprobity scores, thus it is the best Modeller model. Tap-Phyre2
(red) had its RMSD stabilized at around 20 and 40 ns, maintaining an RMSD of less
than 0.6 nm (Figure 3.2) until the end of the simulation. It had the fewest fluctuations
along the 100 ns of the MD simulation, therefore showing the highest stability.

We chose Tap-Phyre2 (Figure 3.2) as the best model because it had the best
score with ModFold, good scores with MolProbity and Verify3D and showed to have
most stable structure, with the smallest RMSD and with the least fluctuations and from
the starting position.

The MD simulations also provides information on protein stability in a solvent,
allowing a better insight in the folding and unfolding processes [85, 86]. Therefore, this
tool can be used for structural model evaluation [87, 88, 89]. For this purpose, we
analyzed the RMSD of Tap-Phyre2 in four different ways: considering all of its residues,
the helix, the turn and the predicted binding site residues.

The overall structure, represented by the RMSD considering all residues,
stabilized between 20 and 40 ns, maintaining an RMSD from the starting position of
less than 0.6 nm. The delay on the stabilization seems to be mainly because of the
Turns, which had a variation of around 1 nm at this same time. The Turns might also
have raised the RMSD of all residues, since the Turn residues RMSD floated between
0.6 nm and 0.7 nm from the starting position throughout the end of the simulation
(Figure 3.3).

The helix residues stabilized early, between 20 and 25 ns, and kept an RMSD
of around 0.5 nm from the starting position. Therefore, the helixes were a more rigid

secondary structure. The binding site was predicted to test its stability during the
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Dynamics, since it is a more rigid structure that may better reflect the quality of the
model. The RMSD stabilized between 15 and 20 ns, and it maintained an RMSD of
around 0.35 nm from the starting position (Figure 3.3). The results show an stable
behaviour that reflect a model of good quality. Also, the overall protein stabilized in a

way that optimized the structure, which is therefore ready for the Docking simulations.

3.4 Docking
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Figure 5: Energy Distribution Curves of the Slice Docking of Tap-Phyre2 with the
antibiotics RIF, INH, OFLO and BDQ, and the Els CPZ, NUNL2 and VERA. -axis
represents the FEB in kcal/mol and -axis represent the center of each grid box in the -
axis. The points represent the FEB for each box against the average coordinates.

3.4.1 Slice Docking

Docking simulations can give insights in the affinity of an efflux pump interaction
to its substrate [90]. We used the optimized Tap-Phyre2 structure result of the 100 ns
MD simulation in a DPPC bilayer for a Slice Docking simulation to investigate the

possibility of competitive inhibition between the antibiotics INH, RIF, OFLO and BDQ
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and the Els CPZ, VERA and NUNLO2.

A visual inspection of the EDCs (Figure 3.4) allows a comparison of the FEBs
and binding positions along the -axis between the compounds tested. Even though the
real FEB may not be fully represented by the calculated FEB: since all Docking
simulations followed the same methodology, the EDCs indicate the relative FEB
difference between the substrate and compounds [63].

The EDCs (Figure 3.4) show overall strong FEBs of OFLO, used in the MDR-
TB treatment, and RIF, on the first line TB treatment [1]. Resistance of both OFLO and
RIF has been related to Tap Efflux Pump [13, 14]. Therefore, this result corroborates
the hypothesis that OFLO and RIF are substrates of Tap Efflux Pump. It also reinforces
that Tap-Phyre2 is an accurate model for drug discovery studies.

(a) OFLO and NUNLO2 at box z28
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(c) OFLO and VERA at box z28
Figure 6: Tap-Phyre2 residues in interaction with both antibiotic and inhibitor
(magenta). NUNLO2 in cyan. VERA in blue. OFLO in yellow. BDQ in purple.
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BDQ is the first antibiotic approved for TB treatment in decades, used to treat
MDR-TB [7], and there are cases of BDQ resistance due to efflux [5, 6]. The overall
strong FEB of BDQ highlights the importance of studying the efflux and its inhibition on
Tap efflux pump, as it may indicate that this antibiotic is a possible substrate.

The EDCs allows the search of the best binding positions for the compounds
along the -axis of Tap-Phyre2. The valleys in the EDCs indicate the strongest FEBs.
Thus, we used the valleys to verify whether these positions between antibiotics and
Els are nearby, indicating that the compounds may share preferences for the same
binding positions and protein residues. Therefore it may indicate the possibility of
competitive inhibition, which is further tested by verifying the coincident biding residues
(Supplementary Material).

Competition for the same binding position could be the mechanism for efflux
inhibition when the inhibitor is also a substrate [68, 63]. The three inhibitors, but mainly
VERA and NUNLO2 showed strong FEBs (Figure 3.4), which corroborates the
evidences in literature that they may act as efflux pump substrates [68, 63]. Also, it has
been indicated that VERA inhibits Tap [91], therefore its EDC also reinforces that Tap-
Phyre2 is an accurate model for drug discovery studies.

In the EDCs (Figure 3.4), NUNLO2 has a valley (-9.3 kcal/mol) close to the
OFLO valley (FEB -7.8 kcal/mol) at box 28, and they interact to 8 coincident residues
(Figure 2). NUNLOZ2 has the next strongest FEB (-8.7 kcal/mol) close the BDQ valley
(-9.1 kcal/mol) at box 34, and they also interact to 8 coincident residues (Figure 3).

VERA has a valley in its EDC (FEB -7.7 kcal/mol), also close to the OFLO valley
(-7.8 kcal/mol) at box 28, and they interact to 9 coincident residues (Figure 4). VERA
has another valley (FEB -7.7 kcal/mol) close to a RIF strong FEB (-7.3 kcal/mol) at box
46, and they interact to 3 coincident residues. None of the antibiotics showed valleys
near CPZ valley at box 46.

The EDCs plus the coincident residues showed a possibility of competitive
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inhibition [68, 63] by NUNLO2 on OFLO and BDQ, which highlights NUNLO2 as an
effective EI. The results also shows a possible competitive inhibition by VERA on
OFLO and RIF, which corroborates with the use of VERA as an effective El. This is
important because VERA is a wildly studied El that has shown success on efflux

inhibition in animal models [92].

3.4.2 Flexible Receptor Docking

We performed docking considering 1,000 snapshots of the Tap-Phyre2 MD
simulation to evaluate the impact of the Tap flexibility on docking simulations as well
as to verify the most important residues of the Tap-Phyre2 model binding site (we
believe that the residues that interacts most frequently with the ligands during the
flexible receptor docking simulations are important to characterize and confirm the Tap
binding site). To compare the flexible and rigid receptor docking results we considered
as rigid the docking result with the last MD snapshot (the same snapshot used on slice
docking). Besides performing docking simulations we used LigPlot+ to analyze all the
receptor snapshots-ligands interactions. Table 3 presents the results of these docking

simulations and receptor-ligands interaction analyses.

FEB (kcal/mol) Total amount of receptor residues interacting

Rigid Flexible Receptor: 1000 snapshots Rigid Flexible receptor - 1000 snapshots
Ligand Min Max Average —10% 10—-50% 50-70% +70%
BDQ —-8.2 -11.0 -6.0 -847+0.77 17 87 16 9 1
CPZ —-6.6 -7.9 -59 —6.77+ 035 7 91 22 4 0
NUNLO2 -94 -10.6 -6.5 -840+ 0.81 11 89 21 4 3
OFLO -7.8 -94 -6.1 —7.78+042 11 86 20 3 2
VERA -7.2 -88 -5.1 —-7.10+0.60 15 92 18 10 2
INH -54 -6.9 —-4.6 —5.50+0.36 7 86 27 0 0
RIF -6.4 -10.8 -57 —7.08 +1.04 11 94 13 3 1

Table 3: Results of the docking simulations with flexible receptor. The first column lists
the ligands. The second column corresponds to the FEB value in kcal/mol for the Rigid
docking with snapshot 1,000 and the next columns 3, 4 and 5 describes the minimum,
maximum and average with standard deviation values of FEB for flexible receptor. The

next five columns are related with the total amount of receptor residues that interacts
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(hydrogen bonds or non-bonded contacts) with the respective snapshot(s)).

Regarding the FEB results presented on Table 3 (Columns 2-5) it is possible to
note that the best FEB values are for the ligands NUNLO2, BDQ, OFLO and VERA in
rigid and flexible docking results, the same observed on slice docking (Figure 3.4). The
fifth column on Table 3 shows the average values of FEB with the standard deviation.
The values of standard deviation shows that we have variation of FEB values between
the 1,000 snapshots. Besides regarding the minimum values of FEB (Table 3, third
column) we can see that we can obtain more negative values of FEB when considering
the flexible receptor model where we highlight the RIF minimum FEB value (almost 4
kcal/mol of difference with the average FEB).

Table 3 columns 6-10 shows the total amount of receptor residues interacting
with the ligands in the rigid and flexible docking results. The sixth column corresponds
to the number of receptor residues interaction with the ligands on the Rigid simulation
(snapshot 1,000). Columns 7, 8, 9 and 10 corresponds to the total amount of residues
interaction with -10%, 10-50%, 50-70% and more than 70% of the 1,000 considered
shapshots respectively. We can observe that up to 94 different residues can interact
with RIF in some snapshot during the flexible receptor docking. The same happens for
the other ligands: VERA interacts with 92 different residues, CPZ with 91 residues, and
so on. Regarding the rigid results this number of residues is smaller even if you
compare with the 10-50% frequent residues. Thus we can suppose that Tap-Phyre2
model has a flexible binding site that is important to taking into account to the search
for new inhibitors.

For BDQ and VERA we observe that 10 residues that interacts with the rigid
receptor are the same as observed for more the 50% of the snapthots and corresponds
to the residues ASP23, LEU55, PRO118, MET121, LEU150, PHE154, THR236,
TYR239, TYR325, GLN329. For CPZ, 4 of these 10 residues are also interacting with
more the 50% of the snapthots: ASP23, PHE154, THR236 and TYR239 . However for
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CPZ the 7 residues are different from the most frequent on the ensemble docking. It
means that this ligand on the rigid simulation is positioned in a not frequent region of
the binding site when compared with the ensemble docking.

Considering NUNLO2, most of the residues in rigid and ensemble docking are
the same (7/11) and 5 of these 7 are in common with BDQ: ASP23, LEU55, PHE154,
THR236, TYR239. The other two most frequent residues are ILE27 and ALA114. For
OFLO, the five most frequent residues are the same as BDQ or NUNLO2: ASP23,
LEUS5, PHE154, THR236 and TYR239 and the rigid result present 5 residues in
common with the ensemble docking. INH does not have residues with more the 50%
of frequency and for the rigid result all the residues are different comparing with the
other ligands. Finally for RIF the 4 most frequent residues are different from the other
ligands. This can be explained because this ligand has more atoms than the other and

probably its positions on the binding site is different.

4 Conclusions

We concluded that Tap-Phyre2 is the best model tested and that it can be used
in the studies of Els for Tap. Tap-Phyre2 got the best results during the validation
techniques, including the 50 ns MD in water. On the 100 ns MD simulation of Tap-
Phyre2 in a DPPC bilayer, it can be seen that the model is consistent, as it structure
was able to stabilize, and that its binding site is highly stable.

Our results also highlight Phyre2, I-Tasser and Modeller as reliable programs
for molecular modelling purposes. The model with the best structure was built using
Phyre2. The reason might be the fact that Phyre2 uses a large variety of templates and
Tap is a protein without any template with close homology. Our results show that it is
important to use more than one model built with different software to determine the
efficiency of each structure, as different models had considerable differences. It can
also be noticed that Verify3D, ModFold and Molprobity had coherent results with the
validation MD simulations. ModFold seems to be the software with most agreement
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with the final results of this work. However, the validation techniques show to be better
used in combination, for they analyse different characteristics of the protein structure.

The Docking results can be considered relevant, as Tap-Phyre2 is a reliable
model and is even closer to a native Tap structure after the 100 ns MD simulation in a
lipid bilayer. About the slice docking, these results corroborates the hypothesis that
OFLO and RIF are possible substrates of Tap, and shows that BDQ can also be
extruded by Tap, which reinforces the importance of Tap Efflux Pump in the drug
resistance of M. tuberculosis. We also found that VERA and NUNLO2 possibly act as
substrates on Tap Efflux Pump via inhibitory competition over important TB antibiotics.
This means those two molecules are possible inhibitors of Tap efflux, and highlights
the importance of including Els as adjuvants to the anti-TB therapy. In respect of the
flexible receptor docking results we obtained information about important residues on
the binding site of Tap-Phyre2.
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7 Manuscrito Il

All-atom Molecular Dynamics model for mycobacterial plasma membrane

Jodo L. R. Scaini, Adriano V. Werhli, Vania R. de Lima, Pedro E. A. da Silva, José R.

Bordin, Karina S. Machado

O manuscrito objetivou o desenvolvimento de um modelo de membrana de PIM2
com DM. A andlise deste modelo é realizada com experimentos de DM utilizando variacdo
de temperatura, agregacao espontanea e insercdo da bomba de efluxo Tap, cujo modelo

foi desenvolvido no Artigo | na Secéo 6.
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Abstract

Phosphatidyl-myo-inositol mannosides (PIMs) are an essential component of the cell
envelope and the most predominant lipid in the inner membrane (IM) of M. tuberculosis.
In this work, we propose a Molecular Dynamics (MD) model for PIM , lipids and analyze
the properties of membranes composed of this lipid. The study is divided in three parts:
influence of the temperature in the PIM , membrane stability, self-assembly abilities of the
PIM, lipid and the behavior when a trans membrane protein is inserted in PIM,
membrane. Our results show that the model is able to reproduce the gel phase observed
at 310.0 K and a fluid phase at 363.15 K. Also, the spontaneous self-assembly of randomly
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distributed lipids in a vesicular aggregate was observed. Finally, we observe that the PIM ,
membrane is more stable than DPPC membranes when a Tap protein is inserted. Once
Tap efflux pump is related to multidrug resistance of M. tuberculosis, this result indicates
that the use of the proper lipid model is essential to the appropriate depiction and modeling
of these systems.
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Introduction

Tuberculosis (TB) is an important infecto-contagious disease caused mainly by
Mycobacterium tuberculosis being a major cause of mortality and morbidity, especially in
developing countries. It was estimated that TB have caused over 1.4 million deaths in
2019. The incidence per year for TB has been growing since 2013. In 2019, 10 million
new cases were estimated. One of the factors attributed to this increase is the emergence
of multidrug-resistant (MDR) TB, which correspond to 362,000 new cases in 2019 *. In
addition to the acquired resistance, M. tuberculosis presents high degree of intrinsic
resistance related to its cellular ultrastructure. One of the major reasons for the intrinsic
resistance to therapeutic agents, and also host defense mechanisms, is the unusual lipid-

rich robust and impermeable cell envelope 2.

M. tuberculosis is covered by a complex envelope, composed by the inner plasma
membrane (IM), the peptidoglycan-arabinogalactan complex, and the outer membrane
(OM) that is covalently linked to the arabinogalactan 3. Lipids that are unique to the species
or to mycobacteria compose this envelope. The abundance and biological importance of

these lipids reflect in extensive studies to elucidate their structures and functions .

Phosphatidyl-myo-inositol mannosides (PIMs) are unique glycolipids abundant in
both IM and OM of all mycobacteria, being structural components of the cell envelope.
Structurally, PIMs are consisted of a phosphatidyl-myo-inositol (Pl) group containing
mannosides esterified to the inositol ring . The PIM family comprises phosphatidyl-myo-
inositol mono-, di-, tri-, tetra-, penta-, and hexamannosides, with up to four acyl chains.
The two most abundant classes in M. tuberculosis are Phosphatidyl-myo-inositol

dimannosides (PIM ;) and Phosphatidyl-myo-inositol hexamannosides (PIM ) .

Diacyl phosphatidyldimannoside (Ac,PIM,) is the most abundant lipid in the
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mycobacterial IM, accounting for up to 42% of all lipids extracted. Other PIMs such as
AcPIM ,, AcPIM 4, Ac ,PIM ,, AcPIM ¢ and Ac ,PIM ¢ account to up to 26% 3. Furthermore,
they are precursors of the lipoglycans (lipomannan and lipoarabinomannan), which are
multiglycosylated forms of PIM , 7. PIMs and lipoglycans are important virulence factors

in M. tuberculosis and may modulate to host-pathogen interactions °.

The physicochemical characterization of biological membranes in fundamental to
understand their physiological role °. Elucidation of the mechanisms responsible for the
distinct structural conformations and morphologies, and the fusion and dissolution is
essential to understand a wide range of biological processes, as for example virulence
10.11 To this end one of the most employed approach to understand the behavior of cell
membranes is Molecular Dynamics (MD) simulations. This in silico method allows a
complete control on the system properties and has been extensively applied to provide

information on both their spatial organization and temporal dynamics %14,

Recent MD studies about mycobacterial membrane include membranes based in
dipalmitoylphosphatidylcholine (DPPC), dioleoylphosphatidylcholine (DOPC),
palmitoyloleoylphosphatidylglycerol (POPG), 1-palmitoyl-2-oleoyl
phosphatidylethanolamine (POPE) 1517, Nevertheless, there are no specific membrane
molecular model with such uncommon and unique lipids as the ones observed in the M.
tuberculosis. Therefore, it is important to develop a mycobacterial membrane model to
allow structural studies that takes in consideration its actual lipid composition. As cited
before, PIM , is one of the most abundant PIMs, and is precursor of lipoglycans and the
other PIMs with higher amount of mannosides. In this way, the main objective of this study
is to propose a PIM , lipid model for MD simulations, analyze its behavior and viability for

a more accurate M. tuberculosis IM modeling.

In this sense, this study was performed in three parts. First, we investigate the
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temperature effect on a PIM , bilayer to validate it in comparison to its natural behavior.
We considered 310 K (36.85 °C) as the normal lungs temperature — where a gel phase
is expected — and 363.15 K (90 °C) — temperature above the phase transition for
mycobacterial membrane 8. The second part of this study aimed to analyze the
occurrence of spontaneous aggregation of the lipid molecules forming a bilayer structure
19 of PIM ,, as another form of validation of the model. Finally, we studied the behavior of
the PIM , bilayer with insertion of a protein that is naturally inserted on M. tuberculosis IM
and is associated to MDR-TB, the tetracycline/aminoglycoside resistance (Tap) efflux

Data reported in this work will contribute to establish a membrane model which
may provide more accurate protein-membrane studies related to mycobacteria as well as

drugs’ structure-activities relationships to improve the MDR-TB therapy.

Methodology

PIM , Bilayer at different temperatures

To obtain the two-dimensional structure of the PIM , molecule we use the Lipid
Maps %2 (LM ID: LMGP15010062) “. The hydrogen from the hydroxyl group is removed to
get the net charge -1. The three-dimensional structure is obtained using Avogadro 1.2.0
23 minimization with the force field Universal Force Field (UFF). The topology was obtained
with the Automated Topology Builder (ATB) 2* (ATB ID: KJII) from the submission of the
minimized three-dimensional structure. The topology was manually edited in order to
ensure that the names of atoms correspond to the parameters of "Berger lipids" 2°
modification for GROMOS96 53a6 force field 26 — this topology is available in the
Supplementary Information. The electrostatic interaction was handled using the Particle
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Mesh Ewald method.

Molecular Dynamics simulations were performed using the GROMACS 2016.4
package 27?8, GROMACS editconf was used to create a 128 lipid bilayer perpendicular to
the z-axis. A short 50 step minimization and a short 250 step production phase were
performed to make the structure flexible. Then, two boxes of water model SPC with a
thickness of 0.6 nm were added to both sided of the bilayer solvated the system. In order

to neutralize the system, 128 sodium ions were added to the solvent.

The solvated system went through energy minimization (EM), equilibration and
production. The equilibration was performed with restraints on lipid phosphorus in the z-
axis, preventing them from leave the position vertically. The equilibration consisted of two
phases. The first was a 10.0 ns NVT simulation for temperature adjustment (EQ 1), where
the temperature was fixed in 310.0 K or 363.15 K using the velocity rescale. The second
was a 10.0 ns NPT simulation (EQ 2) keeping the temperature fixed in 310.0 K or 363.15
K by the Nose-Hoover thermostat and the pressure fixed in 1.0 bar by the Parrinello-
Rahman semi-isotropic barostat — the pressure in the z-direction was not fixed. Finally,
the system went to a 100.0 ns NPT simulation for the production phase. Here no restraints
were applied, and the same temperature and pressure control from the equilibration phase

were used.
PIM , Bilayer formation

MD simulations were performed to test if PIM , molecules would spontaneously
aggregate in a bilayer structure. The initial system was a box with 12.0 nm x 12.0 nm X
6 nm box in the x, y and z directions with 128 randomly distributed PIM , molecules. The
box was then fully solvated. The system was neutralized with 128 sodium ions. The

simulations were conducted with the same conditions as the bilayer MDs, and the same
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steps: energy minimization, two equilibration steps - 10.0 ns equilibration for temperature
coupling and 10.0 ns equilibration for pressure coupling, which were respectively
designated EQ1 and EQ2 - and 100.0 ns production. The temperature was fixed in 310.0
K. The box had equal sizes at x and y axes, and a smaller size at z axis because of the
membrane formation. Also, the volume was not conserved in EQ2 and the production

steps in order to respect anisotropy.
PIM , bilayer with Tap protein inserted

To test the bilayer as an IM model, we performed a MD simulation with a Tap
protein 2230 inside the PIM , bilayer. The Tap model used was proposed in a previous
study of our group *’. The same software and force field of the previous sections were
employed. The PIM , bilayer final structure from the 100.0 ns 310.0 K MD simulation was
used for the insertion. To compare the stability of Tap protein inside of the PIM , bilayer,
a simulation with Tap inserted in a dipalmitoylphosphatidylcholine (DPPC) bilayer was
performed, following the same protocol. We used coordinates and topology of a previously
published stable and flexible DPPC membrane 3. The DPPC topology was also edited to
the parameters of the "Berger lipids" 2> modification for GROMOS96 53a6 force field 26,

this topology is available in the Supplementary Information.

The insertion of the protein in the lipid bilayer followed the InflateGRO technique
32,33 modified according to the protocol of Lemkul 34. Briefly stated, it consists in inflating
the bilayer area in the xy-plane by 4 times, and then deflate the area for 0.95 times, with
an EM after each deflation. This allows a more natural accommodation of the lipid bilayer
around the protein. Six lipids were removed from the system during this process, the
system has now 122 lipid molecules. The water from the lipid bilayer is also removed in
the InflateGRO procedure. Therefre, the system was then solvated in the same way as

described above, but the water boxes had 1.5 nm at the z axis. Here we added 122 sodium
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and 5 chlorine ions in the water to neutralize the charge of the system. Next, the system
went through EM and two equilibration phases with the same configurations as previous
section, adding now restraints for the heavy atoms of the protein. This allows shaping the
lipid bilayer around the protein. Finally, the same 100.0 ns production phase at 310.0 K

and 1 bar was performed to analyze the protein inside the distinct bilayer membranes.
Analysis

GROMACS provided the calculation for some analysis that were plotted using R
3.1.3 and R studio 0.99.491 software 3>%6, The Root-mean-square deviation (RMSD) was
calculated at each 2 ps along the entire MD simulations to determine the mobility of the
bilayer in different temperatures and with Tap protein. In addition, the RMSD of Tap
protein inserted in the bilayer was calculated. The density profile of different atom groups
(water, lipid head groups, acyl chains, and protein, when present) was calculated along
the z-axis to have an overview of the distribution. The deuterium order parameters of the
acyl chains of the bilayer were calculated in order to determine how rigid the bilayer is.
The lateral diffusion of the lipid bilayer was calculated to determine its fluidity. The
thickness of the membrane was calculated using GridMAT-MD 37 and plotted using
Matplotlib.
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Results and Discussion

2D 3D

Figure 1: Structure of PIM ,.

The PIM, bi-dimensional and three-dimensional structures are shown in the
Figures 3 and 3, respectively. As cited before, the MD results were described and
discussed as follows: first, the influence of the temperature in the PIM , bilayer. Then, the
description of PIM , bilayer formation. Finally, the effect of Tap in the PIM , bilayer
properties. Considering the fact that computational MD simulation data related to gel-
phase lipid membranes are closest to their correspondent experimental results, when
compared to membranes in fluid phase 3%, the PIM , bilayer formation process and the

effects of Tap on its properties were studied at 310 K.
PIM , bilayer at different temperatures

MD simulations data related to PIM , bilayer structure at the lungs temperature
(310 K) and at a temperature above the phase transition for mycobacterial membrane
(363.15 K) 18 are shown in Figures 3.4 and 3.1, respectively. From these data, five different
properties were analyzed and compared: partial density, RMSD, deuterium order
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parameters, thickness and lateral diffusion.

PIM, 310 K PIM , 363.15 K

Figure 2: Final structure of PIM , bilayer in two different MD simulations, (a) bilayer at 310
K, (b) bilayer at 363.15 K. Water in blue, lipid headgroups in yellow, lipid acyl chains in

red.
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Figure 3: Partial density of PIM , bilayer at different temperatures, y-axis represents the
density and the x-axis represents the coordinates. Lipid headgroups correspond to the
inositol phosphate and mannosides polar groups, while the Lipid tails correspond to acyl

chains hydrophobic region, and the solvent correspond to the water.

The partial density was calculated to analyze the density distribution of three
regions (lipid head groups, lipid acyl chains and water) of the PIM , bilayer system and
the temperature effect on it. The partial density of PIM , at 310 K is showed in Figures
3.1.1 and 3.4 and the PIM , correspondent property at 363.15 K is showed in Figures

3.1.1 and 3.1. The whole membrane is less dense at 363.15 K, but occupy a larger region
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at z axis, compared to the model at 310 K. The temperature increase promoted a decrease
in the density of membrane headgroups and hydrophobic region, indicating a
disorganization effect in the bilayer structure. Here, it is interesting to note that, at 310 K,
water remained in the extremes of the z-axis and did not penetrate toward the PIM ,
hydrophobic acyl chains — this reflects the stronger interaction between water molecules
and the hydrophilic lipid head groups. However, at 363.15 K, the water seems to have
penetrated deeper in the membrane, reaching the lipid acyl chains (Figure 3.1). The water
displacement toward the PIM , hydrophobic region indicates a decrease in membrane
packing or a reduction of area per lipid molecule in the bilayer plane 3°. The results

corroborate to an expected fluid phase related to PIM , at 363.15 K.
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The effect of different temperatures in the thickness of PIM , bilayer system was
evaluated and is shown in Figure 3.1.2. The PIM , bilayer at 310 K showed 4.5% of its
structure with thickness over 4 nm, where the thickest region corresponds to 4.13 nm. At
363.15 K, 60.75% of the PIM , bilayer was thicker than 4 nm, with the thickest region
equivalent to 6.73 nm. Considering PIM , saturated hydrophobic chains, it is expected a
considerable molecular package which, at higher temperature, is disrupted by water entry
(see Partial Density section), promoting changes in the molecular conformation as well as
in the headgroup sugars dipolar interactions. This may had reflected in an increase of the
bilayer thickness. A direct relationship between the bilayer thicknes and the membrane
swelling, was considered before by Kuklin and co-workers (2020) 4° and Zhang and co-
workers (1995) 41,
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Figure 5: Deuterium order parameters of PIM, bilayer acyl chains at different
temperatures. y-axis represents the deuterium order parameter and the x-axis represents

the atom number.

Deuterium order parameters were calculated to analyze how ordered were the acyl
chains of the PIM , bilayer system and the temperature influence on it, shown in Figure
3.1.3. Both acyl chain 1, shown in the Figure 3.1.3, and acyl chain 2, Figure 3.1.3, are
less ordered at 363.15 K. Once more ordered acyl chains are indicative that the
membrane is directed toward the gel phase, it is a coherent result that indicates a PIM ,,
bilayer at fluid state at 363.15K. It is interesting to note that, for lipid acyl chains, the
correlation of time and order parameters related to the molecular overall motion are the
same for all methylene and methyl groups. Both acyl chains 1 and 2, in both temperatures,
are more ordered at the beginning of the chain, closest to the head groups. It is expected,
once that chain conformation and trans- gauche isomerism rate show a flexibility gradient,
raising from the first chain methylene to the terminal methyl group. As trans-gauche
isomerism increases toward and above the melting temperature, it is expected a reduction
in the S .4 values related to the model at 363.15 K, compared to the values observed at
310 K 42,

Lateral Diffusion
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The Mean squared displacement (MSD) of the lateral diffusion coefficient of the P
atom was calculated to analyze the lateral diffusion in PIM , and the temperature influence
on it (Figure 3.1.4). The lateral diffusion coefficient of PIM , at 363.15 K reaches above
4x 10> cm?/s, while at 310 K it reaches 0.7x 10 ~> cm?/s. For entire dimyristoyl
phosphatidylcholine molecules the lateral diffusion value is 17x 108 cm 2 in the fluid
phase. When the lipid is in the gel phase, this value is equivalent to 7x 108 cm?/s
(considering DMPC melting temperature equivalent to 297.15 K). The typical increase of
lateral diffusion as the membrane transits from gel to fluid phase was also observed to
PIM , bilayer. It is coherent to what is expected, once the phase transition temperature

makes the membrane more flexible, therefore increasing the lateral diffusion coefficient.

RMSD

110



1.5

1.0

RMSD (nm)

0.5

s PIM2 363.15K
= P|M2 310K

0.0

T T T
0 20 40 60 80 100
Time (ns)

Figure 7: RMSD of PIM ,, bilayer in the 100.0 ns MD simulations at different temperatures.

y-axis represents the RMSD in nm and the x-axis represents the time in ns.

The RMSD of the PIM , bilayer was calculated to analyze its stability and the
influence of different temperatures on it, shown in Figure 3.1.5. PIM , bilayers at 310 K
has a lower RMSD that stabilized from around 80 ns at around 1 nm, which shows the
stability of the structure. The lipid bilayer stability is expected as the M. tuberculosis
membrane exists at this temperature in the lungs and thus it should be ordered. PIM , at
363.15 K showed a higher RMSD, reaching over 1.5 nm at the end of the simulation, while
still raising, and did not stabilize. Therefore, this higher and more unstable RMSD from
PIM , at 363.15K agrees what is expected for the fluid state, which reinforces a disordering

process above the lipid phase transition temperature.
Analysis of PIM , bilayer at different temperatures

All MD simulation data related to PIM ,, bilayer at 363.15 K are consistent to a highly
disordered structure, typical of systems at temperatures above to their correspondent

phase transition temperature. Data also corroborates to a higher membrane permeability,
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as observed by the water penetration into the bilayer. It is known that the lipid
arrangement, order and fluidity in the mycobacterial membrane modulate its properties,
such as the nutrients uptake, protein transport and drug interaction profiles 3. Indeed,
mycobacteria membranes lipid arrangement is consisted by a gradient of, or an
intermittent ordered-disordered lipid regions and domains 43, which is also attributed to
the duration of treatment and resistance. Here, it is interesting to note that, despite
saturated lipids in gel phase are unusual in cellular membranes, it is precisely the
mycobacterial membrane acyl chains saturations that lead to a high conformational
freedom and acyl chains fluctuations on it 3. The primary results concerning the study of
PIM , bilayer model in two different temperatures agrees with the expected state-of-phase
behaviour, and allows further studies which will contribute to the design of simple and
accurate tests evolving the mycobacterial membrane role in TB processes, resistance and
therapy. Considering the fact that, in the lungs temperature, 310 K, PIM , bilayer model
behaves as a gel-ordered membrane, such as in mycobacteria, and this state-of-phase is
also related to a close relationship with experimental results 38, this was the chosen
temperature to assays related to PIM , bilayer and vesicular formation, as well as the

protein-membrane interaction approaches, which are reported as follows.
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Figure 8: Snapshots of Molecular Dynamics simulation of PIM , aggregation in water.
Lipid head groups (yellow); acyl chains (red); water (blue). (a) is the first frame. (b) is a
shapshot from EQ 1. (c) is the final structure from EQ 1. (d) is the final structure from EQ2.

(e) is the final structure from production MD.

In order to test the PIM, property of aggregation in water, we performed a
simulation with the lipids starting at random positions. Snapshots of the aggregation
process can be seen at Figure 3.3. It started with 128 lipids randomly distributed in the
box (Figure 3.3). During the first 10 ns equilibration phase (EQ 1), one aggregate
containing two vesicular portions was observed at 5 ns (Figure 3.3), and at the end of this
phase, all lipids form one aggregate including a vesicular portion, as shown in Figure 3.3.
At the end of the second 10 ns equilibration the structure takes a more clear horizontal
form containing one more defined vesicular portion, as shown in Figure 3.3. Finally, at the
end of the 100 ns production phase, there is the final aggregate including a well defined
vesicular portion containing one pore-like defect (Figure 3.3). Sprott and co-workers
(2004) '8 reported the experimental mycobacteria lipid-based liposomes formation only at
conditions above each lipid phase transition temperatures. Below the phase transition
temperature, they observed clumps of lipids. In our MD simulation model, however, it was
possible to observe unstable vesicular aggregates that, at the second equilibration,
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showed a "finger" shape. Studies of charged species permeation in membrane show the
formation of a water process finger defects in the membrane 44. Other explanation for the
observed defect is the transient pore formation mechanism, which stability depends to the
proton transport through membrane 4°. Also, systems with self-assembly properties may
require even longer simulation to relax to the final configuration 4, which may also explain
why the other portions of the aggregate have not a well defined form. Despite the reported
above, considering that liposomes which contains PIM lipids are useful to the
proinflammatory cytokines production '8, the obtained results may contribute to MD

simulations of vesicles containing associations between PIM , and other lipids.
PIM , bilayer with insertion of Tap

In order to validate the PIM, model, we analyzed its behavior with a
transmembrane protein found in M. tuberculosis IM, Tap efflux pump. For this end, we
compare the structural differences of PIM , bilayer during the MD simulation with Tap
protein inserted (Figure 3.4) with the MD simulation of the PIM ,, bilayer at 310 K previously

discussed (Figure 3.4), once both simulation were performed at the same temperature.
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Figure 9: Final structure of PIM , bilayer in two different MD simulations, (a) bilayer at 310
K, (b) bilayer with Tap protein insertion at 310 K. Lipid head groups (yellow), Lipid acyl

chains (red), water (blue) and protein (white).

Partial Density
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The partial density shown in Figure 3.4.1 was calculated to analyze the distribution
of four regions (lipid head groups, lipid acyl chain, water and protein) in the PIM , bilayer
system and the effect of Tap protein insertion on it. In both systems, water stayed in the
extremes of the z-axis, did not penetrate toward the acyl chains, and interacted with the
head groups. Although there is water inside the protein in the system with Tap (Figures

3.4.1 and 3.4), as expected. The protein was across the whole bilayer. Lipid headgroups
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and acyl chains were less dense in the system with Tap, but this system also had a thicker
bilayer, mainly at the interface between lipid headgroups and acyl chains. An experimental
study concerning changes in membrane thickness induced by transmembrane peptides
reported the peptide orientation and the bilayer adaptation to the hydrophobic mismatch
as contributing factors to these variations 4’. The membrane thickness may be observed
if the lenght of the peptide is higher than the bilayer hydrophobic thickness and,
consequently, an adjustment of the acyl chains is performed in order to relax the
hydrophobic mismatch between the peptide lenght and the effective membrane thickness
47, The contributing factors proposed by Grage and co-workers 4’ may be considered to
explain the Tap protein effect on PIM , bilayer partial density, reinforcing the reliability of

the membrane model for MD simulation studies.
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represented by a color gradient indicating the thickness (nm), where lighter colors are

thicker regions.

The thickness of PIM , bilayer system with Tap protein insertion, shown in Figure
3.4.2, was calculated to analyze the difference of its thickness and the influence of Tap
insertion on it. The PIM , bilayer with Tap had 11.5% of its structure thicker than 4 nm,
where the thickest region is 4.66 nm. The bilayer with Tap is thicker in comparison to PIM ,
bilayer without Tap, that had 4.5% of its structure thicker than 4 nm, where thickest region
is 4.13 nm. These thicker regions can be explained because the system is more crowded,
and therefore had to agglutinate more. But it can be observed that the thickest regions of
PIM , with Tap are in extreme regions, which are far from the protein. The bilayer structure
around the protein is compact and stable near the protein, which is the most important
when studying proteins inserted in membranes, and also shows an adequate behavior
that reinforces our bilayer as a efficient M. tuberculosis IM model. Thickness results
corroborates to the partial density data, as well as to the discussion concerning the
possible contributing factors to increase the membrane thickness cited by Grage and co-
workers (2016) 47.

118



Deuterium Order Parameters
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Deuterium order parameters were calculated to analyze how ordered were the
acyl chains of the PIM , bilayer with Tap protein insertion and the influence of Tap
insertion on it (Figure 3.4.3). A higher deuterium order means a more ordered structure.
Both acyl chains have higher deuterium parameters in PIM , without Tap in comparison
to PIM , with Tap on the first atoms, and reverse it and the end, more close to the
hydrophobic nucleus, more evident on acyl chain 1. This may indicate the acyl chains
atoms closer to the hydrophobic nucleus are more affected and therefore organized in
the structure with the Tap inserted inside. While, probably the crowdedness can affect
the atoms closer to the headgroup, which are charged. Here, it is also possible to
correlate the Tap effect on PIM , bilayer order parameters to the adjustment of acyl
chains to relax to the lipid-protein hydrophobic mismatch, cited in Partial Density

section 47,
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Figure 13: Lateral diffusion coefficient of the PIM , bilayer in 100 ns MD simulations
with and without Tap protein insertion. y-axis represents the MSD in nm and the x-axis

represents the time in ns.

The MSD of the lateral diffusion coefficient of the P atoms were calculated to

analyze the lateral diffusion in PIM , bilayer system with Tap protein insertion and the
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influence of Tap insertion on it, as shown in the Figure 3.4.4. The lateral diffusion of
PIM , with Tap insertion, reaches around 0.4x 10 ~> cm ?/s, and is lower than PIM,
without the protein, that reaches around 0.7x 10 =5 cm2/s. This indicates that the
protein insertion makes the bilayer more ordered. Considering the partial density data,
deuterium order parameters analyses, as well as the behavior concerning the
membrane thickness, the Tap-induced reduction in the lipid lateral diffusion was
expected. It seems that the main order effect induced by Tap occurs at membrane
interface-polar regions, followed by the adjustment at hydrophobic regions to mismatch

relaxation.
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Figure 14: RMSD of PIM , bilayer in 100 ns MD simulations with and without Tap
protein insertion, and also of a DPPC bilayer with Tap protein insertion. y-axis

represents the RMSD in nm and the x-axis represents the time in ns.

The RMSD of PIM , bilayer with Tap (Figure 3.4.5) allowed the analysis of the
effect of the protein in the membrane model stability. The RMSD of PIM , bilayer
without Tap stabilized from around 80 ns at around 1 nm, as previously analyzed. PIM ,
bilayer with Tap showed a lower RMSD that stabilized from around 50 ns at around

0.7 nm. This shows a higher stabilization of the PIM , model in the presence of Tap.
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For further comparison, we added the analysis of the DPPC bilayer with the insertion
of the same Tap model, where the DPPC membrane stabilized at around 0.95 nm from
90 ns. This indicates a higher stabilization of PIM , with Tap in comparison to DPPC
with Tap. This results show the lowest RMSD in PIM , bilayer model with the Tap
insertion, and therefore reinforces the PIM , bilayer as a M. tuberculosis IM model, that

has transmembrane proteins like Tap naturally inserted in it.
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Figure 15: RMSD of Tap Helix during 100 ns MD simulations in PIM , and DPPC

bilayers. y-axis represents the RMSD in nm and the x-axis represents the time in ns.

Finally, we analyze the stability of Tap inserted in the PIM , bilayer. For this end,
we use RMSD calculations for the MD simulations of both Tap in PIM , and Tap in
DPPC, both at 310 K, shown in the Figure 3.4.6. The atoms from the helices were
accounted, once they are a more rigid structure than the turns and are the most
predominant 7. Tap in DPPC did not stabilize until the end, with a RMSD over 5 nm
and higher than Tap in PIM,. Tap in PIM, has a higher RMSD at first, but it was
stabilized early, at around 0.5 nm from 15 ns. This stabilization reinforces the PIM ,

role of anchor lipid, allowing the protein typical from M. tuberculosis IM to stabilize, and
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therefore maintain a functional structure. This result show that the choice of the
appropriate lipid to compose the membrane can affect the transmembrane protein
behavior. Therefore the lipid type and model should be carefully chosen. This final data

reinforces the necessity of models for PIMs lipids.
Analysis of PIM , bilayer with insertion of Tap

Density, thickness and deuterium order parameters analyses point out that the
bilayer is thicker with the insertion of Tap mainly at the regions further away from the
protein, possibly because of how the protein made the system more crowded, as well
as ordering effects at polar-interfacial regions and mismatch adjustments at the
hydrophobic one. Lateral diffusion and RMSD are lower with Tap insertion, which
shows that the membrane is overall more well structured with a protein and a suitable
inner membrane model for transmembrane proteins. Which can also be reinforced by
how the RMSD of PIM , with Tap is lower than DPPC with Tap, and how Tap is more
stable in PIM , then in DPPC.

Conclusion

Is this work we performed the first simulations of PIM , bilayer as a model for
M. tuberculosis IM. Our results showed that the behavior of our bilayer PIM , model at
different temperatures was coherent for lipids in both gel and fluid phases, showing
viability to study the temperature dependence of this membrane. This is important
since many conditions can be simulated, specially between the natural body
temperature and more extreme conditions similar temperatures above the phase
transition. Also, a spontaneous aggregation process was observed, which shows the
ability of the model to self-assemble in a bilayer, and allows studies concerning
vesicular systems based on PIM , mixtures with other lipids as well as those related to
the transient pore formation mechanism in the presence of other agents (anti-TB drugs,

for example).
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The behavior of the bilayer with the insertion of Tap protein also highlights it as
a reliable IM model. The bilayer was even more stable with the insertion of the protein,
even when compared to a DPPC bilayer with Tap insertion. The protein also reached
stability faster in the PIM ,, bilayer than in a DPPC bilayer. Therefore, we conclude that
this model can be used for studies using trans membrane proteins typical of
membranes rich in PIM , lipids, including further analysis of Tap efflux pump. Molecular
Dynamics studies using Tap has been published, and therefore a model that is
adequate for insertion of this protein is an important step. Also, this model can be
employed to study others trans membrane proteins, nanoparticle based drug delivery

systems, and others process that occurs in the M. tuberculosis membrane.
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Abstract

Studies displaying the combination of mefloquine (MFL) with anti-tuberculosis (TB) substances are
limited in the literature. In this work, the effect of MFL-association with two first-line anti-TB drugs
and six fluoroquinclones was evaluated against Mycobacterium tuberculosis drug resistant strains.
MFL showed synergistic interaction with isoniazid, pyrazinamide, and several fluoroquinolones,
reaching fractional inhibitory concentration indexes (FICls) ranging from 0.03 to 0.5. In order to better
understand the observed results, two approaches have been explored: (i) spectroscopic responses
attributed to the effect of MFL on physicochemical properties related to a liposomal membrane
model composed by soybean asolectin; (i) molecular dynamics (MD) simulation data regarding MFL
interaction with a membrane model based on PIM3, a lipid constituent of the mycobacterial cell wall.
FTIR and NMR data showed that MFL affects expressively the region between the phosphate and the
first methylene groups of soybean asolectin membranes, disordering these regions. MD simulations
results detected high MFL density in the glycolipid interface and showed that the drug increases the
membrane lateral diffusion, enhancing its permeability. The obtained results suggest that synergistic
activities related to MFL are attributed to its effect of lipid disorder and membrane permeability

enhancement.

Keywords: Drug repurposing; Fluoroguinolones; Mefloquine; Membrane interaction; Molecular

dynamics; Tuberculosis.
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Abstract

In this work, the effect of mefloquine (MFL)-association with two first-line anti-TB drugs
and six fluoroquinolones was evaluated against Mycobacterium tuberculosis drug
resistant strains. MFL showed synergistic interaction with isoniazid, pyrazinamide, and
several fluoroquinolones, reaching fractional inhibitory concentration indexes (FICIs)
ranging from 0.03 to 0.5. Aiming to better understand the observed results, MFL
physicochemical influence on lipid bilayers was analyzed by spectroscopic analyses
using an ASO liposomes’ model, and molecular dynamics (MD) simulation studies
were performed using PIM2 as a membrane model. FTIR and NMR data showed that
MFL affects expressively the region between the phosphate and the first methylene
groups of soybean asolectin membranes, disordering these regions. MD simulations
results detected high MFL density in the glycolipid interface and showed that the drug
increases the membrane lateral diffusion, enhancing its permeability. Both,
spectroscopic and MD data indicates an enhancement of membrane permeability in

the presence of MFL, which could be involved in the observed synergistic activities.

Keywords: mefloquine; fluoroquinolones; tuberculosis; drug repurposing; membrane

interaction; molecular dynamics.

Introduction

Tuberculosis (TB) remains one of the top 10 causes of death worldwide and the
leading cause among the infectious diseases [1]. According to the World Health
Organization (WHO), around 10 million people developed TB in 2018 and more than
1.5 million deaths were caused by this disease. Particularly, the emergence of
multidrug-resistant (MDR) TB (resistant to at least isoniazid and rifampicin) and
extensively drug-resistant (XDR) TB (resistant to isoniazid, rifampicin, and at least one
fluoroquinolone and an injectable agent) makes the TB epidemic an even greater

problem. The treatment of these resistant forms is longer, requires the use of less
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effective and more toxic drugs and the successful outcome is low, around 50% for
MDR-TB and 30% for XDR-TB [2]. In this way, the discovery of more efficient treatment
regimens is mandatory towards TB elimination.

During the last years, drug repurposing emerged as an important tool in the
fight against TB [3—6]. This strategy is characterized by identifying new applications
for approved drugs that are different from their initial scope, and it has the advantage
that the pharmacological properties of the substance are known and the drug safety
profile is already established [7—-10]. In general, these characteristics make the
development process faster, being particularly useful for the discovery of new
antibiotics [11]. Among the different substances studied for drug repurposing against
TB, mefloquine (MFL) has presented interesting results. Besides developed as an
antimalarial agent, this substance displays a broad range activity against Gram-
positive and Gram-negative bacteria [12—-16] as well as against Mycobacterium spp
[17,18]. Jayaprakash and coworkers [19] reported that MFL has a relatively high
activity against nonreplicating persistent Mycobacterium tuberculosis. Bermudez and
Meek [20] displayed the bactericidal activity of MFL against M. tuberculosis in acid and
low oxygen media, to simulate the environments found in the phagocyte vacuole and
in granulomas, respectively. The authors also demonstrated that MFL is significantly
active against intracellular M. tuberculosis H37Rv in a macrophage infection model
and it is not cytotoxic to the host cell. In a previous work published by our group, we
demonstrated that MFL is active against the MDR-TB isolate T113, resistant to
isoniazid, rifampicin, ethambutol and ofloxacin and the MIC was the same observed
for the susceptible strain H37Rv [21]. Furthermore, it was active in vivo, in a murine
model of TB after administration by the oral route and displayed an in vitro synergistic

activity with isoniazid [22].

Herein, considering these encouraging results and the importance of the
combination therapy in TB treatment [23,24], in the present study we evaluate the in

vitro interaction profile of MFL with first-line anti-TB drugs and different
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fluoroquinolones against the susceptible strain H37Rv and two resistant isolates of M.
tuberculosis. Furthermore, based on published results demonstrating that MFL could
affect the integrity of prokaryotic membranes [25], we hypothesized that the influence
of MFL in the Mycobacterium membrane may be an important component in the
observed synergistic activities. To further investigate this hypothesis, the interaction
between MFL and M. tuberculosis membrane was evaluated spectroscopically using
a simplified soybean asolectin (ASO)-based membrane model, as well as by molecular
dynamics (MD) simulations, through a recently established Phosphatidyl-myo-inositol
dimannoside (PIM2) membrane model [26] following MD protocols for simulations on
membrane previously applied on studies of M. tuberculosis [27].

Materials and methods

Chemicals

Soybean asolectin, Deuterium oxide (D20)/sodium 3-(trimethylsilyl)-[2,2,3,3-2H4]-1-
propionate (TSP, 0.05%), tricine and salts were purchased from Sigma Aldrich (St.
Louis, MO, USA). Lipid was used without further purification, and all other chemicals
were of analytical grade. Gatifloxacin, moxifloxacin, ciprofloxacin, levofloxacin,
ofloxacin and sparfloxacin were provided by Xiamen Mchem Pharma (Group). MFL
was provided by Knoll-Abbott. Isoniazid and pyrazinamide were purchased from Tokyo
Chemical Industry Company Limited. All active pharmaceutical ingredients were used

without further purification.

Antimycobacterial Activity

Briefly, 200 uL of sterile deionized water was added in all outer-perimeter wells of
sterile 96 well plates (falcon, 3072: Becton Dickinson, Lincoln Park, NJ) to minimize

evaporation of the medium in the test wells during incubation. The 96 plates received
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100uL of the Middlebrook 7H9 broth containing the mycobacterial cells (Difco
laboratories, Detroit, MI, USA). The substances were tested alone and in combination
in a 1:1 proportion (m/m). The final drug concentrations tested were 0.015 -100 pg/mL.
Plates were covered and sealed with parafilm and incubated at 37°C for five days.
After this time, 25 uL of a freshly prepared 1:1 mixture of Alamar Blue (Accumed
International, Westlake, Ohio) reagent and 10% Tween 80 was added to the plate and
incubated for 24h. A blue color in the well was interpreted as absence of bacterial
growth, and a pink color was scored as growth. The MIC (minimal inhibitory
concentration) was defined as the lowest drug concentration, which prevented a color
change from blue to pink.

Liposomes Preparation

Soybean asolectin (ASO) liposomes (as large multilamellar vesicles) were prepared
by the reverse-phase evaporation method [28,29]. Accordingly, ASO (100mg/mL) was
dissolved in chloroform and dispersed in water. This suspension was sonicated for 2
min, to obtain a homogeneous, opalescent dispersion of reverse micelles. Thus, the
chloroform was rotary-evaporated, generating an organogel. Liposomes were then
obtained by adding in tricine/ MgClz buffer solution (10 mM, pH 7.4) to the organogel
with vigorous shaking. Liposome samples consisted of pure ASO liposomes (control)
and MFL-loaded liposomes. The MFL (10 mg/mL, MFL:ASO ratio equivalent to 0.1,

m,m) was added in the solvent co-solubilisation step.

Liposomes” Spectroscopic Characterization

Fourier Transform Infrared experiments

Horizontal Attenuated Total Reflectance-Fourier transform infrared (HATR-FTIR)
experiments were performed at 21°C using a Shimadzu IR Prestige-21 spectrometer

(Kyoto, JP), with 2 cm! resolution. ASO liposomes empty (ASO, 100 mg/mL) and
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loaded with MFL (ASO+MFL, MFL:ASO ratio equivalent to 0.1, m,m) were deposited
in a ZnSe crystal cell and immersed into a 10 mM tricine/MgCl2 buffer (pH 7.4). Forty-
five scans of HATR-FTIR interferograms were averaged and registered in a
wavenumber range from 400 to 4000 cmt. Spectra were obtained by a Shimadzu IR
solution software (version 1.5). These spectra were analyzed considering the changes
induced by MFL in the ASO initial FTIR peak wavenumbers and bandwidths (at three-
fourths of the peak height position) values. The analyzed ASO vibrational modes are
listed as follows: phosphate antisymmetric stretching (vas PO2), which appears in a
wavenumber range from 1260 to 1220 cm™; the choline antisymmetric stretchings, in
the wavenumbers around 970 (vas N*(CH3)3) and nearly 3005 cm™ (vas NCH); the
carbonyl vibrational mode (v C=0), in a wavenumber ranging from 1725 to 1740 cm™!
; the symmetric and antisymmetric stretchings of acyl chain methylenes, detected at
wavenumbers around 2850 (vs CH2) to 2920 cm™ (vas CH2), respectively [30,31].

Nuclear Magnetic Resonance Measurements

31P-Nuclear Magnetic Resonance (NMR) spectra of ASO liposomes (100 mg/mL),
both empty (control) or containing MFL (ASO+MFL, MFL:ASO ratio equivalent to 0.1,
m,m) were obtained on a Bruker Avance DRX 400 NMR spectrometer at 161 MHz,
with proton broadband decoupling, using 80:20 water: deuterated water (H20:D20,
v,V) as external reference. The acquisition parameters were: recycling time: 4 s, delay:
0.2 s, acquisition time: 0.5111808 s and scans numbers: 2048. Line width
measurements were obtained at three-fourth (75%) of the 3!P NMR peak height
position [32]. *H NMR spin-lattice relaxation times (T1) values were obtained at 400
MHz. With this aim, inversion recovery pulse sequences (180°-1 90°) were performed
at 25°C, with time delay (t) ranging from 0.4 to 12.8 s, also using H20:D20 (80:20, v,v)
as external reference. Chemical shifts were referenced to the TSP signal at 0 ppm.
The T1 values and relative intensities were calculated by fitting the exponential data to
the TOPSPIN software.
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Molecular Dynamics

MD is a computational method developed to analyze the physical movements
of atoms and molecules. MD simulations can track rapid processes at atomic
resolution and for this reason is used to study many biologically relevant systems [33].
In order to analyze the possible effects of MFL in the M. tuberculosis membrane, MD
Simulations were performed using the GROMACS 2016.4 package, which is mainly
designed for simulations of proteins, lipids and nucleic acids [34,35]. The model for
this membrane - a PIM2 bilayer - was proposed by Scaini et al., 2019 [26]. The PIM2
molecule used in this model can be found at Lipid Maps [36] (LM ID: LMGP15010062).
The MFL topology was obtained from Automated Topology Builder (ATB) ID: 11ZF [37]
and adapted to the parameters of the "Berger lipids" [38] modification for GROMOS96
53a6 force field [39].

Two MD simulations were performed, PIM2 membrane in water (PIM2 system),
and membrane in water with MFL molecules (PIM2-MFL system). These systems
consisted of lipid bilayers (128 PIM2 molecules, 64 in each layer) perpendicular to the
z-axis, and two water boxes at each side of the membrane, also perpendicular to the
z-axis. The height of these water boxes was 0.6 nm on the PIM2 system and 0.8 nm
in the PIM2-MFL system. Each water box of the PIM2-system had 6 MFL molecules.
The total number of 12 MFLs for 128 lipid molecules is close to the MFL:ASO ratio
(equivalent to 0.1, m,m) used in liposomes’spectroscopic characterization, and were
equally distributed for both water boxes. To neutralize the systems, 128 sodium ions
were added to both systems (PIM2 model has charge of -1, therefore we use one
sodium ion for each PIM2 molecule to neutralize the system), and 12 chloride ions
were also added to PIM2-MFL system (MFL has charge of +1, so we add one chloride
ion for each MFL molecule).

For both PIM2 and PIM2-MFL solvated systems, we performed energy

minimization (EM), equilibration and production MD simulations steps. The
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equilibration was performed with restraints on lipid phosphorus in the z-axis,
preventing them from moving vertically. The equilibration consisted of two steps. The
first step was a 10 ns NVT simulation for temperature adjustment to 310 K using the
velocity rescale thermostat. The second step was a 10 ns NPT simulation keeping the
temperature fixed in 310 K or 328.15 K by the Nosé-Hoover thermostat and the
pressure adjusted to 1 bar by the Parrinello-Rahman semi-isotropic barostat, which
means the pressure in the z-direction was not fixed. Finally, the systems went to 100
ns NPT simulation for the production step. Here no restraints were applied, and the
same temperature and pressure control from the equilibration step were used.
GROMACS provided the calculation for some analysis that were plotted using
R 3.1.3 and R studio 0.99.491 softwares [40,41]. The production step was analyzed in
each system. The Root-mean-square deviation (RMSD) was calculated at each 2 ps
along the entire production step of MD simulations, to determine the stability of the
bilayer in both systems. The mass density profile measures how mass is distributed
along the membrane z-axis and was calculated for different atom groups (water, lipid
head groups, acyl chains, and MFL, when present) to have an overview of this
distribution. The deuterium order parameters of the acyl chains of the bilayer were
calculated in order to determine how rigid the bilayer is. The lateral diffusion of the lipid
bilayer was calculated to determine its fluidity which is related with the lateral
movement of these molecules. The thickness is defined as the distances between the
average positions of the lipid phosphate groups and was calculated for the final
structure of the membrane using GridMAT-MD [42] and plotted using Matplotlib.

Results and Discussion

MFL drug interactions against M. tuberculosis strains
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The in vitro interaction profile of MFL was evaluated in association to two first-line
anti-TB drugs: isoniazid (INH) and pyrazinamide (PYR), and six fluoroquinolones:
gatifloxacin (GAT), moxifloxacin (MOX), ciprofloxacin (CPX), levofloxacin (LVX),
ofloxacin (OFX) and sparfloxacin (SPR). MFL was combined with the second drug in
a 1:1 (m/m) proportion and the resulting combination was tested against the
susceptible strain of M. tuberculosis H37Rv (ATCC 27294) and two clinical resistant
isolates: T3609 (resistant to OFX, and streptomycin) and T113 (resistant to INH,
rifampicin, ethambutol and OFX). The synergistic interactions were determined using
the checkerboard assay. It is a well-established technique that determines the effect
on potency of a combination of antibiotics with regard to their individual activities and
is expressed through the fractional inhibitory concentration index (FICI) [43—48]. FICI
< 0.5 indicate synergistic activity, and FICI = 4 indicate antagonism whereas values
between that range indicate additivity. The resistant strains used in this work were
isolated from clinical cases of pulmonary tuberculosis in the city of Rio de Janeiro
(Brazil) and belong to the collection of the Laboratory of Biotechnology and Biotests
of the Evandro Chagas Institute of Clinical Research of the Oswaldo Cruz Foundation.
The susceptibility profiles were evaluated using the microplate alamar blue assay
(MABA) [49], a non-toxic methodology that employs a thermally-stable reagent and
shows good correlation with proportional and BACTEC radiometric methods [50,51].
The minimal inhibitory concentration (MIC) was defined as the lowest drug
concentration that prevented a color change from blue to pink and was expressed in
pg/mL.

The results are summarized in Table 1. An increase in the susceptibility to INH
when combined with MFL was observed on the M. tuberculosis strain H37Rv and the
isolate T3609 (entries 1 and 2). However, only an additive effect was observed against
the isolate T113, which is resistant to INH (entry 3). With regard to PYR, a synergistic
interaction with MFL was observed against the strain H37Rv (entry 4). The
interactions of MFL with PYR could not be determined against the isolates T3609 and

T113 since PYR was not active in the tested concentrations using MABA. It is
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important to mention that PZA is thought to be more active at an acidic pH such as in

the macrophage compartment.

Table 1: In vitro interactions of MFL combined with different substances against the

Mycobacterium tuberculosis laboratory strain H37Rv and the resistant isolates T3609

and T113.
Entry | Isolat Combination FICI Outcome
e
MFL + INH
MFL INH
MIC 1 (pg/mL) | MIC 2 (ug/mL) | MIC 1 (ug/mL) MIC 2
(Mg/mL)
1 H37Rv 125 0.1 0.2 0.1 0.5 Synergisti
c
2 T3609 12.5 0.015 0.5 0.015 0.03 | Synergisti
c
3 T113 12.5 3.12 6.25 3.12 0.7 Additive
MFL + PYR
MFL PYR
MIC 1 (pg/mL) | MIC 2 (ug/mL) | MIC 1 (ug/mL) MIC 2
(ng/mL)
4 H37Rv 12.5 3.12 100 3.12 0.3 Synergisti
c
5 T3609 125 0.62 >100 - - -
6 T113 12.5 0.62 >100 - - -
MFL + GAT
MFL GAT
MIC 1 (pg/mL) MIC 2 (ug/mL) | MIC 1 (ug/mL) MIC 2
(Mg/mL)
7 H37Rv 12.5 0.12 0.12 0.12 1.0 Additive
8 T3609 125 0.31 0.62 0.31 0.5 | Synergisti
c
9 T113 12.5 0.15 0.12 0.15 1.3 Additive
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MFL + MOX

MFL MOX
MIC 1 (pg/mL) MIC 2 (ug/mL) | MIC 1 (ug/mL) MIC 2
(Mg/mL)
10 H37Rv 12.5 0.15 0.25 0.15 0.6 Additive
11 T3609 12.5 0.62 1.25 0.62 0.5 Synergisti
c
12 T113 12.5 0.31 0.25 0.31 1.3 Additive
MFL + CPX
MFL CPX
MIC 1 (pg/mL) | MIC 2 (ug/mL) | MIC 1 (ug/mL) MIC 2
(Hg/mL)
13 H37Rv 12.500 0.620 0.620 0.620 1.0 | Additive
14 T3609 12.500 3.120 5.000 3.120 0.9 | Additive
15 T113 12.500 0.310 0.620 0.310 0.5 Synergisti
c
MFL + LVX
MIC 1 (pg/mL) MIC 2 (ug/mL) | MIC 1 (ug/mL) MIC 2
(Mg/mL)
16 H37Rv 12.5 0.62 0.62 0.62 1.0 | Additive
17 T3609 12.5 2.5 25 2.5 1.2 | Additive
18 T113 12.5 0.31 0.62 0.31 0.5 Synergisti
c
MFL + OFX
MFL OFX
MIC 1 (pg/mL) | MIC 2 (ug/mL) | MIC 1 (ug/mL) MIC 2
(Mg/mL)
9 H37Rv 12.5 0.62 1.25 0.62 0.5 | Synergisti
c
20 T3609 125 25 5.0 2.5 0.7 Additive
21 T113 12.5 0.62 1.25 0.62 0.5 Synergisti
c
MFL + SPR
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MFL SPR
MIC 1 (pg/mL) MIC 2 (ug/mL) | MIC 1 (ug/mL) MIC 2
(Mg/mL)
22 H37Rv 12.5 0.12 0.12 0.12 1.0 Additive
23 T3609 125 0.62 1.25 0.62 0.5 | Synergisti
c
24 T113 125 0.12 0.12 0.12 1.0 Additive

MFL= mefloquine; INH= isoniazid; PYR= pyrazinamide; GAT= gatifloxacin; MOX= moxifloxacin; CPX=
ciprofloxacin; LVX= levofloxacin; OFX= ofloxacin; SPR= sparfloxacin; MIC 1= minimal inhibitory
concentration of the substance tested alone; MIC 2= minimal inhibitory concentration of the substance
tested in combination; FICI: fractional inhibitory concentration index.

The synergistic interaction of MFL with these first line anti-TB agents is a
promising result, considering the specific role of each drug in the disease treatment.
INH is a potent bactericidal drug, with a primordial role in the beginning of the treatment
since it kills actively replicating bacteria and typically causes 1-log10-unit reduction in
colony counts during the initial few days of therapy [52]. On the other hand, PYR is
more active against dormant or semi-dormant microorganisms and it is important to
accelerate the sterilizing effect of isoniazid and rifampicin [53].

With regard to the fluoroquinolones, all of them presented a synergistic
interaction with MFL against at least one strain. GAT, MOX and SPR had an increase
in their activity against the isolated T3609. CPX, LVX and SPR presented a synergistic
interaction with MFL against the isolate T113 and the effect of OFX with MFL was
synergic against the standard strain H37Rv and the isolate T113. Noticeably, no
antagonist interactions were observed.

An interesting observation in these results is the synergistic interaction of MFL
with antibiotics that acts through different mechanisms of action. The mechanism of
action of MFL against the M. tuberculosis has not yet been defined. In an attempt to
identify a possible cellular target and the mechanisms of resistance to MFL in
mycobacteria, Danelishvili and coworkers used a genomic approach [12]. The authors
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employed two different techniques, DNA microarray and green fluorescent protein
(GFP), to examine the effect of MFL on the level of gene expression in M. tuberculosis
and M. avium. The initial attempt to clone the resistant phenotype by identifying a
resistant strain to MFL was unsuccessful and could indicate that the mutation of the
target is lethal or MFL has more than a single target. Upon exposure to subinhibitory
concentrations of MFL, M. tuberculosis and M. avium upregulated a number of genes,
the major part belonging to metabolic pathways and cell wall synthesis. When M.
tuberculosis was exposed to 4 x MIC, the bacterium upregulated the expression of
genes coding for membrane proteins, many of them involved in transport mechanisms,
what can suggest that either the target for MFL is on the cell wall or membrane or
many of these proteins are associated with the transport of this compound. In another
work, Martin-Galiano and coworkers determined that MFL inhibits the FOF1
bifunctional ATP synthase/ATPase of S. pneumoniae which is the same target of the
diarylquinoline TMC207 in M. tuberculosis [54]. Considering the structural similarities
between both substances, the FOF1 bifunctional ATP synthase/ATPase is also a
possible target for MFL in M. tuberculosis.

Bioactive substances can interact in different ways to show a synergistic
correlation. The most accepted models are: (i) the parallel pathway inhibition and (ii)
the bioavailability model. In the first case, two drugs will be synergistic if they inhibit
two proteins on parallel pathways that are essential for an observed phenotype. In the
second case, the drugs will have a synergistic interaction if one drug’s action helps
another drug’s availability in the target cells [55]. A common example of synergistic
mechanism in the bioavailability model is a positive modulation of drug transport or
permeation, with enhancement of drug absorption via destabilization of transport
barrier or inhibition of drug efflux [55].

Despite the possibility that MFL may present more than one mode of action, the
synergism with substances that inhibits M. tuberculosis growth through different
mechanisms probably indicates a hon-specific interaction and the bioavailability model

seems more logical to explain the observed results. Herein, based on previous
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evidences of MFL-membrane interactions in P. falciparum and E.coli, [25,56] we
wonder whether the presence of MFL could affect the M. tuberculosis cell membrane,
facilitating the transport and increasing the level of antibiotics uptake.

To explore this hypothesis, the MFL physical and physico-chemical influences
on lipid bilayers were monitored by spectroscopic analyses, using an ASO liposomes’
model, as well as by MD simulations studies, using PIM2 as membrane model.

Liposomes” spectroscopic characterization: MFL interactions and effects on

lipids physico-chemical properties

HATR-FTIR spectra related to MFL-loaded liposomes and control (empty
liposomes), as well as the MFL-induced variations on the wavenumber and bandwidth
of ASO groups stretching (v) peaks are shown in Figure 1. The wavenumber and
bandwidth assignments related to the v vibrations of specific ASO liposomes” groups
are listed in Table 2.
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Figure 1- (A) HATR- FTIR spectra of empty soybean asolectin liposomes (ASO,
control) and MFL-loaded liposomes (ASO + MFL). (B) Zooms related to spectra
showed in (A), at specific lipid stretching peaks regions. (C) MFL- induced variations
in wavenumbers and bandwidths related to ASO liposomes” FTIR peaks. Significant
wavenumber variations are considered above the equipment resolution (2 cm™) and
bandwidths above 0.9 cm™. Interferograms were obtained from the average of 45

scans, with a resolution of 2 cm, in a wavenumber range from 400 to 4000 cm™.

Table 2- Empty soybean asolectin liposomes (ASO, control) HATR-FTIR stretching (v)

peaks parameters.
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ASO peaks attribution *

Lipid Bandwidth
_ Wavenumbe
stretching (cm?)
r (cm)
mode

V as N*(CH3)3 973.32 3.25
Vas PO2 1219.79 11.24
vs PO2 1077.57 53.19
v C=0 1641.62 42.10
vs CH2 2855.64 9.87
Vas CH2 2925.48 17.76

* From these parameters, Figure 1C values were calculated.

Wavenumber variations of an IR lipid peak may reflect changes on the nature
of the vibrational mode caused by different motions, such as rotational, translational
and collisional ones [57]. Figure 1A-C shows no significant changes in FTIR ASO vas
POz, provoked by MFL. This indicates that MFL did not affect the phosphate hydration
degree [58,59]. With respect to the interfacial region, the MFL-induced increase of
2.71 cm, observed to lipid v C=0 wavenumber, indicates that the drug reduced the
lipid carbonyl hydration degree. This is due to the fact of the v C=0O band being
sensitive to environmental hydrogen bonding or polarity [60]. No significant variations
induced by MFL in the v CH2 peaks wavenumber were observed, and this shows no
trans-gauche isomerization in the lipid acyl chains [61]. Bandwidth variations related
to lipid v peaks are sensitive to rotational, translational and collisional parameters. The

bandwidth analyses allow the study of motion freedom of lipid groups considering the
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amplitudes and rates of motion within its environment, as well as the main thermal
transition and then, the methylene trans/gauche conformers proportion. Besides the
changes in gauche conformers quantities, bandwidth alteration also reflects librational
and torsional motion of lipid chains [57].

Figure 1C showed that MFL changed significantly [62] the bandwidth of vs POz
, v C=0 and vs CH2. The increase in vs PO2" bandwidth, equivalent to 13.48 cm™,
reflected the MFL-induced motional freedom enhancement of phosphate lipid group,
while the decrease of v C=0 bandwidth, which corresponded to 1.17 cm™, indicated a
restricted lipid carbonyl motion. As cited before, the increase in vs CH2 bandwidth
suggest that by MFL promoted one of these two events: (i) a disordering effect in the
ASO acyl chain methylene region due to the increase of trans-gauche isomerization;
or (ii) the increase of librational and torsional motion of ASO lipid chains. Considering
non-significant changes promoted by MFL in v CHz wavenumber, it is probable that
the observed bandwidth increase is related to the second event (ii).

As MFL-induced changes in the FTIR parameters are also related to lipid
groups rotation [57], NMR experiments were performed in order to investigate MFL
effects in the ASO liposomes phosphate, choline and methylene bonds rotation. Also,
to obtain information related to MFL influence on lipid phase-of-state and chemical
shift anisotropy (CSA) [63-66]. 3P nucleus chemical shift anisotropy (CSA) values
give information concerning changes in fluidity and rotation rate of lipid polar heads.
The CSA is related to the distance (in ppm) between the o and oL chemical shielding
tensors components [67]. Thus, measurement of 3P NMR peak linewidth gives
important information related to conformation and molecular motion [65]. Figure 2

shows the 3P NMR spectra related to MFL-loaded liposomes.

150


https://www.zotero.org/google-docs/?N1ILuz
https://www.zotero.org/google-docs/?VeCI3U
https://www.zotero.org/google-docs/?aWtxy9
https://www.zotero.org/google-docs/?mCStmR
https://www.zotero.org/google-docs/?Z0dQKS
https://www.zotero.org/google-docs/?fGZyv3

ASO

\

bk

J ¥ V"‘-memw‘wﬂ
it hwﬂwm“ﬂ"'M 'WW

ASO + MFL

!

|:

J u’m\%
MM;,.‘WWM Rane SO |
20 10 0 0 20

Chemical shift (ppm)

Figure 2- 3P NMR spectra of empty soybean asolectin liposomes (ASO, control) and
MFL-loaded liposomes (ASO + MFL). 3P NMR measurements were recorded at 161
MHz, using water: deuterated water (H20:D20, 80:20, v/v) as solvent the reference.
DS=4 and NS=2048.

From Figure 2, MFL reduced the ASO 3P NMR linewidth by approximately 85%
(from 15.9 ppm to 2.7 ppm, a variation equivalent to 13.2 ppm). The narrowing of the
31P NMR resonance indicates an enhancement in the ASO phosphate motion freedom
[66,68]. The 3P NMR data suggest that the MFL-promoted the increase of phosphate
rotation motion. This result is in agreement to FTIR bandwidth v POz data, suggesting
that rotation plays an important role in MFL-induced increase in ASO phosphate
mobility. ASO 3P NMR peak shape analysis shows a broad shoulder at the high field
(corresponding to the chemical shielding tensor o component) and a narrow peak at

the low field (corresponding to the chemical shielding tensor 6. component), typical of
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the inverted hexagonal (Hi) phase. This phase is attributed to the
phosphatidylethanolamine content (around 25%) [66,69]. Results indicated that,
despite the increase in 3!P rotation motion, MFL did not change the lipid phase-of-
state.

MFL-induced changes in choline and methylene bond rotation were monitored
by 'H NMR T1 [63,64]. Figure 3 shows the 'H FID signal recoveries related to ASO
choline (3.2 ppm) and methylene (1-2 ppm) groups, in MFL-loaded liposomes. From
these data, the *H NMR T values were calculated. MFL decreased the choline *H T
in 1.063 s (from 1.316 to 0.253 s) and methylene *H T1 in 1.007 s (from 1.268 s to
0.261 s). For the tested liposomes, the decrease in H T: values implies in the
decrease of correlation time, which has an inverse relationship to the rotation rate
[70,71]. This result then indicates that MFL increased the lipid choline and methylene
rotation rate in approximately 80%.
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Figure 3- Recovery of asolectin choline (N*(CHzs)s, 3.2 ppm) and methylene (CH2, 1-2
ppm) H FID signal, for empty liposomes (ASO, control) and for those loaded with MFL
(ASO+MFL) after several inversion pulses. From these curves, the *H T1 values were

obtained.

The increase in the lipid phosphorus and choline hydrogens rotation motion
complements FTIR data, which shows that MFL affects ASO’s polar region. This is
probable due to the dipolar interaction between phosphate and MFL quinolyl and
piperidine nitrogen, and ASO choline groups to trifluoromethyl and hydroxyl
substituents. These polar dipolar interactions may interfere in the electrostatic
attraction forces between the ASO phosphate group and neighboring lipid choline
group [72], increasing the fluidity in this region. It is important to note that carbonyl lipid
groups may also interact by dipolar forces to MFL nitrogen but, as seen by FTIR
results, they not seem to affect the ester region as the phosphate one (it can be seen
by a difference of approximately 12 cm in the MFL-induced wavenumber variation of
vs POz and v C=0). It is then possible that the ASO carbonyl group interaction to
qguinolyl and piperidine nitrogen interaction only reflected a discreet decrease on its
water hydrogen bonds (as seen by MLF-induced FTIR v C=0O peak wavenumber
variation). The correlation times associated with methylene *H T1 values are related to
chain rotation about the diffusion tensor axis, reorientation of this axis, as well as trans-
gauche isomerization [73]. As FTIR data showed no trans-gauche isomerism in
methylene stretching analyses, MFL may then affect other lipid parameters besides
rotational isomerism, such as segmental motion, overall angular fluctuations and

rotations about the long axis of lipid molecules [74].

Liposomes-related spectroscopy characterization data may bring evidence
concerning the molecular interaction role in the MFL effect on the permeability of M.
tuberculosis membrane models. To reinforce these evidences, PIMs permeability
were then investigated by MD studies, as follows.

153


https://www.zotero.org/google-docs/?5yAxN3
https://www.zotero.org/google-docs/?RYo0Nb
https://www.zotero.org/google-docs/?lIC970

PIM2 -MFL MD simulations

The effect of MFL on the permeability of M. tuberculosis related PIM2membrane
model was investigated with MD simulations. Two systems were studied: one is the
membrane in water (PIM2 system) and the other is the membrane in water with MFL
molecules (PIM2-MFL system). To evaluate the effect of MFL on PIM2 we analyzed
the 100 ns MD production phase step of both systems considering the final

conformations (Figure 4), RMSD (Figure 5), mass density (Figure 6), lateral diffusion

(Figure 7), thickness (Figure 8) and deuterium (Figure 9).

Figure 4. Final conformation of MD simulations. On left the PIM2 system and on right
the PIM2-MFL system. In blue, the water box. In yellow the lipid headgroups and red
the lipid acyl chains. MFLs are in green. This figure was generated using VMD
(Humphrey et al., 1996).
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Figure 5. Root mean square deviation (RMSD) of the PIM:2 bilayer in the PIM2 system
(magenta) and in the PIM2-MFL system (green) systems during the 100 ns production

phase step.

The root mean square deviation (RMSD) was calculated to analyze the stability of both
the PIM2 system and the PIM2-MFL system. PIMz bilayer on the PIM2-MFL system
stabilized starting at 20 ns at around 0.9 nm, while still fluctuating around 0.87 and 1
ns. PIM: bilayer at the PIM2 system stabilized starting at 60 ns, at around 1 and 1.1

ns, and also showed a higher RMSD, and therefore, more instability.

155



1000
1
1000

e Solvent e Solvent
Lipid Headgroups Lipid Headgroups
@ | ipid Tails _— Hpiﬂd Tails
efloquine

800
1
800
Il

600
1
600
1

400
1
>

Density (kg/m®)

400
1
o

Density (kg/m®)

200
1
200
Il

T T T

4 6
Coordinate (nm) Coordinate (nm)

o4
N
-y
(o2}
o
N

1000
1
1000

= Solvent = Solvent

Lipid Headgroups Lipid Headgroups
== | ipid Tails &= | ipid Tails
- Mefloquine = Mefloquine

600 800
1 1
600 800
Il |

Density (kg/m®)
Density (kg/m°)

400

1
O
400

1
O

200
1
200
Il

T T T T T T T

4 6 0 2 4 6
Coordinate (nm) Coordinate (nm)

o4
N

Figure 6. Density of PIM2 system (A), and PIM2-MFL system from 0 to 40 ns (B),
from 40 to 50 ns (C), from 50 to 100 ns (D).

The partial density was calculated to analyze the distribution of different atom
groups - lipid head groups, lipid acyl chains, solvent (water) and MFL - in the PIM2
system and PIM2-MFL system. The PIM2 system showed the expected behaviour,

where water remained in the extremes of the z-axis and did not penetrate toward the
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hydrophobic acyl chains - water molecules interact with the hydrophilic lipid head
groups, and the acyl chains are located at the membrane's hydrophobic center. The
PIM2-MFL system showed similar density profiles through the first 40 ns (Figure 6B),
and also from 50 to 100 ns (Figure 6D). Between 40 to 50 ns (Figure 6C), however, it
was observed a difference in the density of both lipid headgroups. MFL is concentrated
closer to the lipid interface before 40 ns, then it gets further away between 40 and 50
ns, and maintains the distance until the end of the simulation. This may indicate that
contacts between MFL and PIM2 may have happened mainly on the first 40 ns of the

simulation.
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Figure 7. Lateral diffusion of the P atoms of the PIM: bilayer at PIM2 (magenta) and

PIM2-MFL (green) systems during the 100 ns production step.

The mean square displacement (MSD) of the lateral diffusion coefficient of the
PIM2 P atoms was calculated to analyze the lateral diffusion in the PIM2 system and
PIM2-MLF system. The lateral diffusion coefficient in the PIM2-MFL system raised
throughout the first 35 ns, from 35 to 42 ns it stabilized at around 0.24 x 10-°cm?/s,
then raised to around 0.26 x 10-°cm?/s at 46 ns, falling back to 0.24 x 10-°cm?/s at 53

ns when it keeps decreasing to around 0.17 x 10°° cm?/s at 77 ns, and raised again at
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the end, reaching over 0.5 x 10° cm?/s. The lateral diffusion coefficient in the PIM:
system raised until the end of the simulation, reaching 0.6 x 10> cm?/s.

The MFL density was concentrated closer to the lipidic interface until around 40
ns, when the lateral diffusion is higher in the presence of MFL. Considering this
information, and since the MSD analysis of an interval of the MD is used in related
work [75], we consider the lateral diffusion until this point as the most representative.
This higher lateral diffusion indicates higher flexibility in the membrane in the presence
of MFL, which may indicate a higher permeability. Here, it is important to note that the
higher MFL density closer to the lipid interface, as well as the drug-induced increase
in the membrane lateral diffusion are in agreement to the MFL location and
perturbation effects suggested by spectroscopic FTIR and NMR data, i.e., a proposed
location between the polar region and the first hydrophobic tails’methylenes and a

disordering effect on the lipid groups.
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Figure 8. Thickness of the PIM2 (left) and PIM2-MFL (right) systems on the last
conformation (100 ns) for both systems. The x and y axes are grid points representing

the x and y axes of the system, respectively, and the z axis represents the thickness.

The thickness of the PIM2 bilayer with and without MFL was evaluated to
analyze the influence of MFL in the membrane thickness. Figure 8 shows the thickness
according to the region, where the x and y axes represent the x and y axes of the

membrane. The bilayer in the PIM2 system had 46.25% of its thickness under 3 nm,
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while the bilayer in the PIM2-MFL system had 48.25% of its thickness under 3 nm.
Thus, we can observe that there are more thinner regions in the presence of MFL.
This may indicate that the membrane is thinner, which matches with the density results

and reinforces that MFL decreases this membrane package, and causes disorder.
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Figure 9. Deuterium order of acyl chains 1 (left) and 2 (right) for both PIM2 and PIM2-
MFL systems

Deuterium order parameters were calculated to analyze how ordered were the
acyl chains of the PIM2 bilayer in both PIM2 and PIM2-MFL systems. Acyl chain 1 is
more ordered in the PIM2 system closer to the headgroups, and more ordered in the
PIM2-MFL system further away from the headgroups. Acyl chain 2 is more ordered in
the PIM2-MFL system closer from the headgroups, and more ordered in the PIM2

system further away from the headgroups.

Conclusions

In conclusion, we have demonstrated that MFL presents a synergistic activity
with the first line anti-TB agents INH and PYR and different fluoroquinolones against

the susceptible strain of M. tuberculosis H37Rv (ATCC 27294) and two clinical
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resistant isolates (T3609 and T113). Considering that the synergism was observed
between MFL and substances that act through different mechanisms, it was proposed
that these drugs present a non-specific interaction: MFL could disturb the M.
tuberculosis cell membrane and therefore facilitate the availability of the other drugs
in the target cell. To support this hypothesis, the MFL physicochemical influence on
lipid bilayers was analyzed by spectroscopic analyses, using an ASO liposomes’
model. Furthermore, MD simulation studies were performed using PIM2 as a

membrane model.

FTIR bandwidth and NMR data evidenced that the disordering effect in these
ASO groups is due to a “spacer” effect related to MFL aromatic rings located between
phosphate and the first chain methylenes. This may reduce the lipid intermolecular
communication in all lipid regions, disordering the membrane and increasing its
permeability. These consequences were also evidenced and reinforced by PIM2 MD
simulations, in which the lateral diffusion coefficient MSD of the PIM2 was higher at
the presence of MFL while the MFL molecules were closer to the membrane interface
(at the first 40 ns). Both results are in agreement with an increased membrane

permeability and a decrease of lipid package in the presence of MFL.
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9 Conclusdes

As técnicas de bioinformética estrutural permitem um estudo com detalhes
guimicos e fisicos que complementam de forma critica 0os estudos experimentais,
especialmente para o estudo racional de farmacos. Este trabalho desenvolveu
modelos atomisticos das estruturas de membrana de PIM2 e da bomba de efluxo Tap

de M tuberculosis, como alvos no estudo racional de antimicrobianos.

As técnicas de modelagem molecular de proteinas permitiram a construcao de
varios modelos moleculares da bomba de efluxo Tap. As técnicas de validacéo
permitiram a eleicdo de um modelo, aliado as simulacdes de DM em membrana de
dilpamitoil fosfatidil colina. Os estudos de docking molecular mostrou que a Tap pode
realizar a extrusdo de RIF, OFLO e até BDQ, e pode ser inibida por VERA e pela
molécula sintetizada NUNLO2. Este modelo pode ser utilizado em diversas aplicacdes

praticas, como este estudo de afinidade.

Como as bombas de efluxo sdo proteinas transmembrana, um modelo
adequado da complexa MI de M. tuberculosis € essencial para este estudo e diversas
aplicacdes praticas. O modelo atomistico da membrana de PIM2 foi criada por este
ser um lipidio extremamente abundante na Ml, e essencial para formacéo da PC. Os
resultados deste trabalho mostram que este modelo reage as diversas condicbes a
gual foi exposta de forma coerente, e assim pode servir para diversos estudos de

membrana, incluindo de bombas de efluxo na membrana.

Este modelo da membrana de PIM2 foi utilizado para testar a influéncia da
mefloquina na membrana, que mostrou alteracbes que concordam com resultados
experimentais. Além de isso ter aplicacdes praticas para o possivel uso da mefloquina
no tratamento para TB, estes resultados mostram o uso do modelo da membrana de
PIM2 de M. tuberculosis, como representativo de seu envelope, reforcado por

concordar com resultados experimentais
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Finalmente, de forma geral, esta tese gerou trabalhos que descrevem o
desenvolvimento destes dois importantes modelos atomisticos computacionais, da
bomba de efluxo Tap e da PIM2, cujas fungdes se complementam, e também
resultados préticos relevantes para a as ciéncias da saude, que refletem a

potencialidade destes modelos para o estudo racional de farmacos.

10 Considerag0Oes Finais e Perspectivas

Este trabalho mostra um método que permite a modelagem de outras bombas
de efluxo, de forma a se ter uma representacdo mais completa do sistema de efluxo.
Este modelo da Tap permite uma gama de outros trabalhos que tenham como
interesse a propria Tap ou o efluxo em micobactérias. Da mesma forma, este trabalho
abre o caminho para a criacdo de um modelo que represente a ME de M. tuberculosis,
gue junto com o modelo de MI desta tese, e com uma camada de peptidoglicano-
arabinogalactano, pode se criar um modelo para todo o envelope celular. Assim como
foi realizado com a mefloquina, este modelo de membrana permite que diversos
trabalhos sejam realizados com outros farmacos cujo efeito na membrana de M.
tuberculosis é de interesse. Além disso, os modelos podem ser estudados em campos
de forca diferentes. Outras analises podem ser aplicadas para se ter uma visdo mais
profunda dos modelos, como o0 RMSD 2D. Por fim, este trabalho abre o caminho para
mais estudos focando as acfes das bombas de efluxo em seu ambiente natural, a M,
e com a DM é possivel fazer diversas andlises sobre o mecanismo de extruséo destas

proteinas.
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