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“It is far harder to kill a phantom than a reality. ”

Virginia Woolf em The Death of the Moth and Other Essays



RESUMO

A tuberculose (TB) é uma doenca infecciosa causada principalmente pelo
Mycobacterium tuberculosis (Mtb) e é responsavel por milhdes de mortes. Além
disso, novas cepas de Mtb resistentes aos medicamentos para TB estdo surgindo e
se espalhando. Em particular, o principal farmaco de primeira linha para a TB, a
isoniazida (INH), precisa ser ativada dentro das células micobacterianas pela enzima
catalase-peroxidase KatG para exercer sua atividade antimicrobiana, e as mutagbes
no gene katG sdo uma das principais causas de resisténcia a INH. O 1QG-607 é um
composto metéalico analogo da INH que foi desenvolvido para inibir o mesmo alvo de
INH, a enzima do sistema FAS-II enoil-ACP-redutase (InhA), sem a necessidade de
ativagdo pela KatG. No entanto, foi mostrado recentemente que, dentro das células
micobacterianas, a atividade do IQG-607 também depende da KatG. Portanto, assim
como a INH, esse composto também pode se comportar como um pro-farmaco,
necessitando de ativagéo pela KatG para poder inibir a InhA. Para testar essa
hipotese, foi avaliada a capacidade de uma KatG recombinante de Mtb (MtKatG) em
utilizar o 1QG-607 como substrato em reacdes de oxidacdo e na formacéo de adutos
com NAD*. A MtKatG recombinante foi produzida em E. coli e, posteriormente,
purificada em um protocolo de trés etapas para obter uma proteina homogénea. Um
método baseado em HPLC foi otimizado para monitorar os produtos de oxidacao e
formacdo de adutos, e nosso sistema de ensaio foi validado por meio de reacdes
controle usando INH como substrato. Foi observado que o composto IQG-607 néo &
um substrato para a MtKatG recombinante em todas as condi¢des testadas. Com
base nesses resultados, sugere-se que o composto 1QG-607 possa se comportar
como um pré-profarmaco, liberando a porcdo INH dentro das células
micobacterianas, que, por sua vez, atuaria como um pré-farmaco, requerendo a

ativacdo da KatG para formar o aduto ativo INH-NAD.

Palavras-chave: Isoniazida. IQG-607. KatG. Mycobacterium tuberculosis.



ABSTRACT

Tuberculosis (TB) is an infectious disease caused mainly by Mycobacterium
tuberculosis (Mtb) and is responsible for millions of deaths. Moreover, new Mtb
strains resistant to TB drugs are emerging and spreading. In particular, the main first-
line TB drug, isoniazid (INH), must be activated inside mycobacterial cells by the
catalase-peroxidase enzyme KatG to exert its antimicrobial activity, and mutations on
the katG gene are a major cause of INH resistance in clinics. The metal-containing
compound 1QG-607 is an INH analogue that was developed to inhibit the same target
of INH, the FASII enzyme enoyl-ACP-reductase (InhA), without requiring activation
by the KatG. However, we showed recently that inside mycobacterial cells the activity
of 1QG-607 is also dependent on KatG. Hence, this compound might also be
activated by KatG, requiring its activation to inhibit InhA. Therefore, we evaluated the
ability of recombinant MtKatG to use 1QG-607 as a substrate in oxidation reactions
and for adduct formation with NAD*. A recombinant MtKatG was produced in E. coli
and purified in a 3-step protocol to obtain a homogenous protein. An HPLC method
was optimized to monitor both oxidation and adduct products, and our assay system
was validated by performing control reactions using INH as a substrate. We found
that the metal-based compound 1QG-607 is not a substrate for recombinant MtKatG
under all tested conditions. Based on our results, we suggest that 1QG-607 might
behave as a pre-prodrug, releasing the INH moiety inside mycobacterial cells, which

then requires KatG activation to form the active INH-NAD adduct.

Keywords: Isoniazid. IQG-607. KatG. Mycobacterium tuberculosis.
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1 INTRODUCAO

1.1 Tuberculose
A tuberculose (TB) € uma doenca infectocontagiosa bastante conhecida,

causada principalmente pelo Mycobacterium tuberculosis (Mtb), uma bactéria
patogénica aerdbia que infecta os pulmdes (RILEY et al., 1959) descoberta por
Robert Koch em 1882 (KOCH, 1882). A TB foi responsavel por milhées de mortes
quando ndo existiam tratamentos adequados para 0s pacientes e ainda é a
responsavel pelo maior nimero de mortes causado por um Unico agente infeccioso
(LAWSON et al., 2012; MINION et al., 2013).

Segundo dados recentes da OMS (Global Tuberculosis, 2019), a TB € uma das
10 causas principais de morte no mundo. S6 em 2018, 10 milhdes de pessoas
adoeceram com TB e 1,2 milhdes morreram da doenca (dessas, 0,2 milhdes de
pessoas infectadas com HIV). Em pessoas soropositivas, a TB é a principal causa
de morte: 55% das mortes em portadores do virus HIV foram causadas pela TB. A
Figura 1 ilustra os indices de incidéncia da doenca em diferentes paises no ano de
2018.

Figura 1 — indices de incidéncia estimados para tuberculose em 2018
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Fonte: Adaptado de Global Tuberculosis (2018).
Nota: O Brasil se encontra na faixa de 10 — 99 casos a cada 100 000 habitantes por ano.
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Atualmente, o tratamento padréo da TB consiste em uma fase inicial intensiva,
com duracao de dois meses, e uma fase continua por mais quatro meses. Sugere-se
gue o tratamento para novos pacientes de TB consista em uma fase de dois meses
utilizando isoniazida (INH), rifampicina (RIF), pirazinamida (PZA) e o etambutol
(EMB), seguido por uma fase de mais quatro meses com INH e RIF (Global
Tuberculosis, 2019). Alternativamente, a fase de continuacdo pode ser estendida
para seis meses de INH e EMB. A TB é uma doenca curavel e boa parte dos
pacientes que fazem o uso das medicacbes de maneira correta consegue obter
sucesso com o tratamento. Porém, o surgimento e disseminacdo de cepas
resistentes aos farmacos de primeira linha representam um dos principais desafios
da atualidade no tratamento da TB.

Os longos periodos de tratamento, somados aos efeitos adversos dos
farmacos de primeira linha, resultam em altas taxas de abandono do tratamento, que
contribuem para a selecao e disseminacao de cepas resistentes. A resisténcia aos
farmacos na TB esta geralmente relacionada a aquisicdo de mutacdes
cromossOmicas pelo bacilo Mtb, tais como insercdes, dele¢cdes ou substituicbes de
nucleotideos, geralmente ocorrendo em enzimas que sdo envolvidas na ativacao
dos medicamentos ou como alvo final de inibigdo (DRLICA; ZHAO, 2007).

Cepas resistentes a INH e RIF séo classificadas como multirresistentes (MDR-
TB, do inglés multidrug-resistant) (Global Tuberculosis, 2018). Pacientes com MDR-
TB necessitam de terapias alternativas que utilizam farmacos de segunda-linha.
Como exemplos, estdo as fluoroquinolonas orais e farmacos injetaveis, como
amicacina, canamicina e capreomicina. No entanto, esses farmacos possuem custo
mais elevado, sdo menos efetivos e apresentam maior toxicidade. Além disso,
também é necessario um maior periodo de tratamento (no minimo 18 meses).

Em alguns casos, pode ocorrer também o desenvolvimento de cepas
extensivamente resistentes a medicamentos (XDR-TB, do inglés extensively drug
resistant), definidas como cepas MDR-TB que sé&o resistentes as fluoroquinolonas
orais e a pelo menos um dos farmacos injetaveis de segunda-linha, dificultando
ainda mais o tratamento da TB e tornando mais complicada a erradicacao da doenca
(UNISSA et al., 2016).

Curiosamente, isolados clinicos que possuem resisténcia a INH sao

encontrados em uma frequéncia significativamente aumentada (1 em 10° bacilos)
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em comparagcao com cepas resistentes a outros farmacos (NACHEGA; CHAISSON,
2003). A resisténcia a INH, isoladamente ou em combinagdo com outros farmacos, €
0 segundo tipo mais comum de resisténcia observada entre os pacientes com TB,
sendo o primeiro tipo a resisténcia isoladamente por rifampicina (RR-TB). Por ser o
medicamento mais usado na clinica, a resisténcia a INH representa um dos
principais desafios atuais no tratamento da TB (CATTAMANCHI et al.,, 2009).
Revisdes sisteméticas e metandlises sujerem que a monorresisténcia a INH esti
associada a probabilidade reduzida de resultados terapéuticos bem-sucedidos para
pacientes que recebem tratamento padrdo e a um maior risco de adquirir resisténcia
adicional aos demais medicamentos usados na terapia combinada (MENZIES et al.,
2009).

1.2 Isoniazida (INH)

A INH, sintetizada e descrita pela primeira vez em 1912 numa tese de
doutorado (MEYER; MALLY, 1912), teve sua atividade antitubercular descoberta
somente em 1952 (FOX, 1952). Fox combinou quimicamente a nicotinamida, que
apresentou atividade anti-TB em cobaias (CHORINE, 1945), e tiossemicarbazonas.
Ao substituir o anel benzeno da tibiona pelo anel da nicotinamida, sintetizou
compostos meta- e para-piridilaldeidos de tiossemicarbazonas. Desses compostos,
um dos intermediarios (a INH) apresentou atividade antimicobacteriana muito
superior a qualquer composto e demonstrou notavel seletividade para micobactérias,
inclusive sendo posteriormente testado contra cepas resistentes a estreptomicina,
acido para-amino salicilico (PAS) e amitiozona, apresentando alta eficiéncia (LONG,
1958).

A INH possui uma estrutura simples, constituida de um grupamento hidrazida e
um anel piridinico, sendo esses dois componentes essenciais para sua atividade
(Figura 2). A hidrazida do acido benzdico (seu analogo estrutural) e a hidrazida do
acido nicotinico (um regioisdmero da INH) sdo muito menos efetivos que a INH. A
isonicotinamida e o acido isonicotinico, derivados da INH, sdo metabolicamente

inativos.
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Figura 2 — Férmula estrutural da INH

Fonte: O autor (2019).

A alta atividade bactericida, o baixo custo, a alta biodisponibilidade, a excelente
penetracdo intracelular e o estreito espectro de acdo fazem da INH um dos agentes
antimicrobianos mais efetivos (WHITNEY; WAINBERG, 2002).

1.2.1 Mecanismo de acéo da INH

Até hoje, muitos grupos de pesquisa tentam determinar todos os mecanismos
farmacoldgicos e moleculares de acdo da INH. De 1953 a 1980, alguns mecanismos
de acdo foram propostos para a INH: envolvimento na inibicdo da sintese de acidos
nucléicos (GANGADHARAM, P R J, HAROLD, F, M, SCHAEFER, W, 1963; ITO;
YAMAMOTO; KAWANISHI, 1992; MCCLATCHY, 1971), inibicdo da sintese de
proteinas (TSUKAMURA, M., TSUKAMURA, 1963), inibicdo da sintese lipidica
(WINDER, 1982) e inibicdo da sintese de carboidratos (WINDER; ROONEY, 1970).
Dada a simplicidade estrutural da INH, acredita-se que ela pode estar envolvida na
inativagdo de varios processos celulares.

Um avanco no entendimento do mecanismo de acdo da INH ocorreu em 1970,
guando foi demonstrado que a INH inibe a sintese dos acidos micdlicos,
componentes cruciais da parede celular micobacteriana (WINDER; COLLINS,
1970a). Os acidos micolicos sdo acidos graxos ramificados de cadeia extremamente
longa, B-insaturados, que contribuem para a impermeabilidade do envelope celular.
Eles sédo confinados essencialmente a micobactérias e, portanto, sdo considerados
alvos seletivos para drogas anti-TB (SLAYDEN; BARRY, 2000).

O efeito da INH nos acidos micolicos foi posteriormente confirmado por outros
pesquisadores. Takayama e colaboradores (TAKAYAMA; WANG; DAVID, 1972)

foram os primeiros a demonstrar que a inibicdo da biossintese de acidos micdlicos
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pela INH estava correlacionada com a morte celular, secundario ao acumulo de
acidos graxos de cadeia longa dentro do bacilo e a inibicdo da biossintese de acidos
graxos monoinsaturados C24 e C2. Essa afirmacgédo foi baseada na perda da
resisténcia alcool-acido da bactéria, na facilidade de extracdo de compostos de alto
peso molecular em bactérias tratadas com INH e na diminuicdo da natureza
hidrofébica coincidente a rapida diminuicdo de acidos micdlicos da fragéo lipidica da
bactéria, que ja havia sido demonstrado em estudos anteriores (WINDER; COLLINS,
1970Db).

Estudos também demonstram que a INH tem efeito bacteriostatico nas
primeiras 24 h de tratamento, tornando-se bactericida apés esse periodo
(MIDDLEBROOK, 1952a; MITCHISON, D.A., SELKON, 1956; SCHAEFER, 1954).
Em 1998, postulou-se que a INH entra na bactéria por difusdo passiva através de
proteinas porinas existentes na parede celular (BARDOU et al., 1998) e tem efeito
apenas contra bactérias ativamente em diviséo.

O mecanismo atual mais difundido e estudado, que foi elucidado nos anos 90,
€ de que a INH atua como um pro-farmaco, ou seja, apés a entrada no bacilo,
necessita de uma ativacao intracelular por uma enzima catalase-peroxidase (KatG)
para exercer a sua atividade. Quando ativada, a INH é convertida ao seu radical
isonicotinoil com capacidade de ligacdo com a nicotinamida adenina dinucleotideo
(NAD). Essa ligacdo forma o aduto INH-NAD (JOHNSSON; SCHULTZ, 1994),
responsavel pela inibicdo da enzima trans-2-enoil-ACP redutase dependente de

NADH (InhA), envolvida na biossintese da parede celular micobacteriana (Figura 3).

Figura 3 — Mecanismo de acédo proposto para a INH
N=N

g

L4 2O
OLN
- I
‘NH»> OQ\ ® . ¢
X KatG ‘ ( »
%
| /J h \ 3 / ( 4' InhA
N N7 | OH
INH )
INK Radical
isonicotinoil INH- aduto

Fonte: Adaptado de Laborde, Deraeve e Bernardes-Génisson (2017).
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A InhA (EC 1.3.1.9) é uma enzima essencial do sistema de sintese de acidos
graxos Il (FAS-II, do inglés fatty acid synthesis), responsavel por estender os acidos
graxos Ci6-C1s do FAS-I até o Css, gerando os precursores dos acidos micélicos,
gue sdo os principais lipidios do envelope micobacteriano (MIDDLEBROOK, 1952b;
SCHAEFER, 1954). No FAS-II, InhA catalisa a reducdo da ligacdo dupla trans
conjugada ao grupo carbonila de substratos graxos, utilizando NADH como doador
de um ion hidreto, gerando NAD™* (Figura 4). A inibicdo de InhA pela formacéo do
aduto IN-NAD bloqueia o alongamento de &cidos graxos, gerando acumulo de

acidos graxos de cadeia longa, levando a morte celular (WINDER, 1982).

Figura 4 — Sistema FAS-II

NADPH NADP*

OH O
FAS-| \\ / -
MS AcpM MabA R/\/LKS-AcpM
S-AcpM - HadAB/BC [N+ 1,0
CO, + HSAcpM ASHI
KasA
KasB '

O S-AcpM
o]

- InhA
R/\)kS-AcpM B / \ R/\)J\S-AcpM

NAD* NADH
Fonte: Adaptado de Laborde, Deraeve e Bernardes-Génisson (2017).

Ha algum tempo, j4 é reconhecido pelos pesquisadores que a resisténcia do
Mtb ao INH esta correlacionada com a perda das atividades de catalase e
peroxidase (CP) da KatG (MIDDLEBROOK, 1952b, 1954). Algumas observacdes
iniciais sobre a correlacdo da perda da atividade de CP e aquisi¢cdo de resisténcia a
INH foram reportadas (MIDDLEBROOK, 1954; WINDER, 1964, 1960) e confirmadas
posteriormente. A enzima foi primeiramente purificada e descrita em 1974 e tanto a
atividade de catalase quanto a de peroxidase foram encontradas e reagiram com a
INH (DIAZ; WAYNE, 1974).
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1.3 A enzimaKatG

A enzima KatG (EC 1.11.1.21) é codificada pelo gene katG e possui 80 kDa
(em torno de 744 aminoacidos), sendo conjugada com um grupo prostético heme.
Esse grupamento € responsavel por unir duas subunidades iguais dessa enzima,
tratando-se, entdo, de uma proteina homodimérica com massa de aproximadamente
160 kDa (Bertrand et al., 2004) (Figura 5).

Figura 5 — Estrutura da enzima catalase-peroxidase KatG

Legenda: Estrutura visualizada usando o software Discovery Studio. Subunidade A em
vermelho, Subunidade B em azul e o grupamento heme em verde.

Fonte: Adaptado de Unissa et al. (2016)

Sua estrutura e funcdo a colocam na superfamilia de peroxidases da classe I.
E uma enzima bifuncional que exibe atividade de catalase e peroxidase de amplo
espectro comparavel com a das peroxidases monofuncionais (NAGY et al., 1997,
JOHNSSON et al., 1997) e apresenta um cross-link entre os residuos Trp 107, Tyr
229 e Met 225 (Met-Tyr-Trp). Além disso, estudos de mutagénese sitio-dirigida ja
demonstraram que esses residuos unidos sdo 0s responsaveis pela atividade de
catalase da enzima, mas ndo pela atividade de peroxidase da KatG (GHILADI;
MEDZIHRADSZKY; ORTIZ DE MONTELLANO, 2005). A presenca do cross-link
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Met-Tyr-Trp na estrutura da KatG influencia sua funcédo, que por sua vez afeta seu
mecanismo de acdo (GHILADI et al., 2005a).

O papel fisiologico da KatG no Mtb é a protecdo contra o baixo pH formado
dentro do ambiente oxidativo fagocitario em macrofagos humanos, onde os radicais
liberados de oxigénio (O2) séo convertidos em H202 dentro do fagossoma
(LOEWEN; KLOTZ; HASSETT, 2000). As funcdes da KatG também incluem a
desintoxicacdo de peroxidos enddégenos gerados pela respiracdo bacteriana de
substratos ndo ferrosos, como os acidos graxos, utilizados pelo Mtb (NG et al.,
2004). A KatG, além disso, apresenta atividade de peroxinitritase (WENGENACK et
al., 1999) que poderia estar envolvida na resisténcia aos intermediarios reativos de
nitrogénio (IRN), isto é, peroxinitrito (ONOO), produzido pela interagdo do anion
superoxido (O2’) e 6xido nitrico (NO) (NG et al., 2004).

Na sua atividade de catalase, a KatG converte peroxido de hidrogénio em
agua e oxigénio e a partir dessa reacao, também é capaz de promover a oxidagao
de varios substratos reativos através de dois passos consecutivos de oxidagdo. A
KatG oxidada duas vezes forma o intermediario conhecido como Composto | (Figura
6, a rota verde) e quando oxidada apenas uma vez forma o Composto Il (Figura 6, a
rota azul). Esses dois compostos sdo conhecidos em rotas tradicionais de
peroxidases e o composto | também compartilha o ciclo de catalase.

Um terceiro composto (Composto Ill) (Figura 6, a rota vermelha) também é
proposto a partir da espécie heme como um intermediario critico no KatG ligado a
ativacdo da INH e suscetibilidade a farmacos. Um intermediério oxi-ferroso pode ser
formado in vivo sobre a ligacdo do superdxido ao sitio ativo do grupamento heme
quando a KatG esta em um estado de “repouso”, através da adigdo de dioxigénio
para a forma ferrosa da enzima, ou por adicdo de um grande excesso de peroxido
de hidrogénio ao centro do grupamento heme férrico.

A acado da KatG, além de combater espécies reativas de oxigénio como forma
de protecéo intracelular, € de ativar o pro-farmaco INH.

1.3.1 Mutacdes da KatG associadas aresisténcia a INH

O Mtb é bastante sensivel a INH com uma concentracdo inibitéria minima
(MIC, do ingés minimum inhibitory concentration) de 0,05 uM mL%, diferentemente

do M. smegmatis que possui um MIC 100 vezes maior (BARDOU et al., 1998). Essa
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especificidade pode ser explicada pelo fato de que a KatG em M. smegmatis néo é
idéntica a do Mtb e isso demonstra que a ativacdo da INH pela KatG é um passo

crucial para a atividade antimicrobiana.

Figura 6 — Esquema proposto para a ativacdo da INH pela KatG
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Fonte: Extraido de Ghiladi et al. (2005).

Algumas mutacdes associadas a resisténcia a INH sdo encontradas no gene
gue codifica a KatG com uma frequéncia mais comum, como a troca de uma Serina
por uma Treonina na posicdo 315 (S315T) (AGC para ACC). Essa mutacdo €
encontrada em mais de 50% das popula¢des resistentes de Mtb (CADE et al., 2010;
GHILADI et al., 2005; GHILADI; CABELLI; ORTIZ DE MONTELLANO, 2004; SINGH
et al., 2018).

Alguns estudos in vitro foram realizados para entender o mecanismo de
resisténcia a INH dependente de KatG usando a proteina mutante S315T como
modelo. Wengenack e colaboradores descreveram a mutante S315T como uma
catalase-peroxidase competente com uma reducdo relativa de seis vezes na
atividade de catalase e duas vezes na atividade de peroxidase. Porém, esse
mutante foi muito menos eficiente que a proteina selvagem (WT, do inglés wild type)
na metabolizacdo da INH (WENGENACK et al., 1997). Estudos biofisicos da mesma
equipe sugeriram que a adicdo de um unico grupo metil a serina conferia resisténcia

a INH, através de pequenas alteragcdes no local de ligacdo da INH (WENGENACK et
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al., 1998). Isto é consistente com a observacdo de que o mutante S315T exibe uma
afinidade reduzida pela INH, mas a sua capacidade de oxidar a INH foi equivalente a
da enzima WT (WENGENACK et al., 2000). Juntamente com essas observagoes,
foram encontrados MICs elevados de INH para as cepas S315T, sugerindo
fortemente que pequenas alteracdes no local de ligacdo da INH sdo responsaveis
por esse fenotipo (DEVITO et al.,, 2003). A capacidade dessa enzima de produzir
radicais livres a partir do INH foi severamente prejudicada, e postula-se que a Serina
na posicdo 315 forma ligagbes H com um dos grupos heme. Alteracbes nesse
aminoacido modificam o acesso ao grupamento heme e a ligacdo da INH para ser
oxidada (BERTRAND et al.,, 2004; CARPENA et al., 2003; KAPETANAKI et al.,
2003). Essa modificacdo da ligagdo da INH a enzima mutante limita a ativagdo do
farmaco e acaba resultando em resisténcia a INH (YU et al., 2003).

Portanto, ha interesse em desenvolver novos farmacos para combater o Mtb
gue sejam eficientes contra cepas resistentes, com menos efeitos adversos e menor

toxicidade.

1.4 O composto IQG-607

Atualmente, compostos associados a metais com aplicacées farmacoldgicas
vém sido desenvolvidos dado o sucesso de aprovacdo para uso clinico (como, por
exemplo, cisplatina, carboplatina, nitroprussiato e sulfadiazina de prata) (BARRY;
SADLER, 2013). O desenvolvimento de metalofdrmacos aumentou, sendo
compostos que incluem metais devido a sua acdo terapéutica e atualmente
pertencem a uma classe de compostos antimicrobianos promissores, projetados
para superar cepas resistentes (MONTELONGO-PERALTA et al.,, 2019). Como
vantagens, podemos citar o potencial redox ajustavel desses compostos, taxas
cinéticas variaveis e acessibiidade a um numero maior de isémeros
estereoquimicos, quando comparados a compostos organicos (BRUIIJNINCX;
SADLER, 2008; DORR; MEGGERS, 2014; MEGGERS, 2009).

Ha alguns anos, o composto 1QG-607 vem sendo estudado pelo nosso grupo
de pesquisa. O 1QG-607 € uma molécula que foi racionalmente desenvolvida,
analoga a INH, que possui um pentacianoferrato(ll) acoplado ligado ao atomo de
nitrogénio do anel heterociclico da INH, tendo como férmula
molecular [Fe"(CN)s(INH)]* (Figura 7).
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A molécula foi desenvolvida para que pudesse ser autoativada in vivo,
dispensando a atividade da KatG. Nessa proposta, o centro metélico contendo a
porgcdo do pentacianoferrato promoveria uma transferéncia de elétrons e formaria o
radical isonicotinoil, que mimetizaria 0 mecanismo de ativacdo enzimatico promovido
pela KatG (OLIVEIRA et al., 2006; SOUSA et al., 2005). Essa autoativacao
intramolecular do 1QG-607 seria desencadeada por espécies reativas de oxigénio
(ROS) que compdem o ambiente intracelular, tais como o perdxido de hidrogénio,
oxidando o Fe(ll) do pentacianoferrato em Fe(lll); esse, por sua vez, iria promover a
oxidacdo intramolecular da por¢do hidrazina da isoniazida do composto, sendo
reduzido novamente a Fe(ll) com a formacg&o do radical isonicotinoil (Figura 8). A
formacéo do radical de maneira ndo enzimatica demonstra que esse candidato a
farmaco nado exigiria a necessidade da enzima KatG, surgindo como alternativa de

tratamento da tuberculose contra cepas mutadas nessa enzima.

Figura 7 — Formula estrutural do 1QG-607

ZX

Fonte: O autor (2019)

Alguns estudos utilizando o IQG-607 ja demonstraram sua atividade in vitro de
inibicdo da enzima InhA WT e de alguns mutantes estruturais que s&o resistentes a
INH (S94A, 121V e 147T) (VASCONCELOS et al., 2008), ja sendo possivel perceber
gue essa molécula possui capacidade de inibir um alvo enzimatico essencial no
crescimento do Mth. A molécula também apresentou um MIC de 0,25 pg mL* (0,5
KUM) na cepa H37Rv de Mtb, similar ao MIC da INH, demonstrando uma atividade in
vitro (RODRIGUES-JUNIOR et al., 2012). Para determinar qual o mecanismo de
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acao do 1QG-607, foi realizada a extracdo e analise de lipideos através de estudos
com radiomarcacdo dos acidos micolicos, onde foi observada a inibicdo total da
sintese dos acidos micdlicos quando aplicado o composto 1QG-607, similar a INH
(RODRIGUES-JUNIOR et al., 2014). Esse resultado serviu para confirmacdo do
mesmo alvo enziméatico essencial, a InhA, corroborando 0s ensaios enzimaticos in
vitro realizados anteriormente (OLIVEIRA et al., 2006, 2004; VASCONCELOS et al.,
2008).

Figura 8 — Mecanismo proposto para a formacdo do complexo de inibicdo da InhA
por via ndo enzimética
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Legenda: 1: forma oxidada do composto 1QG-607; 2: radical isocotinoil; NAD": forma
oxidada da nicotinamida adenosina dinucleotideo; INH-NAD: aduto isonicotinoil-NAD
Fonte: Adaptado de ABBADI et al. (2018a).

Para avaliar se o 1QG-607 teria atividade intracelular, macrofagos infectados
com o Mtb foram utilizados, resultando em uma diminuicdo significativa na
quantidade de bactérias em todas as concentracdes em relagdo a INH. Também
houve uma diminuicdo nas Unidades Formadoras de Colbnias (CFU, do inglés

colony formation unit), demonstrando a sua capacidade bactericida. Esse trabalho
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demostrou que o IQG-607 tem a capacidade de atravessar a membrana do
macrofago e eliminar o bacilo de forma efetiva dentro do fagossoma (RODRIGUES-
JUNIOR et al., 2014).

Para o desenvolvimento de novos farmacos, é importante avaliar a toxicidade
tanto in vivo quanto in vitro do composto. A citotoxicidade do 1QG-607 foi avaliada in
vitro contra RAW 264.7 e em trés linhagens celulares adicionais: Vero, HaCat e
HepG2. O IQG-607 ndo apresentou genotoxicidade, mesmo em altas concentracdes
e nao induziu dano ao DNA em células HepG2. O IQG-607 também apresentou seu
ICs0 (do inglés inhibitory concentration) > 2,000 uM (AMORIM et al., 2017). Ja nos
testes in vivo com roedores, ndo causou nenhuma mortalidade em ratos, mesmo em
doses elevadas, obtendo-se um LDso (do inglés lethal dose) oral > 2,000 mg/kg,
sendo que a INH apresenta um de LDso de 1,250 mg kg (RODRIGUES-JUNIOR et
al., 2017a). Em camundongos, o valor de LDso do IQG é 1000 mg kg* (BASSO et al.,
2010), sendo que a LDso da INH é de 133 mg kg, mostrando novamente um perfil
favoravel para o IQG-607. Dentro dos estudos in vivo em ndo roedores, foram
realizados testes em mini porcos por serem consideravelmente parecidos com 0s
humanos em questbes bioquimicas, anatdbmicas e fisioldgicas. Uma dose de 220 mg
kg de 1QG-607 ndo causou mudancas no peso, mortalidade, morbidade, e nem
alteracdes nas necroses, na alimentacdo e consumo de agua (RODRIGUES-
JUNIOR et al., 2017b). Portanto, na questdo da toxicidade, percebemos um perfil
favoravel do IQG-607 em cultura de células, ratos, camundongos e mini porcos.

Um trabalho recente desenvolvido por nosso grupo de pesquisa avaliou o
mecanismo de acao do IQG-607 em cepas de Mtb resistentes a INH (ABBADI et al.,
2018b). Inicialmente, foram utilizados 9 isolados clinicos MDR-TB (com mutacdes
S315T) e, inesperadamente, 8 isolados clinicos apresentaram resisténcia ao
composto, com um MIC de aproximadamente 100 pg mL?. Esse foi o primeiro
resultado dentre varios que motivaram a descobrir se o 1QG-607 teria uma
dependéncia de ativacdo pela KatG. A partir desse resultado inicial, mutantes
espontaneos resistentes ao composto 1QG-607 foram isolados e tiveram seus
genomas completamente sequenciados. Seis colbnias mutantes apresentaram
alteracdes no gene katG, sendo que em quatro delas foram detectadas delecdes
nesse gene, um perfil de mutacdes geralmente inesperado em isolados clinicos,

porém comum em mutantes gerados em laboratério (BERGVAL et al., 2009;
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BROSSIER et al., 2016). Esse resultado, mais uma vez, sugere que a acao
antimicrobiana do composto 1QG-607 depende da atividade da enzima KatG.
Experimentos de genética molecular foram entdo conduzidos para estabelecer uma
relacdo causal entre o fendtipo de resisténcia ao composto e a presenca das
mutacOes identificadas. Para tanto, uma cepa nocaute para o gene katG foi
produzida e subsequentemente complementada com o gene katG selvagem (WT) ou
com uma variante desse gene que codifica a KatG mutante S315T (a mutagcdo mais
frequentemente encontrada em isolados clinicos resistentes a INH). O bacilo que
continha a complementacdo com o gene mutado aumentou em 64 vezes o seu MIC
(ABBADI et al., 2018b).

Com base nesses resultados, formulamos a hipétese de que, de modo analogo
a INH, o 1QG-607 poderia se tratar de um pré-farmaco, também necessitando ser
ativado pela enzima KatG no ambiente intracelular para poder exercer sua atividade
antimicrobiana. Testar essa hipétese, investigando o composto 1QG-607 e sua
interacdo molecular com a KatG é, portanto, a principal motivacdo desse trabalho.
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2 OBJETIVO

2.1 Geral:

Avaliar se 0 composto 1QG-607 € um substrato da enzima KatG.

2.2 Especificos:

Realizar a expressdo e purificagdo da enzima KatG de Mycobacterium
tuberculosis;

Realizar os ensaios enzimaticos de catalase e peroxidase da enzima KatG e
determinar seus parametros cinéticos;

Verificar se ocorre a oxidagéo do 1QG pela enzima KatG, utilizando INH como
controle positivo;

Verificar a formacéo de aduto IQG-NADH in vitro, utilizando INH-NADH como
controle positivo.
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ABSTRACT

Tuberculosis (TB) is an infectious disease caused mainly by Mycobacterium tuberculosis
(Mtb) and is responsible for millions of deaths. Moreover, new Mtb strains resistant to TB
drugs are emerging and spreading. In particular, the main first-line TB drug, isoniazid (INH),
must be activated inside mycobacterial cells by the catalase-peroxidase enzyme KatG to exert
its antimicrobial activity, and mutations on the katG gene are a major cause of INH resistance
in clinics. The metal-containing compound 1QG-607 is an INH analogue that was developed
to inhibit the same target of INH, the FASII enzyme enoyl-ACP-reductase (InhA), without
requiring activation by the KatG. However, we recently showed that inside mycobacterial
cells, the activity of 1QG-607 is also dependent on KatG. Hence, this compound might also be
activated by KatG, requiring its activation to inhibit InhA. Therefore, we evaluated the ability
of recombinant MtKatG to use 1QG-607 as a substrate in oxidation reactions and for adduct
formation with NAD*. A recombinant MtKatG was produced in E. coli and purified in a 3-
step protocol to obtain a homogenous protein. An HPLC method was optimized to monitor
both oxidation and adduct products, and our assay system was validated by performing
control reactions using INH as a substrate. We found that the metal-based compound 1QG-
607 is not a substrate for recombinant MtKatG under all conditions tested. Based on our
results, we suggest that 1QG-607 might behave as a pre-prodrug, releasing the INH moiety
inside mycobacterial cells, which then requires KatG activation to form the active INH-NAD

adduct.

Keywords: Isoniazid, Mycobacterium tuberculosis, 1QG-607, KatG, Metal-containing

compound.
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1. Introduction

Tuberculosis (TB) is a well-known infectious disease, mainly caused by
Mycobacterium tuberculosis (Mtb), an aerobic pathogenic bacterium that primarily infects the
lungs [1]. TB was responsible for millions of deaths when there were no adequate treatments
for patients and even today it is responsible for the highest number of deaths caused by a
single infectious agent [2,3]. According to recent WHO data [4], TB is one of the 10 leading
causes of death in the world. In 2018 alone, 10 million people fell ill with TB and 1.2 million
died from the disease. Currently, standard TB treatment consists of an intensive initial phase
lasting two months and a continuous phase for an additional four months. The suggested
treatment for new TB patients consists of a two-month phase using isoniazid (INH),
rifampicin (RIF), pyrazinamide (PZA) and ethambutol (EMB), followed by a four-month
phase with INH and RIF [4]. Alternatively, the continuation phase may be extended to six
months of INH and EMB [4]. TB is a curable disease, and most patients that follow the
treatment are cured successfully. However, the emergence and spread of Mtb strains resistant
to first-line drugs represent one of the main challenges in the treatment of TB today.

Long treatment periods coupled with the adverse effects of first-line drugs result in
high treatment dropout rates, which contribute to the selection and dissemination of resistant
strains [5]. Mtb strains resistant to both INH and RIF are classified as multidrug-resistant
(MDR strains). Patients affected by TB caused by MDR strains (MDR-TB) need alternative
therapies using second-line drugs. Examples are fluoroquinolones and injectable drugs such
as amikacin, kanamycin and capreomycin. However, second-line drugs are more expensive,
less effective, and more toxic. In addition, a longer treatment period (at least 18 months) is
also required. In some cases, extensively drug resistant (XDR-TB) strains, defined as MDR-

TB strains that are resistant to fluoroquinolones and at least one of the second-line injectable
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drugs, may also occur, making TB treatment even more difficult and the eradication of the
disease more complicated [6].

INH resistance, alone or in combination with other drugs, is the second most common
type of resistance observed among TB patients, with rifampicin resistance alone (RR-TB)
being the first one. As the most commonly used drug in the clinic, INH resistance represents
one of the main current challenges in the treatment of TB [7]. INH has a simple structure
consisting of a hydrazide group bounded to a pyridine ring, these two components being
essential for its activity (Figure 1a). High bactericidal activity, low cost, high bioavailability,
excellent intracellular penetration and narrow spectrum of action make INH one of the most
effective antimicrobial agents to treat TB [8]. The most accepted mechanism of action for
INH, described in the 1990s, posits that INH acts as a prodrug, requiring intracellular
activation of a catalase peroxidase (MtKatG) to exert its activity. When activated, INH is
converted to an isonicotinoyl radical, which reacts with nicotinamide adenine dinucleotide
(NADY), leading to the INH-NAD adduct [9]. This adduct in turn is presumably the active
compound that inhibits the NADH-dependent trans-2-enoyl-ACP reductase enzyme (InhA).
InhA is an essential enzyme involved in mycobacterial cell wall and fatty acid biosynthesis,
and its inhibition blocks fatty acid elongation, leading to accumulation of long chain fatty
acids, and to cell death [10]. Some of the most frequent mutations found in clinical isolates
associated with INH resistance are in the gene that encodes KatG. One in particular (S315T)

is found in more than 50% of Mtb resistant populations [11-14].
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Figure 1. Structure of isoniazid (A) and 1QG-607 (B).

There is an urgent need to develop a new drug with anti-tubercular action mainly
against resistant strains, with low toxicity; and able to shorten treatment of latent TB infection
[15]. Metal-based drugs approved for clinical use (cisplatin, nitroprusside, silver sulfadiazine
and others) [16] share some advantages when compared to organic compounds, such as
adjustable redox potential and the ability to build new structures due to a larger number of
stereoisomers [17-19]. 1QG-607 is a metal-based compound containing a pentacyanoferrate
(I1) attached to the nitrogen atom of the heterocyclic ring of INH, having the molecular
formula [Fe"(CN)>(INH)]* (Figure 1b). IQG-607 has been evaluated in several studies and we
observed a favorable 1QG-607 profile in cell culture cytotoxicity without genotoxicity, even at
high concentrations, did not induce DNA damage in HepG2 cells and demonstrated an
advantage over INH in rats, mice and mini pigs [15,20-22]. This molecule was rationally
developed to undergo autoactivation in vivo, eliminating the need of MtKatG activity, as
required for INH prodrug activation. In this proposal, the metal center containing the
pentacyanoferrate portion would promote electron transfer and form the isonicotinoyl radical,
mimicking the activation mechanism of MtKatG [23,24]. This intramolecular autoactivation
of 1QG-607 would be triggered by reactive oxygen species (ROS), such as hydrogen peroxide,
which would oxidize Fe(ll) to Fe(lll) (I in Figure 2) and this, in turn, would promote

intramolecular oxidation of the isoniazid moiety to isonicotinoyl radical, with Fe(lll) being



30

reduced back to Fe (II) (Il in Figure 2). Conceivably, the non-enzymatic formation of the
isonicotinoyl radical from 1QG-607 would circumvent the need for MtKatG activity inside
Mtb cells, as required for INH activation. By this way, this compound could be used as an
effective INH surrogate to treat TB cases caused by INH-resistant strains whose mechanism

of resistance lies on mutations on katG gene.
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Figure 2. Proposed mechanism through a non-enzymatic oxidative route of 1QG-607 in the

formation of the isonicotinoyl radical and formation of complex which inhibits InhA.

Some studies have shown that 1QG-607 inhibits in vitro both the InhA WT enzyme and some
structural mutants (S94A, 121V and 147T), known to confer resistance to INH [15,24-26].
Moreover, lipid extraction and radiolabeling analysis of mycolic acids were performed to
study its mechanism of action. Total inhibition of mycolic acid synthesis was observed when
IQG-607 was used, similar to what was found when Mtb cells were treated with INH [25].
This result confirmed that the target consisted of the InhA enzyme, corroborating the

previously performed in vitro enzyme assays [24,26].
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Recent work from our research group evaluated the mechanism of action of 1QG-607
in INH-resistant Mtb strains [27]. Initially, 9 MDR-TB clinical isolates were treated with
IQG-607. Unexpectedly, the isolates carrying the katG(S315T) mutation (8 out of 9 treated)
were found to be resistant to this compound, with MICs ranging from 25 to >100 pg mL*
[27]. Moreover, six spontaneous mutants resistant to the 1QG-607 compound were isolated
and found to have alterations in the katG gene, four of them with a mutation profile generally
unexpected in clinical isolates, but common in laboratory-generated mutants [28,29].
Molecular genetics experiments were then conducted to establish a causal relationship
between the compound resistance phenotype and the presence of identified mutations. A
knockout strain for the katG gene was produced and subsequently complemented with the
wild type (WT) katG gene or a variant of that gene encoding the mutant KatG S315T (the
mutation most often found in INH-resistant clinical isolates). Bacteria complemented with
katG(S315T) gene increased its MIC by 64-fold [27]. Taken together, these results strongly
suggest that, inside mycobacterial cells, the antimicrobial action of compound 1QG-607
depends on the activity of the MtKatG enzyme, in disagreement to the autoactivation model.

Based on these results, we hypothesized that, similarly to INH, 1QG-607 needs to be
activated by the MtKatG enzyme in the intracellular environment in order to exert its
antimicrobial activity. Therefore, in this study, we evaluated whether 1QG-607 could be used
as a substrate for MtKatG under different experimental conditions. For this purpose, KatG
from Mycobacterium tuberculosis was produced in recombinant form and biochemically
characterized. Moreover, analytical methods were developed to detect species formed from
INH and 1QG-607 compounds under different reaction conditions. The enzymatic assays were
performed in the absence (air-only background control) or in the presence of peroxides as
exogenous oxidants (t-BuOOH and H20,). Contrary to our expectations, we found that 1QG-

607 is not a substrate for MtKatG under the in vitro conditions tested. Based on these results,
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we propose that 1QG-607 could be a pre-prodrug, being first converted to INH and then

activated by MtKatG inside mycobacterial cells.

2. Materials and methods
2.1 Cloning and expression of MtKatG

The M. tuberculosis catalase-peroxidase (MtKatG) coding gene katG was synthesized
by FastBio Ltda and was cloned into the pET23a(+) expression vector using the Ndel and
Hindlll restriction enzymes. E. coli BL21 (DE3)pLysS cells transformed with
PET23a(+)::katG were grown on Lysogenic Broth (LB) agar plates containing 50 mg mL™*
ampicillin and 34 mg mL* chloramphenicol. A single colony was cultivated overnight in 50
mL of LB at 37 °C and 180 rpm. After that, 10 mL of the culture were inoculated into 500 mL
of LB medium with the same concentrations of antibiotics and grown at 37 °C and 180 rpm
until an ODego of 0.5. To induce MtKatG expression, IPTG was added to a final concentration
of 1 mM, together with 30 mg L of Hemin, to ensure stoichiometric incorporation of the
heme protestic group. Cells were harvested by centrifugation at 11 000 g for 30 min at 4 °C
and stored for several months at - 20 °C.
2.2 Purification, oligomeric state and mass spectrometry identification of recombinant
MtKatG

A 3-step purification protocol was developed to obtain homogenous recombinant
MtKatG. Briefly, 2 g of frozen cells were resuspended in 20 mL of 50 mM Tris HCI pH 7.6
(buffer A) containing 0.2 mg mL™* of lysozyme and stirred for 30 min. Cells were disrupted
by sonication (10 pulses of 10 s each at 60% amplitude) and centrifuged at 38 900 g for 30
min. The supernatant was incubated with 1% (v/v) of streptomycin sulfate for nucleic acid
removal and gently stirred for 30 min. The solution was centrifuged at 38 900 g for 30 min.

The supernatant was dialyzed two times against 2 L of buffer A using a dialysis tubing with a
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molecular weight exclusion limit of 12 000 — 14 000 Da. After the dialysis, the solution was
centrifuged at 38 900 g for 30 min and the supernatant was loaded on a Q Sepharose Fast
Flow (GE Healthcare) pre-equilibrated with buffer A. The column was washed with 5 column
volumes (CV) of the same buffer, and adsorbed proteins were eluted with a linear gradient (0—
100%) of 15 CV of 50 mM Tris HCI pH 7.6 containing 1 M NaCl (buffer B) at 3 mL min
flow rate. The recombinant MtKatG protein eluted between 250 and 330 mM of NaCl
concentration. Fractions containing the target protein were pooled and ammonium sulfate was
added to a final concentration of 1 M, clarified by centrifugation at 38 900 g for 30 min, and
the resulting supernatant was loaded on a HiLoad 16/10 Phenyl Sepharose High Performance
(GE Healthcare) pre-equilibrated with 50 mM Tris HCI pH 7.6 containing 1 M (NH4)2SO4
(buffer C). This hydrophobic column was washed with 5 CVs of buffer C and the adsorbed
material eluted with 20 CVs of a linear gradient (0-100%) of buffer A at 1 mL min* flow
rate. The protein eluted between 425 mM and 342 mM of buffer C. The fractions containing
the KatG protein were pooled, concentrated down to 5 mL using an Amicon ultrafiltration cell
(molecular weight cutoff of 30 000 Da), and loaded on a size exclusion column HilLoad
Superdex 200 (GE Healthcare), which was previously equilibrated with 100 mM potassium
phosphate pH 7.5 (buffer D). Proteins were isocratically eluted with 1 CV of buffer D at a
flow rate of 0.5 mL min™t. FPLC was performed using the AKTA system (GE Healthcare) and
all purification steps were carried out at 4 °C and sample elution monitored by UV detection
at 215, 254 and 280 nm simultaneously.

For oligomeric state determination, analytical gel filtration was performed using a
Superdex 200 HR 10/30 (GE Healthcare) column pre-equilibrated with 50 mM potassium
phosphate pH 7.2 containing 150 mM NaCl at a flow rate of 0.6 mL min~!, with UV detection
at 215, 254 and 280 nm. The LMW and HMW Gel Filtration Calibration Kits (GE

Healthcare) were used to prepare a calibration curve. The elution volumes (V) of standard



34

proteins (ferritin, aldolase, coalbumin, ovalbumin, carbonic anhydrase, ribonuclease A and
aprotinin) were used to calculate their corresponding partition coefficient (Kav, Eq. (1)). Blue
dextran 2000 (GE Healthcare) was used to determine the void volume (Vo). V¢ is the total
bead volume of the column. The Ka value for each protein was plotted against their

corresponding logarithm of molecular mass.

Kav = Ve—Vo (1)

Vt—Vo

Protein concentration was determined by the method of BCA using bovine serum
albumin as standard (Thermo Scientific Pierce™ BCA protein Assay Kit). For mass
spectrometry identification, MtKatG recombinant protein fractions were analyzed by SDS-
PAGE 12% and a gel slice containing the protein was excised and submitted to in-gel
digestion [30]. Tryptic digest was separated on an in-house made 20 cm reverse-phase column
(5 um ODSAQ C18, Yamamura Chemical Lab, Japan) using a nanoUPLC (nanoLC ultra 1D
plus, Ekisgent, USA) and the eluted peptides transferred to a nanospray ion source connected
to a hybrid mass spectrometer (LTQ-XL and LTQ orbitrap Discovery, Thermo, USA).
Spectra were searched against a non-redundant E. coli BL21(DE3) database and MtKatG
sequence with the software COMET [31] in the platform PatternLab for proteomics and the
validity of the peptide-spectra matches were assessed using Paternlab’s module SEPro [32]
with a false discovery rate of 1% based on the number of decoys.

2.3 Catalase and peroxidase activity assays

All the measurements were performed using a continuous spectrophotometric assay in

quartz cuvettes using a UV-visible Shimadzu spectrophotometer UV2550 equipped with a

temperature-controlled cuvette holder. Catalase assay was carried out at 37 °C in 100 mM



35

potassium phosphate pH 7.5. The catalase activity was measured spectrophotometrically by
following the consumption of hydrogen peroxide over 60 s at 240 nm (g240 = 0.0435 mM*!
cmt) [33], with initial concentrations of H202 ranging from 0.1 to 5 mM, and with a fixed
concentration of MtKatG of 8.8 nM. One unit of catalase will be defined as the
decomposition amount of 1 pmol H.0, min* reaction. Peroxidase assay was carried out at 37
°C in 100 mM potassium phosphate buffer pH 5. The peroxidase activity was measured by
following the increase in absorbance for 1 mM ABTS (es06 = 36.8 mM™ cm™) [34] in the
presence of tert-butyl hydroperoxide (t-BuOOH) ranging from 0.25 to 25 mM over 180 s at a
fixed enzyme concentration of 25 nM. One unit of peroxidase activity will be defined as the
oxidation of 1 pmol ABTS min reaction. Specific activity will be expressed in U/mg of total
protein. All assays were performed at least in duplicate. Kinetic parameters (Km, Vmax) were
obtained from non-linear regression of Michaelis-Menten plots using Sigma Plot version 12.0.
2.4 INH and 1QG-607 oxidation and enzymatic adduct formation

INH and 1QG-607 oxidation and adduct formation assays were performed in triplicate
at 37 °C as described on previous studies with minor modifications [14,35-37]. Briefly, the
reaction sample (1 mL total volume) contained 100 mM potassium phosphate pH 7.5, 1.5 uM
WT KatG, 1 mM INH (or 1QG-607), 120 uM NAD* and the following oxidants (air only, 400
MM t-BuOOH or 400 uM H20>) were used. Total time of reaction was 100 minutes. HPLC
analyses were performed using 90 pL injection volume on a Dionex Ultimate 3000 equipped
with a diode array detector (DAD) using a reversed-phase C18ec column (Macherey-Nagel, 5
pum particle size, 250 mm x 4.6 mm, Nucleosil) applying a nonlinear gradient from 0 to 15%
acetonitrile in 70 mM ammonium acetate solution over 30 min using flowrate at 1 mL min
and detection was in 260 nm. INH and 1QG-607 products of oxidation and adducts were

identified by their characteristic UV-visible absorption spectrum as described in the literature.
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Also, the HPLC fractions containing the four INH-NAD adducts were collected, pooled and

subjected to mass spectrometry analysis using a positive ion mode.

3 Results and Discussion
3.1 Expression, purification, mass spectrometry identification and oligomeric state of
recombinant MtKatG

The recombinant protein MtKatG was produced in a soluble form with an apparent
molecular mass of ~80 kDa. This result agrees with the expected molecular mass of MtKatG
(80 604.87 Da). A 3-step purification protocol (anionic exchange followed by hydrophobic
interaction and lastly size exclusion) was developed and yielded around 5 mg of homogenous
recombinant MtKatG. MtKatG (Uniprot code: POWIES) identity was confirmed by mass
spectrometry, with the identification of 143 unique peptides, 2087 spectral counts and
sequence coverage of 91% (Figure S1). By gel filtration chromatography, the recombinant
MtKatG was found to have a molecular mass of 176.6 kDa (Figure S2), indicating that this
protein is a homodimer in solution, as previously found [38].
3.2 Catalase and peroxidase activities of recombinant KatG

Before performing INH and 1QG-607 oxidation studies, we evaluated the catalase and
peroxidase enzymatic activities of recombinant MtKatG. The kinetic parameters (Kcat, Km, and
catalytic efficiency kcat/Km) for the catalase and peroxidase activities are presented in Table I.
The recombinant MtKatG exhibited saturable catalase activity when varying H2O> under the
tested conditions, yielding a km of 0.14+0.03 mM and a Kcat of 4642.93+179.16 s™. The km
reported here is slightly lower than reported in other studies, which ranges from 0.6 mM to 30
mM and the Kcat is in agreement with values already reported, ranging from 2800 to 10000 s
[11,39-43]. Also, the peroxidase activity for one electron oxidation using a fixed

concentration of ABTS and varying t-BuOOH as substrate was performed, and values for Kn
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of 18.98+5.97 mM and kca of 421.33+71 s were obtained. The kinetic constants reported
here for peroxidase assay are ‘‘apparent’’ values since the enzyme saturation was not reached

under these conditions.

Kcat (S'l) Km(mM) Keat/ Km (M-l S-l)
Catalase 4642.93+179.16  0.14+0.03 33.16 x 10°
Peroxidase 421.33+71 18.98+5.97 22.2 x 10°

Table 1. Kinetic parameters for catalase and peroxidase activities of recombinant
MtKatG.
3.3 INH and 1QG-607 oxidation using MtKatG

As previously described, INH is a substrate of MtKatG leading to isonicotinic acid as
a major product and isonicotinamide as a minor by-product [9]. These oxidized products have
no antimicrobial activity against Mtb strains [44]. Using INH as a positive control, we showed
that the recombinant MtKatG has catalytic activity to oxidize INH as expected, forming both
isonicotinic acid and isonicotinamide (Figure S3a and Table II). As a catalase enzyme,
MtKatG converts hydrogen peroxide into water and oxygen. As a peroxidase enzyme, it also
promotes the oxidation of other compounds, such as INH, through two consecutive oxidation
steps [11,39,45]. When peroxides (H202 or t-BuOOH) were added to the oxidation assay, the
conversion of INH into isonicotinic acid and isonicotinamide was stimulated (Figure S3b and
¢ and Table I1). Peroxides were used to mimic the macrophage intracellular microenvironment
experienced by infecting bacilli, since ROS are produced by both the aerobic metabolism of
actively replicating Mtb cells and by host cells, which release large amounts of H>O> to
combat the infection [46]. In the absence of MtKatG in the reaction, no oxidation of INH
occurs, even with the addition of peroxides (Figure S4d), demonstrating that the formation of

oxidation products from INH requires its enzymatic activity.
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- MtKatG + MtKatG

Air Only ND* 42.3+0.21%
H202 ND* 56.3+0.60%
t-BuOOH ND* 55.8+3.99%

Table I1. Percentage of degradation of INH in absence and presence of recombinant MtKatG.
*ND: no degradation.

Differently from the above-mentioned reactions using INH, we observed oxidation
products when this compound was replaced by 1QG-607 (Fig. 3). 1QG-607 alone or with
peroxides (H202 or t-BuOOH) decomposed to isonicotinic acid mainly, but not to INH.
Moreover, the formation of oxidation products observed in our control reactions without the
addition of MtKatG (Figures 3a,c,e and Table I11) was partly suppressed by the addition of
this enzyme (Figures 3b,d,f and Table I1I). This effect does not depend on different oxidizing
agents used (Table I11). Presumably, MtKatG is acting as a reactive oxygen species (ROS)
scavenger, removing oxidative agents that promote 1QG-607 decomposition: Based on a
previous study, the coordinated pentacyanoferrate (I1) favors a pathway for isonicotinic acyl
radical formation, generating isonicotinic acid [47]. Also, 1QG-607 demonstrate a band-shift
in UV-spectra from ~445 nm to ~420 in 100 minutes of reaction and this shift was suggested
to be used to monitor its degradation over time (Figure 4) [49].

3.4 INH and 1QG-607 adduct formation with NAD* using MtKatG

Not only isonicotinic acid and isonicotinamide are formed when INH reacts with
MtKatG. In the presence of NAD", the INH-NAD adduct is also formed, which is responsible
for InhA inhibition inside Mtb cells, leading to cell death. When using INH as positive
control, we could detect four INH-NAD adduct isomers (Figure S4a-c). In the presence of t-
BuOOH, MtKatG catalyze the conversion of NAD" to ADP-Ribose (Figure S4c) and

eventually to other products. However, INH-NAD adduct levels are unchanged in this
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condition when compared to the correspondent levels in hydrogen peroxide or air treatments.

To confirm the identity of these adduct isomers, we synthesized the INH-NAD adduct using

Mn(I11) pyrophosphate (Figure S3d), as previously reported [36,37].
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absence of MtKatG. The black line represents t = 0 of incubation and red line represents t =

100 min of incubation.

The HPLC profile of synthesized INH-NAD adduct isomers was then compared to the HPLC
profiles obtained from adduct isomers enzymatically obtained by using MtKatG in reactions

containing INH and NAD™ as substrates (Figure S5).

- MtKatG + MtKatG
Air Only 29.8+2.98% 15.742.79%
H202 31.5+0.29% 22.2+1.15%
t-BuOOH 30.2+1,45% 18.3+2.09%
Table I11. Percentage of degradation of 1QG-607 in absence and presence of recombinant

MtKatG.
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Figure 4. UV-spectra of 1QG-607 between time. A change in absorption were observed. The

black line represents t = 0 of incubation and red line represents t = 100 min of incubation.
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The absorption spectra of the INH-NAD adduct isomers from MtKatG-catalyzed reactions
and synthesized adducts were very similar (Fig S5). The identities of INH-NAD adduct
obtained synthetically were confirmed by MS analysis (see Methods section 2.3). As
expected, a parent ion of m/z 771.1535 corresponding to INH-NAD was detected and
validated by the detection of MS2 fragment ion products (Fig S7). Taken together, these
results show that, apart from its catalase and peroxidase activities, the recombinant MtKatG

can also produce the INH-NAD adduct in the presence of NAD* and INH.

- MtKatG + MtKatG

Air Only ND* 1.6+0.4%
H202 ND* 2.2+0.8%
t-BuOOH ND* 5.8+0.9%

Table V. Percentage of degradation of INH in presence and absence of recombinant MtKatG

using NAD" (adduct formation). *ND: no degradation.

In the presence of 1QG-607, NAD" and without MtKatG, there is no formation of
INH-NAD (Figure 5a, c, e). In reactions containing 1QG-607, NAD* and MtKatG, we
detected a minor formation of INH-NAD adducts, regardless the oxidizing agent used (air-
only, H>O; or t-BuOOH) (Figure 5b, d, f). Moreover, we observed again that MtKatG protects
IQG-607 from decomposition (Table V), as already observed in reactions without the addition
of NAD" (Table Ill). Interestingly, in the presence of MtKatG and NAD*, t-BuOOH protects
IQG-607 from decomposition (Figure 5f and Table V). We suppose that the minor fractions
of INH-NAD adduct isomers detected are derived from residual INH present in our reactions.
To confirm this hypothesis, we prepared control reactions spiked with different amounts of

INH (25% and 50%). Indeed, when compared to these control reactions, the amount of INH-
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NAD adducts obtained in reactions without spiking was proportional to the residual INH
contained in those reactions (Figure S6). It is important to notice that in 1QG-607 synthesis,
there is always residual INH (~2%). We tried several times to remove this residual INH from
IQG-607, collecting HPLC fractions containing only 1QG-607. After repeated reinjections of
IQG-607, INH was always detected, suggesting the existence of a chemical equilibrium
between the two compounds.

The metal-based compound 1QG-607 is an INH derivative containing a
pentacyanoferrate (11) attached to INH. It was developed to bypass the requirement for KatG
activation during the intracellular production of the active INH-NAD adduct from the INH
prodrug. Such compounds could be used eventually to treat TB infections caused by INH-
resistant isolates whose resistance mechanism relies on mutations on the katG gene, a major
cause of INH resistance in clinics. We have previously shown that inside mycobacterial cells
the antimicrobial activity of the 1QG-607 requires an active KatG enzyme [27]. This finding
does not support the metal-based autoactivation mechanism originally envisaged for this
molecule [23,24]. A possible explanation for that finding is that 1QG-607 might also be

activated by KatG, acting as a metallopro-drug requiring KatG activation to inhibit InhA [48].
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Figure 5. 1QG-607 and NAD™ in absence (- MtKatG) or presence (+ MtKatG) of recombinant

enzyme using air background only (a, b), H20: (c, d) or t-BuOOH (e, f). The INH-NAD

adducts were detected between 23 and 27 min. The black line represents t = 0 min of

incubation and red line represents t = 100 min of incubation.
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- MtKatG + MtKatG
Air Only 29.1+1.03% 26.7+£1.23%
H20:2 32.9+0.93% 21.5+4.91%
t-BuOOH 25.1+2.75% 10.9+4.35%

Table V. Percentage of degradation of 1QG-607 in absence and presence of recombinant
MtKatG using NAD".

In this work, to test this hypothesis and understanding of the mode of action of 1QG-
607, we evaluated biochemically the ability of recombinant MtKatG to use this compound as
a substrate in oxidation reactions and for adduct formation with NAD*. An HPLC method was
optimized to monitor both oxidation and adduct products, and our assay system was validated
by performing control reactions using INH as a substrate. We found that the metal-based
compound 1QG-607 is not a substrate for recombinant MtKatG under all conditions tested.
The results obtained in this work support an alternative hypothesis to explain why 1QG-607
requires KatG activation to exert its antimicrobial effects. This compound might behave as a
pre-prodrug, releasing the INH moiety inside mycobacterial cells, which then requires KatG
activation to form the active INH-NAD adduct. Metallodrugs are attractive therapeutic agents
that are increasingly being used in a broad range of medical conditions, both for therapy and
for diagnosis [16]. However, the detailed molecular mechanisms of action of these
compounds are still elusive. This knowledge is instrumental in the tailoring of metallodrugs to
specific therapeutic purposes. By using a combination of genetic [27] and biochemical
approaches [this study], we furthered our understanding about the mechanisms underpinning
the antimicrobial activities of the metal-based compound 1QG-607. A similar approach could

be employed to study other metallodrugs of therapeutic value as antimicrobial agents.

4 Conclusion
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In the title of our previous review of the compound 1QG-607, we asked whether this
molecule is a metallodrug or a metallopro-drug [48]. Based on the available evidences at time,
we ended the study positing that 1QG-607 would act as a metallopro-drug, requiring KatG
enzyme to form an active drug inside mycobacterial cells. The present work adds another
piece in the puzzle of IQG-607’s mechanism of action. After assaying a recombinant form of
MtKatG in the presence of NAD" and different oxidative agents, we found no evidence that
IQG-607 could serve as a substrate for adduct formation under all conditions tested. Our
results support a model in which 1QG-607 is neither a metallodrug nor a metallopro-drug, but
indeed a metallopre-prodrug. According to this model, 1QG-607 would work as a drug carrier,
releasing the prodrug isoniazid (INH) inside mycobacterial cells. Once released, INH would
require MtKatG activation to produce the INH-NAD™ adducts, the inhibitors of InhA enzyme.
This model reconciles our findings with previous results that showed genetically that 1QG-

607 requires KatG to exert its antimycobacterial activity [27].
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4 CONSIDERACOES FINAIS

O Mtb é considerado o patégeno de maior sucesso no mundo devido a sua
capacidade de permanecer latente no hospedeiro. Em 2015, foi lancada pela OMS
uma estratégia chamada de “End TB Strategy”, que visa reduzir as mortes por TB
em até 95%, reduzir novos casos em 90% até 2035 e garantir que nenhuma familia
seja sobrecarregada com despesas incompativeis com suas rendas devido a TB
(WHO, 2015).

Porém, atualmente a TB continua afetando muitas pessoas, principalmente em
regibes mais negligenciadas no planeta. Acrescenta-se a alta prevaléncia o
surgimento e disseminacao de cepas que apresentam resisténcia aos medicamentos
utilizados para o tratamento da TB, diminuindo a chance de cura e aumentando
ainda mais o tempo de tratamento. E evidente a necessidade de desenvolvimento de
farmacos com o intuito de contornar os principais mecanismos de resisténcia
desenvolvidos pelo Mtb.

Desde os anos 2000, o nosso grupo de pesquisa vem trabalhando com um
composto analogo a isoniazida (IQG-607), sendo um candidato promissor a farmaco.
Uma porcdo significativa dos isolados clinicos que apresentam resisténcia a INH
possui mutacdes no gene que codifica a enzima KatG, que € responsavel pela
oxidacdo e ativacdo intracelular da INH. A sintese racional do 1QG-607 teve por
objetivo produzir um composto capaz de ser ativado de modo ndo enziméatico nas
condicbes oxidativas experimentadas pelo bacilo no ambiente intracelular,
dispensando a etapa de ativacdo pela KatG. Desse modo, esperava-se que 0O
composto fosse efetivo frente a cepas resistentes a INH que apresentassem como
mecanismo de resisténcia mutacbes no gene katG. Entretanto, quando testado
frente a essas cepas resistentes (carregando mutacdes no gene katG), o 1QG-607
nao foi efetivo. Além disso, por meio de estudos de genética molecular utilizando
cepas de Mtb portando o alelo codificante da KatG selvagem ou de uma variante
contendo a mutagcdo S315T, foi comprovada a necessidade da KatG ativa no Mtb
para que o 1QG-607 exercesse seu efeito antimicrobiano. Esses achados sugeriram
que, ao contrario da proposta inicial, o IQG-607 poderia ser um substrato alternativo

para a enzima KatG. Por isso, a importancia de um estudo para avaliar in vitro se o



o1

IQG-607 pode ser utilizado como substrato pela KatG para a producédo de adutos
contendo NAD+, de forma anéloga a INH.

Os resultados obtidos nesse trabalho ndo sdo compativeis com um modelo de
acao no qual o IQG-607 se comporte como um pro-farmaco. Em todas as condi¢cbes
experimentais testadas, uma forma recombinante produzida da enzima MtKatG néo
foi capaz de catalisar a sintese de adutos contendo NAD* a partir desse composto, e
tampouco a formacédo de produtos de oxidacdo. Experimentos controle foram
realizados com INH, possibilitando validar os ensaios enzimaticos e demonstrar que
as preparacdes obtidas da enzima eram ativas. Esses resultados sustentam um
modelo alternativo para a acdo do composto. Sugere-se que o IQG-607 possa atuar
como um pré-profarmaco, liberando a porcdo INH no interior do bacilo. Uma vez
liberada, a INH atuaria como um pro-farmaco pelo mecanismo de acdo ja
caracterizado, que envolve uma etapa de ativacéo pela KatG.

Com esse trabalho foi possivel responder uma pergunta pendente em relacéo ao
mecanismo de acdo do 1QG-607 e aprofundar ainda mais os estudos analiticos
dessa molécula. O método analitico utilizando cromatografia liquida para
identificacdo do aduto INH-NAD e um possivel IQG-NAD, assim como observar se a
oxidacao dessa molécula ocorreria na presenca da enzima, comprovando ou nao ser
um substrato, foram passos fundamentais para entendimento do mecanismo in vitro
do 1QG-607 e da KatG. Estes dados poderdo servir como suporte para estudos de
identificacdo do aduto INH-NAD dentro de células de Mtb, visando entender
possiveis metabdlitos formados dentro do bacilo. O método analitico utilizado
durante esse trabalho pode ser otimizado para explorar essas diferentes abordagens
num estudo mais avancado para o entendimento desse candidato a farmaco.

Novos experimentos deverdo ser realizados para avaliar o0 mecanismo de
acao proposto. Se de fato o composto atua como um pré-profarmaco, espera-se que
a administracao de IQG-607 em culturas de bacilos Mtb deva resultar na formacéo
intracelular do aduto INH-NAD a partir da INH liberada desse composto. A deteccao
desse aduto nos extratos celulares ndo é trivial, ndo tendo sido reportada na

literatura.
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Abstract

BACKGROUMD: This study investigated the use of core-shell biocatalysts, synthesized using recombinant lipase B from Candida
antarctica {CALB), for the production of isopropyl palmitate and the optimization of this biocatalytic route.

RESULTS: Initially, three distinct core—shell biocatalysts, were evaluated for the production of isopropyl palmitate and the
CALB-P{S-co-DVB)/P{S-co-DVB) biocatalyst (biocatalyst made of polystyrene-co-divinylbenzene core—shell particles) was the
most suitable biocatalyst for this purpose. The effect of organic solvents — n-hexane, isooctane, n-heptane and cyclohexane - in
the ester conversion was evaluated, and the most suitable solvent was the isooctane. The optimal reaction conditions were
pursued conducting an optimization statistical analysis. The most suitable reaction conditions were identified: reaction
temperature, 55°C; substrate molar ratio, 1:1.42 (palmitic acid: isopropyl alcohol); biccatalyst content, 24% w/w. Finally, the
reuse of the biocatalyst was evaluated and the relative enzymatic activity remained up to 50% after the fourth cycle.

CONCLUSION: Results were compared with commercial biocatalyst and the home-made enzymatic biocatalyst
[CALE-P{5-co-DVB/P5-co-DVE) showed promise for application in the synthesis of isopropyl palmitate. The optimization
study improved reaction conversion from 30% to 78%. The home-made biocatalysts exhibited better performance for the
synthesis of isopropyl palmitate compared with the commercial Movozym 435, using the same enzymatic activity.

© 2018 Society of Chemical Industry

Keywords: iscpropyl palmitate; biocatalyst route; home-made biocatalyst; optimization
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ABSTRACT

Keywords:
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We describe the development of cross-linked enzyme aggregates (CLEA) of dextransucrase of Lenconostoc me-
senteroides B-512 F. Treatments of enzyme preparation using dextranase were evaluated varying incubation time
to remove the dextran layer involving the enzyme molecule, turning it suitable for immobilization. Resulis
showed 21 days of treatment as the best outcome. Subsequently, we tested different water-miscible organic
solvents a&s precipitants, the resction and centrifugation rimes, and the concentration of cross-linker agent
(glutaraldehyde) in the preparation of CLEA. Optimal conditions were: the use of isopropancl as solvent, 30 min
of centrifugation time, 3 h of cross-linking time, and 100 mM of glutaraldehyde. A central compaosite design was
carried out to optimize conditions to obtain the highest enzymatic activity, testing the pH (3.0-7.0) and tem-
perature (20 "C-60 "C). Results showed that dextransucrase CLEA operate at optimal pH of 3.0 and temperature
of 60°C. The operational stability of the immobilized biocatalyst showed up to 30% of residual activity after 10
cycles of reuse, in a solution of 100 mM of sucrose and 600 mM of maltose. The preparation of dextransucrase
CLEA is described for the first time and results suggest that this novel immobilized biocatalyst has potential in
many industrial applications.
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ARTICLE INFO ABSTRACT

Keywords: Transglutaminases (TGases) are a class of transferases widely used in the food and biotechnology industries. In
Transglutaminas: this work, we describe the production of recombinant Bacillus amyloliguefaciens TGase in Escherichia coli, ob-
Microbial transglutaminase taining the protein in its soluble and active form. In order to reduce TGase activity inside host cells and con-

Protein cross-linking
Food enzymes
Baciltas amyloliguefaciens

sequently its toxicity, we constructed a bicistronic plasmid containing the B amyloliquefaciens TGase gene fused
to the inhibitory Sreptomyces caniferus prodomain. To make the enzyme active and avoid the need of prodomain
remaval in viro, we also cloned the 3C protease gene into the same plasmid. After a fast single-step purification
protocol, we obtained a partially purified recombinant TGase with 37 mill/mg protein activity, that crosslinked
bowvine serum albumin (BSA). This is the first report on the expression of B. amyloliguefaciens TGase in E coli in
its mature and active form.
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