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RESUMO

A leishmaniose é um complexo de doencas com ampla diversidade epidemioldgica e
clinica causada por protozoarios parasitas pertencentes ao género Leishmania. A
fosforilacdo de proteinas € uma das modificagbes pos-traducionais mais estudadas, que
esta envolvida em diferentes eventos celulares em Leishmania. Na primeira parte desse
estudo, nés realizamos uma analise fosfoprotebmica comparativa de linhagens de L.
braziliensis sensivel e resistente ao antiménio trivalente (Sb"), utilizando eletroforese em
gel diferencial bidimensional (2D-DIGE) seguida por espectrometria de massas. Para
investigar a abundancia diferencial de fosfoproteinas associada com resposta ao
estresse induzido & droga e mecanismos de resisténcia ao Sb", nés comparamos
amostras nao tratadas e tratadas com Sb" de cada linhagem. Andlises comparativas
revelaram um total de 116 spots que apresentaram diferengca estatisticamente
significativa na abundancia de fosfoproteinas, incluindo 11 e 34 spots especificamente
correlacionados com estresse devido ao tratamento com a droga e resisténcia ao Sh",
respectivamente. Foram identificadas 48 proteinas diferentes distribuidas em sete
categorias de processos biolégicos. A categoria “enovelamento de proteinas/chaperonas
e resposta ao estresse” esta envolvida principalmente em resposta ao estresse com
Sb", enquanto que as categorias “antioxidante/detoxificacdo”, “processos metabdlicos”,
“processamento de RNA/DNA” e “biossintese de proteinas” estdo moduladas no caso de
resisténcia a droga. Alinhamentos de sequéncias multiplas foram realizados para validar
a conservacao de residuos fosforilados em nove proteinas identificadas nesse estudo.
Ensaios de Western blot foram conduzidos para validar a andlise quantitativa do
fosfoproteoma. Os resultados mostraram niveis de expressdo diferencial de trés
fosfoproteinas nas linhagens analisadas. Na segunda parte desse estudo, andlises de
Western blot demonstraram que as proteinas nucleosideo difosfato quinase b (NDKb) e
fator de elongacdo 2 (EF2) estdo mais e menos expressas, respectivamente, na
linhagem de L. braziliensis resistente ao Sh", corroborando nossos dados anteriores do
fosfoproteoma. NDKb é responsavel pela sintese de nucleosideos trifosfatos e tem
papel chave no metabolismo de purina em protozodrios tripanossomatideos. EF2 é um
importante fator para sintese de proteinas. A superexpressdo dos genes NDKb e EF2
nas espécies L. braziliensis e L. infantum foi realizada para investigar a contribuicéo
destas proteinas no fenétipo de resisténcia ao Sb". As linhagens de L. braziliensis
superexpressoras de NDKb ou EF2 foram 1,6 a 2,1 vezes mais resistentes ao Sh"' do
que a linhagem sensivel ndo transfectada. Em contraste, nenhuma diferenca na
susceptibilidade ao Sbh" foi observada em L. infantum superexpressora de NDKb ou
EF2. Ensaios de susceptibilidade mostraram que as linhagens de L. braziliensis
superexpressoras de NDKb apresentaram elevada resisténcia a lamivudina, um agente
antiviral, mas esta droga n&o alterou a atividade leishmanicida em associacéo com Sh".
O clone de L. braziliensis superexpressor de EF2 foi 1,2 vezes mais resistente ao
inibidor da quinase de EF2 do que a linhagem sensivel. Surpreendentemente, este
inibidor aumentou o efeito leishmanicida do Sbh", sugerindo que esta associacdo pode
ser uma estratégia valiosa para a quimioterapia das leishmanioses. Portanto, esse novo
estudo nos permitiu determinar o perfil do fosfoproteoma de L. braziliensis, identificando
alguns candidatos potenciais para redes bioquimicas ou de sinalizagdo associadas com
o fendtipo de resisténcia ao Sb" neste parasito. Além disso, nossos resultados
representam o primeiro estudo de superexpressdao dos genes NDKb e EF2 que
demonstra um aumento de resisténcia ao Sb" em L. braziliensis, o que pode contribuir
para o desenvolvimento de novas estratégias para o tratamento das leishmanioses.

Palavras-chave: Leishmania spp., resisténcia ao antiménio, andlise fosfoprotedbmica,
nucleosideo difosfato quinase b, fator de elongagéo 2.



ABSTRACT

Leishmaniasis is a disease complex with wide epidemiological and clinical diversity
caused by protozoan parasites belonging to the genus Leishmania. Protein
phosphorylation is one of the most studied post-translational modifications that is
involved in different cellular events in Leishmania. In the first part of this study, we
performed a comparative phosphoproteomics analysis of antimony (Sb")-resistant
and -susceptible lines of L. braziliensis using a 2D-DIGE (two dimensional differential
gel electrophoresis) approach followed by mass spectrometry. In order to investigate
the differential phosphoprotein abundance associated with the drug-induced stress
response and Sb"-resistance mechanisms, we compared non-treated and Sb'"-
treated samples of each line. Pair wise comparisons revealed a total of 116 spots
that showed a statistically significant difference in phosphoprotein abundance,
including 11 and 34 spots specifically correlated with drug treatment and resistance,
respectively. We identified 48 different proteins distributed into seven biological
process categories. The category “protein folding/chaperones and stress response”
is mainly implicated in response to Sb" treatment, while the categories
“antioxidant/detoxification”, “metabolic process”, “RNA/DNA processing” and “protein
biosynthesis” are modulated in the case of antimony resistance. Multiple sequence
alignments were performed to validate the conservation of phosphorylated residues
in nine proteins identified here. Western blot assays were carried out to validate the
guantitative phosphoproteome analysis. The results revealed differential expression
level of three phosphoproteins in the lines analyzed. In the second part of this study,
Western blot analysis demonstrated that nucleoside diphosphate kinase b (NDKb)
and elongation factor 2 (EF2) proteins are more and less expressed, respectively, in
Sb"-resistant line of L. braziliensis, corroborating our previous phosphoproteomic
data. NDKb is responsible for nucleoside triphosphates synthesis and it has key role
in the purine metabolism in trypanosomatid protozoa. EF2 is an important factor for
protein synthesis. Overexpression of NDKb and EF2 genes in L. braziliensis and L.
infantum species was performed to investigate the contribution of these proteins in
Sh"-resistance phenotype. NDKb or EF2-overexpressing L. braziliensis lines were
1.6 to 2.1-fold more resistant to Sb" than the untransfected wild-type line (WTS). In
contrast, no difference in Sh"' susceptibility was observed in L. infantum parasites
overexpressing NDKb or EF2. Susceptibility assays showed that NDKb-
overexpressing L. braziliensis lines presented elevated resistance to lamivudine, an
antiviral agent, but it did not alter the leishmanicidal activity in association with Sb"".
EF2-overexpressing L. braziliensis clone was 1.2-fold more resistant to EF2 kinase
inhibitor than the WTS line. Surprisingly, this inhibitor increased the antileishmanial
effect of Sb", suggesting that this association might be a valuable strategy for
leishmaniasis chemotherapy. Therefore, this novel study allowed us to profile the L.
braziliensis phosphoproteome, identifying several potential candidates for
biochemical or signaling networks associated with antimony resistance phenotype in
this parasite. Furthermore, our findings represent the first study of NDKb and EF2
genes overexpression that demonstrates an increase of Sbh"' resistance in L.
braziliensis which can contribute to develop new strategies for leishmaniasis
treatment.

Keywords: Leishmania spp., antimony resistance, phosphoproteomic analysis,
nucleoside diphosphate kinase b, elongation factor 2.
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1 INTRODUCAO

1.1 Epidemiologia e formas clinicas das leishmanioses

As leishmanioses representam um grupo de doencas causadas por diferentes
espécies de protozoarios parasitas do género Leishmania (Ordem Kinetoplastida;
Familia Trypanosomatidae). Os protozoarios dessa familia sdo organismos
unicelulares flagelados que apresentam o cinetoplasto, que consiste no DNA
mitocondrial ou DNA do cinetoplasto (kDNA), presente na mitocondria Unica desses
parasitos. O cinetoplasto esta situado proximo a base do flagelo e ele € composto
por maxicirculos e minicirculos de DNA concatenados e, assim como mitocéndrias
de outros eucariotos, o KDNA contém sequéncias de RNA ribossomal e de
componentes de complexos respiratorios (Balafia-Fouce et al., 1998).

As leishmanioses tém sido consideradas como uma das doencas mais
negligenciadas, ocupando o segundo lugar em mortalidade e o quarto lugar em
morbidade entre as infeccdes tropicais (Bern et al., 2008). Elas sdo um problema de
salde publica em muitos paises em desenvolvimento, principalmente na Africa,
Asia, Mediterraneo, América Latina e Oriente Médio (WHO, 2016). Atualmente,
estima-se que 12 milhdes de individuos estejam infectados com Leishmania, e que
mais de 350 milhBes de pessoas vivam em areas de risco de infeccdo da doenca
(Alvar et al., 2012). As leishmanioses sdo endémicas em 98 paises, com cerca de
700.000 a 1 milhdo de novos casos notificados a cada ano, e uma estimativa de
20.000 a 30.000 mortes anuais (WHO, 2017).

No Brasil, o Ministério da Saude (MS) estima que, anualmente, cerca de trés
mil individuos sejam infectados pela doenca. Entre 1992 e 2011, o pais respondeu
por 90% das 600 mil ocorréncias registradas em toda a América Latina. Entre 2000 e
2011, foram registradas mais de 2,7 mil mortes por leishmanioses no Brasil. Os
maiores indices de mortalidade foram registrados nos estados do Para, Tocantins,
Maranhdo, Piaui, Ceara, Sdo Paulo, Bahia e em Minas Gerais. Atualmente, ha casos
da doenca nas 27 Unidades da Federacédo (Agéncia Brasil, 2013).

O género Leishmania compreende cerca de 30 espécies de protozoarios
morfologicamente semelhantes, entre as quais 21 s&o capazes de infectar humanos. As
trés formas principais da doenca sdo: cutanea, mucocutanea e visceral (Fig. 1)

(WHO, 2017). Essas manifestagbes clinicas abrangem uma diversidade de sinais,
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sintomas, dependem de fatores genéticos e da resposta imune do hospedeiro e
estdo relacionadas a espécie do parasito, diferindo em distribuicdo geogréfica,
hospedeiros e vetores envolvidos, taxas de incidéncia e de mortalidade (Ashford et
al., 1992; Herwaldt, 1999; Murray et al., 2005; Reithinger, 2007).

A B C

Figura 1 — Principais formas clinicas da doenca: cutéanea (A), mucocutanea (B) e visceral (C) (Google
Imagens).

A leishmaniose cuténea (LC) é a forma mais comum e menos grave da
doenca. E caracterizada por lesdes na pele das partes expostas do corpo, como
face, bracos e pernas, que se evoluem ao longo de semanas a meses, podendo
deixar cicatrizes permanentes (Fig. 1A). LC pode ser causada por diversas espécies
de Leishmania, como L. major, L. tropica e L. aethiopica no Velho Mundo, e L.
mexicana, L. amazonensis, L. guyanensis, L. panamensis, L. braziliensis e L.
peruviana no Novo Mundo (Reithinger, 2007; Goto & Lauletta Lindoso, 2012).

A LC é mais amplamente distribuida, sendo que 95% dos casos ocorrem nas
Ameéricas, na bacia do Mediterraneo, no Oriente Médio e na Asia Central (WHO,
2017). Afeganistdo, Argélia, Colébmbia, Brasil, Ird e Siria sdo 0s paises com maior
namero de casos da doenga, respondendo por cerca de 70 a 75% da incidéncia
global estimada de LC (Fig. 2A). Estima-se que 0,6 a 1 milhdo de novos casos de LC
ocorram anualmente em todo o mundo (WHO, 2017).

A leishmaniose mucocutanea (LMC) resulta na destruicdo parcial ou total das
membranas mucosas do nariz, boca e garganta (Fig. 1B). E causada por L.
braziliensis e L. panamensis, com cerca de 90% dos casos relatados no Brasil, Peru,
Etiopia e Bolivia (WHO, 2017).
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A leishmaniose visceral (LV), também conhecida como calazar, é a forma
mais grave da doenca, que pode ser letal se nao for tratada. Caracteriza-se por
febre irregular, fraqueza, anorexia, substancial perda de peso, anemia e
hepatoesplenomegalia (Fig. 1C). No Velho Mundo, é causada por L. donovani e L.
infantum (conhecida como L. chagasi no Novo Mundo) (Salam et al., 2014).

A LV é altamente endémica no subcontinente indiano e no leste da Africa.
Estima-se que 50.000 a 90.000 novos casos da doenca ocorram mundialmente a
cada ano. Em 2015, mais de 90% dos novos casos relatados ocorreram na india,
Somalia, Sudao, Sul do Sudéo, Etidpia, Brasil e Quénia (Fig. 2B) (WHO, 2017). No
Brasil, a ocorréncia de LV era inicialmente limitada a areas rurais e pequenas
localidades urbanas, todavia nas Ultimas décadas houve uma expansado para 0S
grandes centros urbanos, tornando um grande problema de saude publica em todo o
pais (WHO, 2010; Harhay et al., 2011).

Durante o periodo de 2001 a 2014 foi relatado um total de 797.849 casos
novos de LC e LMC com média anual de 56.989 distribuidos em 17 dos 18 paises
endémicos das Américas (OPAS/OMS, 2016). Nesse mesmo periodo, foram
registrados 48.720 casos de LV com média anual de 3.480 casos, sendo a maioria
deles (46.976) concentrados no Brasil. Em 2014, foram confirmados 19.402, 3.453 e
1.016 casos de LC, LV e LMC no Brasil, respectivamente (OPAS/OMS, 2016).

1.2 Morfologia e ciclo biolégico de Leishmania

O parasito possui duas formas morfolégicas e bioguimicamente distintas:
amastigota e promastigota. As formas amastigotas (Fig. 3A) sdo arredondadas, sem
flagelo aparente, que infectam e se multiplicam em células do sistema mononuclear
fagocitario do hospedeiro vertebrado. As formas promastigotas (Fig. 3B) sao
alongadas, flageladas, moveis e vivem no limen do tubo digestivo do flebotomineo
(Balafa-Fouce et al., 1998).

Os parasitos do género Leishmania possuem um ciclo de vida digenético ou
heteroxénico, cujas formas de desenvolvimento alternam-se entre hospedeiros
invertebrados e mamiferos. Os hospedeiros invertebrados (insetos vetores) sao
fémeas da Ordem Diptera, familia Psychodidae, subfamilia Phlebotominae, género
Lutzomyia (Novo Mundo) e Phlebotomus (Velho Mundo) (Bates, 1994).
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Figura 2 — Endemicidade mundial de leishmaniose cutanea (A) e de leishmaniose visceral (B) em

2013 (WHO, 2017).

Figura 3 — Formas amastigotas (A) e promastigotas (B) de Leishmania spp. (Google Imagens).
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O ciclo de vida do parasito inicia-se quando um flebotomineo infectado com
Leishmania spp. pica um humano ou outro hospedeiro mamifero para alimentar-se
de sangue. Durante a picada, o inseto injeta a saliva que impede a coagulacéo
sanguinea (Ribeiro et al., 1986). Apds a ingestdo de sangue, as formas
promastigotas metaciclicas séo liberadas e entram na pele do hospedeiro através de
regurgitagdo (Turco & Descoteaux, 1992). A saliva do inseto contém fatores
guimicos que potencializam o poder infectivo do parasito e induzem uma rapida
infiltracdo de neutrofilos e recrutamento substancial de macréfagos para o local da
picada (Peters et al., 2008). Outros tipos celulares, como células de Langerhans e
fibroblastos também podem ser infectados (Peters et al., 2008). A interacdo com as
células do hospedeiro, principalmente neutrofilos e macrofagos, envolve
reconhecimento e adesédo, seguida por sinalizacdo e invasdo (Handman & Bullen,
2002). Os neutrofilos desempenham um papel importante, atuando como um
“Cavalo de Troia” (Peters et al., 2008). Isso significa que, ao entrar em apoptose, 0s
neutréfilos infectados induzem o recrutamento de monécitos, o que leva o0s
neutréfilos apoptoéticos a serem fagocitados e a entrada “silenciosa” dos parasitos
nos macroéfagos. Estes, por sua vez, sdo importantes para o estabelecimento final e
amplificacdo da infeccdo. A adesdo do parasito a superficie da célula hospedeira
envolve o reconhecimento de moléculas expostas na superficie do parasito, como
lipofosfoglicanos (Turco & Descoteaux, 1992) e a glicoproteina gp63 (Russell &
Wilhelm, 1986). Estas moléculas ligam-se a diferentes receptores encontrados na
superficie dos macréfagos, como receptores do complemento (CR1 e CR3),
receptores de manose e receptores de fibronectina (Ueno & Wilson, 2012). Dessa
maneira, 0 parasito € internalizado em um vacuolo parasitéforo (bolsa que abriga o
parasito no interior de macrofagos), que a seguir funde-se com lisossomo, formando
o fagolisossomo. Entretanto, as formas promastigotas metaciclicas podem retardar a
formacéo do fagolisossomo, e a protease gp63 pode atuar degradando as enzimas
lisossomais. Assim, as formas promastigotas metaciclicas transformam-se em
amastigotas, que se multiplicam intensamente (Stuart et al., 2008). Posteriormente,
ocorre 0 rompimento da membrana da célula e a liberacdo das formas amastigotas,
as quais podem invadir novas ceélulas ou serem ingeridas por uma nova fémea de
flebotomineo durante o seu repasto sanguineo. E importante ressaltar que para

espécies dermotropicas de Leishmania, a lesdo permanece na pele, mas para
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Leishmania viscerotrépica, o parasito dissemina-se a partir do sitio da infeccéo inicial
da pele para o figado, baco e medula 6ssea (Ponte-Sucre, 2003).

Quando um novo flebotomineo pica um hospedeiro vertebrado infectado, ele
ingere sangue contendo macrofagos parasitados por amastigotas de Leishmania. A
refeicdo sanguinea € digerida no intestino médio do inseto. Neste novo ambiente, as
formas amastigotas sdo agrupadas e envolvidas por uma estrutura chamada de
matriz peritréfica, que protege contra a acdo de enzimas digestivas (Pimenta et al.,
1997; Secundino et al., 2005). Posteriormente, ocorre o rompimento dos macréfagos
e a liberagcdo dos parasitos, que se diferenciam em promastigotas prociclicas. Estas
formas se reproduzem por divisdo binaria e tornam-se ligadas as microvilosidades
do epitélio do intestino médio. Esta adesdo ocorre predominantemente em toda a
regido do flagelo e envolve a participacdo de um lipofosfoglicano exposto na
superficie da promastigota (Pimenta et al., 1992). Quando os parasitos desprendem-
se do epitélio, as formas promastigotas migram para a valvula estomodeu localizada
no intestino médio anterior, onde se concentram e reiniciam a divisdo celular
(Gossage et al., 2003). Estes parasitos sao responsaveis pela producdo e secrecao
de um gel que atua como um tampdo de obstrucdo do intestino médio e faringe do
vetor (Rogers et al., 2002; Rogers, 2012). Durante esta etapa, 0s parasitos
diferenciam-se em formas promastigotas metaciclicas infectantes, que estardo
prontas para infectar um novo hospedeiro vertebrado (Fig. 4). E importante destacar
que o0s parasitos pertencentes ao subgénero Leishmania desenvolvem-se no
intestino anterior e médio do vetor, enquanto que os parasitos do subgénero Viannia

desenvolvem-se no intestino posterior do flebotomineo (Lainson et al., 1987).

1.3 Tratamento das leishmanioses

A auséncia de vacinas de uso humano e programas eficazes de controle
vetorial faz com que a quimioterapia seja uma das principais medidas utilizadas para
controlar todas as formas da doenca. Todavia, a alta toxicidade e os efeitos
colaterais adversos dos farmacos utilizados no tratamento clinico, a possibilidade de
surgimento de parasitos resistentes as drogas e a limitada opcao de medicamentos
sdo o0s principais desafios relacionados ao tratamento quimioterapico das

leishmanioses (Murray, 2010).
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Estagios no inseto

Figura 4 — Ciclo de vida de Leishmania spp. A fémea de flebotomineo pica um mamifero infectado
durante o repasto sanguineo (1). Macréfagos infectados com formas amastigotas (2). Forma
amastigota (3). Amastigotas transformam-se em formas promastigotas prociclicas (4), que se
multiplicam no intestino médio do vetor (5). Promastigotas migram em direcdo a valvula estomodeu
no intestino médio anterior e a divisdo celular reinicia (6). Promastigotas transformam-se em formas
promastigotas metaciclicas infectantes (7). A fémea libera estas formas em um novo hospedeiro
vertebrado através da regurgitagdo durante o repasto sanguineo (8). Promastigotas metaciclicos (9)
infectam macréfagos (10). Promastigotas metaciclicos transformam-se em amastigotas (11).
Amastigotas aderem-se & membrana do vacuolo parasitéforo (12) e multiplicam-se dentro dele (13).
Multiplicacdo intensa de amastigotas (14), que séo liberados da célula (15). Forma amastigota (16)
que pode infectar novos macréfagos (17). Na porcdo central da figura, estdo representados os
reservatorios mais importantes envolvidos na manutencdo do parasito (Adaptado de Teixeira et al.,
2013).
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No Brasil, o tratamento de primeira escolha para todas as formas da doenca é
a administracdo de compostos contendo o antiménio pentavalente (SbY). Os paises
da América Latina, lingua francesa e espanhola comercializam o antimoniato de N-
metilglucamina (Glucantime®), e os de lingua inglesa, o estibogluconato de sédio
(Pentostam®) (Berman, 1988; Rath, 2003). Apesar dos efeitos colaterais como
arritmias cardiacas e problemas renais, estes farmacos tém sido utilizados por vérias
décadas em diversos paises (Herwaldt, 1999). De acordo com o MS, no Brasil, as
dosagens recomendadas para o tratamento da doenca variam de 10 a 20 mg de
SbV/kg/dia com aplicacdo por via parenteral, intramuscular ou endovenosa, por no
minimo 20 dias e no méaximo 40 dias (Brasil, 2010, 2014). Entretanto, baixas
dosagens ou descontinuidade do tratamento sdo as principais causas do aumento
de recidivas e casos de resisténcia do parasito a essas drogas (Oliveira et al., 2011).

A anfotericina B e a pentamidina sdo os farmacos de segunda escolha
utilizados no tratamento da doenca em nosso pais. A anfotericina B é um antibiotico
poliénico com agdo antifungica, que foi introduzido na terapia anti-Leishmania a
partir de 1960. Este farmaco liga-se aos esterdis levando a formacdo de poros na
membrana e alteracdo na permeabilidade a ions, que por sua vez, promovem sua
desorganizacdo e despolarizagcdo, causando a morte do parasito (Ramos et al.,
1994; Azas et al., 2001). Esse medicamento tem sido considerado 0 mais potente
disponivel comercialmente, com acdo nas formas promastigotas e amastigotas do
parasito, tanto in vitro quanto in vivo (Brasil, 2014). Em areas onde ha altos niveis de
resisténcia ao Sh", como na india, a anfotericina B tem sido utilizada como primeira
escolha no tratamento. Formulacdes lipidicas desse farmaco tém sido propostas
como alternativa para diminuir a toxicidade do desoxicolato sédico de anfotericina B.
Atualmente, as seguintes formulagdes tornaram-se disponiveis no mercado:
anfotericina B lipossomal e anfotericina B dispersao coloidal (Brasil, 2014). Todavia,
a anfotericina B lipossomal tem custo elevado, impossibilitando o seu uso na rotina
dos servigos de saude no Brasil. Ela tem sido indicada aos pacientes graves de LV,
gue desenvolveram insuficiéncia renal ou toxicidade cardiaca durante o uso do
Glucantime® e de outras drogas que ndo resultaram em melhora ou cura clinica
(Brasil, 2014).

A pentamidina, uma diamidina aromatica, tem sido utilizada na quimioterapia
das leishmanioses h4 mais de 40 anos. Os mecanismos antimicrobianos da

pentamidina ndo sao totalmente conhecidos, mas sabe-se que a droga interfere na
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biossintese de macromoléculas como DNA, RNA, fosfolipideos e proteinas (Mcgwire
& Satoskar, 2014). A consideravel toxicidade desse farmaco e os principais efeitos
adversos, como nefrotoxicidade, taquicardia e outras arritmias, hipoglicemia, dentre
outros, tem restringido o seu uso (Singh et al., 2012).

A miltefosina oral, originalmente desenvolvida como um agente
antineoplasico, apresenta atividade contra a membrana de Leishmania (Croft et al.,
2006). Este medicamento tem apresentado resultados promissores no tratamento do
calazar indiano (Brasil, 2014), sendo considerado como de primeira escolha na india
e também na Colémbia. O mecanismo de acdo da miltefosina ndo é conhecido com
precisdo, mas acredita-se que esta associado a inducdo de apoptose e disturbios
nas vias de sinalizacdo celular dependente de lipideos (Dorlo et al., 2012). Esse
farmaco parece ser mais ativo contra algumas espécies de Leishmania, entretanto
sua eficacia é varidvel dependendo das areas geogréficas, inclusive para a mesma
espécie (Gonzalez et al., 2008). Morais-Teixeira et al. (2011) mostraram que
miltefosina apresentou menor atividade em espécies de Leishmania do Novo Mundo
qgquando comparado com L. donovani. Um estudo de gendmica comparativa entre
isolados de L. chagasi (L. infantum) demonstrou a delecdo de um locus no
cromossomo 31 (MSL - locus de sensibilidade a miltefosina), que estava fortemente
associado com falha ao tratamento com miltefosina em pacientes com LV no Brasil
(Carnielli et al., 2016).

A paromomicina, um antibiético aminoglicosideo, foi introduzido na
quimioterapia das leishmanioses a partir de 2006, na forma de sulfato de
paromomicina (Wiwanitkit, 2012). Este farmaco age na sintese de RNA e modifica
lipideos polares da membrana, afetando a sua fluidez e permeabilidade (Maarouf et
al., 1997).

O Quadro 1 mostra os mecanismos de acdo, o0 modo de administracdo e 0s
efeitos colaterais dos principais farmacos utilizados no tratamento das
leishmanioses. E importante ressaltar que a eficacia dessas drogas depende do
estado imunolégico do hospedeiro, das diferencgas intrinsecas dos parasitos quanto
a sensibilidade aos farmacos e das propriedades farmacocinéticas das drogas (Kaur
& Rajput, 2014). A figura 5 mostra a estrutura quimica de alguns farmacos utilizados

no tratamento da doenca.
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QUADRO 1 - Farmacos utilizados no tratamento das leishmanioses

i . Modo de _ _
Farmaco Modo de acgéo o . Efeitos colaterais
administracéo
Dor abdominal,
_ o Inibicdo da glicolise e eritema, nauseas,
Antimoniais L o Intramuscular ou o i
oxidacdo de acidos toxicidade (hepatica,
pentavalentes Endovenosa .
graxos pancreas, renal,
muscular, leucopenia)
Ligacdo aos esterdis da i
) Febre, nduseas,
membrana do parasito e ) ]
o anorexia, leucopenia,
Anfotericina B mudanga na sua Endovenosa
. ) falha renal, problemas
permeabilidade seletiva i
. e cardiacos
para K" e Mg
Interfere na sintese de Dores, nduseas,
o DNA e modifica a Parenteral vOmitos, tonturas,
Pentamidina ] o .
morfologia do Intramuscular mialgia, hipertensao,
cinetoplasto dor de cabeca
Associada com a
biossintese de Nauseas, vomitos,
Miltefosina fosfolipideos e Oral diarreia, creatinina

metabolismo alquil-

lipidico em Leishmania

elevada

Paromomicina

Inibicdo da biossintese

de proteinas

Topico para LC

Parenteral para LV

Eritema, dores,
edema, danos ao

ouvido interno

Fonte: Revisado por Kaur & Rajput (2014).

1.4 Mecanismos de a¢cdo dos antimoniais

Antimoniais pentavalentes (Sb") séo pré-drogas que necessitam de reducéo

biolégica para a forma trivalente (Sbh"

) para terem atividade leishmanicida.
Entretanto, o local desta reducéo, se dentro do parasito (forma amastigota) ou no
macrofago, e o mecanismo de reducao (enzimatico ou ndo enzimatico) permanecem
com resultados controversos na literatura (Shaked-Mishan et al., 2001).

Alguns estudos tém relatado que amastigotas axénicos, cultivados na
auséncia de macréfagos, sdo susceptiveis ao SbY, enquanto em promastigotas este

composto ndo é ativo, sugerindo que alguma reducdo ocorre nas formas
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amastigotas do parasito (Callahan et al., 1997; Ephros et al., 1997; Ephros et al.,
1999; Goyard et al., 2003). Por outro lado, outros estudos sugerem que a redugao
dessa pro-droga acontece somente no interior dos macréfagos (Roberts & Rainey,
1993; Sereno et al., 1998).

CH 2NHCH3 CH ZOH
| |

GHoOH [HOH HCO ocC
HCOH HCOH S O
i | | Sb |
HCO_ OH O _OCH HCO~~  ™NOCH
HEO L otH  aNa’ ' '
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HCO H | |
oo &oor HCOH HCOH
| |
Estibogluconato de soédio (Pentostam) CH ZOH CH ZNHCH3

N-metilglucamina (Glucantime)

Pentamidina

1
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Miltefosina

OH
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Figura 5 — Estrutura quimica dos farmacos utilizados no tratamento das leishmanioses (Adaptado de
Croft et al., 2006; Santos et al., 2008).

O mecanismo pelo qual amastigotas reduzem Sb" em Sb" n&o é claro. Tanto
glutationa quanto tripanotiona podem reduzir ndo enzimaticamente Sb" a Sb" sob
condi¢cbes acidas (Ouellette et al., 1991; Frézard et al., 2001; Santos Ferreira et al.,
2003; Yan et al., 2003a; Yan et al., 2003b). Entretanto, a relevancia fisiologica
dessas observagfes € uma questdo a ser investigada devido ao fato das taxas de
reducdo serem bastante lentas. Aléem disso, promastigotas contém concentracdes
intracelulares maiores de tripanotiona e glutationa do que amastigotas
(Ariyanayagam e Fairlamb, 2001; Wyllie et al.,, 2004) e ambos estagios mantém

valores intracelulares de pH préximos a neutralidade, independentemente do pH
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externo (Glaser et al., 1988). Assim, é dificil explicar a acdo seletiva de Sb" contra o
estagio amastigota por um mecanismo ndo enzimético. Como ambos 0s estagios
podem absorver SbY e Sb", a insensibilidade de promastigotas ao Sb" ndo pode ser
atribuida a excluséo da droga (Brochu et al., 2003).

Sb" é capaz de entrar em formas amastigotas e promastigotas de
Leishmania, entretanto as rotas de entrada de Sb" e SbY diferem (Brochu et al.,
2003). Estudos mostram que Sb" entra em Leishmania através de uma
aguagliceroporina denominada AQP1 (Gourbal et al.,, 2004). Para ser ativo contra
Leishmania, Sb¥ tem que entrar na célula hospedeira, atravessar a membrana
fagolisossomal e agir contra as formas amastigotas intracelulares (Shaked-Mishan et
al., 2001). Acredita-se que SbY entra no parasito através de uma proteina que
reconhece uma estrutura semelhante a um acucar compartilhado com gluconato
(Brochu et al., 2003).

E possivel que a reducdo de Sb¥ a Sb" ocorra tanto no hospedeiro quanto no
parasito. Em bactéria e levedura, a reducdo de metal é mediada por enzimas
(Rosen, 2002) e isso pode também acontecer em Leishmania. Uma enzima
especifica do parasito denominada redutase dependente de tiol 1 (TDR1), que
contém dominios com similaridades a émega glutationa transferase, mostrou-se
catalisar a conversdo de SbY a Sb", usando glutationa como um agente redutor
(Denton et al.,, 2004). Uma nova enzima antimoniato redutase 2 (ACR2) foi
caracterizada em Leishmania e mostrou-se reduzir Sb" e aumentar a sensibilidade
de células de Leishmania ao SbY (Zhou et al., 2004). Alternativamente, ha evidéncia
que um numero de tibis, incluindo tidis parasito-especificos tais como tripanotiona,
assim como tidis macréfagos-especificos tais como glicilcisteina, podem reduzir Sb¥
a Sb", ndo enzimaticamente (Fig. 6) (Santos Ferreira et al., 2003).

Estudos sugerem que o SbY inibe a biossintese de macromoléculas em
amastigotas atraves de perturbacdo do metabolismo energético, devido a inibicdo da
atividade glicolitica, oxidacdo de &cidos graxos e a fosforilagdo de ADP para a
formacado de ATP (Berman et al.,, 1985; Berman et al., 1987; Herwaldt, 1999).
Entretanto, os alvos especificos nestas vias ndo estdo bem identificados. Outros
estudos tém relatado apoptose em amastigotas tratados com Sb", envolvendo
fragmentacdo de DNA e exteriorizacdo de fosfatidilserina na superficie externa da
membrana plasmatica (Sereno et al., 2001; Sudhandiran & Shaha, 2003). Dados da

literatura sugerem a formacdo de complexos aquosos entre o ShY e
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ribonucleosideos, adenosina e adenosina monofosfato em compartimentos celulares
acidos, tais como o fagolisossomo do macréfago, interferindo no metabolismo da
Leishmania e podendo causar a morte do parasito (Demicheli et al., 2002). Além
disso, estudos sugerem que Sb"' causa distlrbios no potencial tiol redox do parasito,
através da ativacdo do efluxo de tripanotiona e glutationa, com a producdo de
espécies reativas de oxigénio (EROs), o que contribuiria para a morte do parasito,
uma vez que este se tornaria susceptivel ao estresse oxidativo (Wyllie et al., 2004;
Ashutosh et al., 2007).

1.5 Mecanismos de resisténcia aos antimoniais

A resisténcia a drogas, especialmente aos antimoniais, € um grave problema
associado & quimioterapia das leishmanioses em varios paises do mundo. Na india,
mais de 60% dos pacientes, os quais nédo foram tratados previamente, falharam ao
responder a terapia com antimoniais, devido a resisténcia natural (Sundar, 2001;
Thakur et al., 2004). Dessa maneira, 0 uso de antimoniais ndo tém sido
recomendado no tratamento das leishmanioses no subcontinente indiano (Guerin et
al., 2002; Matlashewski et al., 2011). Uma possivel explicacdo para o surgimento de
resisténcia nesta regido deve-se ao uso de arsénio na agua potavel (Perry et al.,
2011). Falhas no tratamento com antimoniais também tém sido relatadas no Brasil
(Oliveira Neto et al., 1997; Romero et al., 2001), Colémbia (Palacios et al., 2001) e
Peru (Arevalo et al., 2007). No Brasil, a ineficAcia do tratamento com Glucantime®
tem sido observada em 10 a 25% dos pacientes tratados (Rocha et al., 1980;
Marsden et al., 1984).

O fenbmeno de resisténcia de Leishmania aos antimoniais € complexo,
multifatorial e envolve diversas vias. Dessa maneira, muitos estudos tém sido
desenvolvidos para compreender melhor a bioquimica deste parasito e subsidiar o
entendimento dos possiveis mecanismos pelos quais o parasito adquire resisténcia.
Dados da literatura demonstram que 0s potenciais mecanismos de resisténcia aos
antimoniais em espécies de Leishmania incluem: (1) diminuicdo da absorcdo da
droga pela célula; (2) diminuicdo da ativacdo da droga; (3) inativacdo da droga; (4)
alteracdo do complexo alvo-droga; (5) sequestro da droga em compartimentos

intracelulares; (6) aumento do reparo de danos causados pela droga; (7) aumento da
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tolerancia a droga e (8) aumento da extrusdo da droga (Fig. 6) (Borst, 1991; Croft et
al., 2006; Singh, 2006).

Estudos experimentais de resisténcia ao antimbénio em Leishmania indicam
gue varios mecanismos devem ocorrer simultaneamente no mesmo parasito e que
diferentes mecanismos devem operar em isolados de campo comparados a
linhagens resistentes de Leishmania selecionadas em laboratério (Ouellette et al.,
2004; Croft et al.,, 2006; Decuypere et al.,, 2012). Por outro lado, algumas
caracteristicas observadas em estudos in vitro também tém sido demonstradas em
isolados de campo (Decuypere et al., 2005; Mukherjee et al., 2007; Kumar et al.,
2012; Berg et al.,, 2013; Kazemi-Rad et al., 2013; Rai et al.,, 2013). O Quadro 2
apresenta alguns genes frequentemente associados com o fenétipo de resisténcia
ao antiménio em diferentes mutantes de Leishmania spp. selecionados in vitro em

laboratorio ou em isolados clinicos e/ou de campo.
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Figura 6 — Mecanismos de acé8o e resisténcia aos antimoniais em Leishmania. Ativacdo (A),
diminuicdo da absorcdo (B), conjugacdo e sequestro (C), e efluxo (D). As setas azuis indicam a
provavel agdo da droga em linhagens sensiveis de Leishmania, enquanto as setas vermelhas
descrevem as provaveis rotas para obter a resisténcia, como observado nas linhagens resistentes do
parasito. Abreviaturas: SbY (antimdnio pentavalente); Sb" (antimdnio trivalente); AQP1
(aquagliceroporina 1); ACR2 (antimoniato redutase 2); TDR1 (redutase dependente de tiol 1); Cys
(cisteina); GSH (glutationa); T(SH), (tripanotiona); Sb-TS (complexo antimdnio-tiol); MRPA (proteina
de resisténcia a mdultiplas drogas A) (Adaptado de Kaur & Rajput, 2014).
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QUADRO 2 - Genes associados com o fendtipo de resisténcia ao antiménio em
mutantes de Leishmania spp. selecionados in vitro ou em isolados clinicos/campo

Resisténcia ao antimdnio

Gene Leishmania spp. ) Isolado Referéncia
In vitro .
clinico/campo
L. guyanensis X Anacleto et al. (2003)
_ El Fadili et al. (2005)
L. infantum X
Leprohon et al. (2009)
Mukherjee et al. (2007)
L. donovani X Kumar et al. (2012)
MRPA _
Rai et al. (2013)
) do Monte Neto et al. (2011)
L. amazonensis X .
Moreira et al. (2013)
L. tropica X Kazemi-Rad et al. (2013)
L. braziliensis X Moreira et al. (2013)
Decuypere et al. (2005
L. donovani X P ( )
Kumar et al. (2012)
L. tropica X Kazemi-Rad et al. (2013)
AQP1 i
L. donovani X X Rai et al. (2013)
L. amazonensis ]
) X Moreira et al. (2013)
L. guyanensis
L. guyanensis X Fonseca et al. (2017)
Decuypere et al. (2005)
oDC . Mukherjee et al. (2007)
L. donovani X _
Adaui et al. (2011)
Rai et al. (2013)
] Torres et al. (2010)
L. guyanensis X X
Fonseca et al. (2017)
Decuypere et al. (2005
/GCS P! (2005)
_ Mukherjee et al. (2007)
L. donovani X
Kumar et al. (2012)
Rai et al. (2013)
L. donovani X Whyllie et al. (2010)
TXNPx o Matrangolo et al. (2013)
L. braziliensis X
Andrade & Murta (2014)
L. braziliensis
FeSOD-A ) X Tessarollo et al. (2014)
L. infantum

Fonte: Adaptado de Frézard et al. (2014).

Abreviaturas: MRPA (proteina de resisténcia a multiplas drogas A); AQP1 (aquagliceroporina 1); ODC (ornitina
decarboxilase); y-GCS (y-glutamilcisteina sintetase); TXNPx (triparedoxina peroxidase); FeSOD-A (ferro
superéxido dismutase-A); X indica resisténcia in vitro ou em isolado clinico/campo.
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E evidente que o comprometimento da reducdo de SbY a Sb" é um dos
primeiros meios de resisténcia a drogas em Leishmania (Fig. 6A). Uma diminuicao
dessa reducéo foi demonstrada em L. donovani resistente ao antimonio (Shaked-
Mishan et al., 2001). Esta bem estabelecido que o transporte de Sb" para o interior
do parasito ocorre através de um transportador de membrana denominado
aquagliceroporina 1 (AQP1), de maneira independente de energia (Brochu et al.,
2003; Gourbal et al., 2004). Os niveis intracelulares de Sh"' estavam reduzidos em
isolados clinicos de L. major, L. infantum e L. tarentolae resistentes, provavelmente
devido a uma baixa expressao de AQP1, demonstrando seu papel significativo na
resisténcia aos antimoniais (Fig. 6B) (Gourbal et al., 2004). Outros estudos
evidenciaram que a reduzida expressao (Marquis et al., 2005) ou a delecdo do gene
AQP1 (Mukherjee et al., 2013) deve resultar na diminuicdo da entrada de Sb",
reduzido acumulo da droga e resisténcia. De fato, dados da literatura revelaram uma
diminuicdo da expresséo dessa proteina em isolados de campo de L. tropica e L.
donovani (Decuypere et al., 2005; Kumar et al., 2012; Kazemi-Rad et al., 2013; Rai
et al., 2013), e em linhagens de L. guyanensis e L. amazonensis resistentes in vitro
ao Sb" (Moreira et al., 2013), provocando uma reducdo da entrada da droga na
célula parasitaria.

O aumento dos niveis de tripanotiona foi observado em algumas linhagens de
Leishmania selecionadas para resisténcia ao Sh"' ou arsenito (Mukhopadhyay et al.,
1996). Isso é devido ao aumento dos niveis de enzimas envolvidas na sintese de
glutationa (y-glutamilcisteina sintetase) (Grondin et al., 1997) e poliaminas (ornitina
decarboxilase) (Haimeur et al., 1999), os dois metabdlitos precursores da
tripanotiona. Aumento da sintese de glutationa e tripanotiona pode ajudar a substituir
tidis perdidos devido ao efluxo, bem como auxiliar no restabelecimento do potencial
tiol redox alterado pelo acimulo de dissulfetos (Wyllie et al., 2004).

Uma vez que o Sh" esta no interior do parasito, ele pode formar conjugados
com os tidis tripanotiona (T(SH),), glutationa (GSH) e cisteina (Cys), resultando na
formacdo do complexo antiménio-tiol (Sb-TS). Dessa maneira, outro mecanismo
associado a resisténcia aos antimoniais é o destino deste complexo através de duas
principais vias: sequestro em compartimento intracelular do parasito por meio de um
transportador ABC (ATP-binding cassette) e eliminacdo da célula através da
membrana plasmética (Fig. 6C e D) (Mukhopadhyay et al., 1996; Légaré et al.,
2001). O transportador ABCC3, também conhecido como PGPA
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(phosphoglycoprotein A) ou MRPA (multidrug resistant associated protein A), foi
identificado no sequestro do complexo Sb-tiol em uma organela intracelular de
Leishmania, levando a remoc¢&o de moléculas da droga do citoplasma do parasito (El
Fadili et al., 2005). A associacdo do aumento da expressdo da proteina PGP na
resisténcia a drogas foi descrita em Leishmania resistente ao arsenito e antimoniais
(Légaré et al., 2001), sugerindo que este polipeptideo seja um dos principais
mediadores do efluxo de drogas neste parasito. Um estudo demonstrou que a PGP
esta aumentada em linhagens de L. guyanensis e L. amazonensis resistentes in vitro
ao Sb", podendo levar & uma reducdo na concentracdo intracelular de antiménio e
favorecer a sobrevivéncia destes parasitos resistentes (Moreira et al.,, 2013).
Manzano et al. (2013) identificaram que o transportador ABCI4 também esta
envolvido no efluxo do conjugado Sb-tiol em células de L. major resistentes ao
antimonial.

Apés a infeccdo, macréfagos sofrem uma exploséo respiratoria, produzindo
espécies reativas de oxigénio (EROs) e nitrogénio (ERNs), como H,0O, (peréxido de
hidrogénio), OH" (radical hidroxila), O,  (anion superoxido) e NO (6xido nitrico) para
destruir microrganismos invasores (Beaman & Beaman, 1984; Bhattacharyya et al.,
2002). Dessa forma, muitos parasitos, incluindo Leishmania, desenvolveram
diferentes mecanismos enzimaticos para prevenir o dano celular causado por tais
EROs e ERNSs. A funcdo de peroxidases inclui a defesa contra agentes quimicos e
estresse oxidativo, catalizando a reducao de H,O, e hidroperdxidos a agua e alcool,
respectivamente. Sendo assim, a acdo combinada de tripanotiona redutase,
triparedoxina e triparedoxina peroxidase € crucial para manter uma baixa
concentracdo de H,O, e diminuir o estresse oxidativo (Turrens, 2004). Estudo
protedmico demonstrou que triparedoxina peroxidase citosolica esta superexpressa
em linhagens de L. braziliensis e L. infantum resistentes ao Sh"' (Matrangolo et al.,
2013). Andlise funcional desta proteina sugere que ela esta envolvida no fendtipo de
resisténcia ao antimonio trivalente em L. braziliensis (Andrade & Murta, 2014). A
enzima superéxido dismutase (SOD) também é um componente central envolvido na
defesa antioxidante em muitos microrganismos. Esta enzima remove 0 excesso de
radicais O, convertendo-os em oxigénio e H,O, (Bannister et al., 1987). Diferentes
isoformas de FeSOD (FeSOD-A e FeSOD-B) tém sido caracterizadas em L. chagasi,
L. tropica e L. donovani (Paramchuk et al., 1997; Ghosh et al., 2003; Plewes et al.,

2003; Getachew & Gedamu, 2007), demonstrando seu papel protetor contra o



34

estresse oxidativo. Estudo de analise funcional de FeSOD-A revelou que a atividade
SOD é maior nas linhagens de L. braziliensis e L. infantum resistentes ao Sbh"
comparadas com suas respectivas linhagens sensiveis, sugerindo que esta enzima
esteja envolvida no fendtipo de resisténcia ao Sb" nestas duas espécies de
Leishmania (Tessarollo et al., 2014).

Estudos gendbmicos tém demonstrado que a amplificagdo génica € um dos
principais mecanismos envolvidos na resisténcia a drogas, principalmente quando a
resisténcia € induzida in vitro (Beverley, 1991; Segovia, 1994; Borst & Ouellette,
1995). Amplificacdo génica associada com o fenotipo de resisténcia ao antimonial
normalmente ocorre por recombinacdo homéloga de sequéncias repetidas diretas ou
invertidas no genoma (Beverley, 1991; Ouellette & Borst, 1991; Grondin et al., 1996;
Leprohon et al, 2009), levando a formacdo de elementos de DNA
extracromossomais circulares ou lineares (Mukherjee et al., 2007; Leprohon et al.,
2009; do Monte-Neto et al., 2011). A plasticidade cromossomal em Leishmania
permite mudancas estruturais, resultando em variacbes no numero de coépias
cromossomicas e amplificacdo de DNA extracromossomal (Downing et al., 2011). De
fato, aneuploidia € um fenbmeno que tem sido demonstrado em Leishmania
resistente ao antimonial (Ubeda et al., 2008; Leprohon et al., 2009). Sendo assim, 0
aumento do numero de cépias génicas devido a amplificacdo extracromossomal
e/ou intracromossomal deve contribuir para a superexpressado de genes, resultando
em adaptacdes metabdlicas que auxiliam os parasitos a sobreviver na presenca de
antiménio (Frézard et al., 2014).

Novos mecanismos de resisténcia ao antimonial em Leishmania tém sido
identificados, como diminuicdo na fragmentacdo de DNA e morte celular programada
(Vergnes et al., 2007). Estudos de metaboloma revelaram uma diminuicdo dos niveis
de esfingolipideos e esfingomielinas, e aumento dos niveis de fosfatidilcolina e
acidos graxos insaturados em isolados clinicos de L. donovani resistentes ao
antimoénio, sugerindo que a composicdo da membrana destes parasitos esteja
extensivamente modificada (t'Kindt et al., 2010). Niveis de glicoconjugados de
superficie também foram encontrados aumentados em isolados de L. donovani
resistentes ao antimoénio, desempenhando papel na metaciclogénese e viruléncia do
parasito (Mukhopadhyay et al., 2011). Além disso, acredita-se que uma diminui¢ao

na expressdo de calcineurina esteja associada com resisténcia ao Glucantime® em
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isolados naturais de L. infantum, devido a um efeito protetor dos parasitos
resistentes a apoptose induzida pelo antiménio (Bagher Khadem Erfan et al., 2013).
Portanto, o surgimento de amostras de Leishmania resistentes a droga e o
aumento da propagacdo de espécies resistentes deste parasito enfatizam a
importancia de identificacdo de mecanismos diretamente envolvidos na resisténcia a
droga, assim como as mudancas fisioldgicas que podem ocorrer nestes parasitos.
Tais mudancas fisiologicas, relacionadas ou ndo a mecanismos de resisténcia a
droga, contribuem para as caracteristicas globais do fenétipo de resisténcia. Além
disso, novas abordagens quimioterapéuticas contra leishmanioses poderiam ser

desenvolvidas a partir desses estudos de resisténcia (Ponte-Sucre, 2003).

1.6 Regulacéo da expressao génica em tripanossomatideos

A regulacdo da expressdo génica em tripanossomatideos apresenta as
seguintes caracteristicas peculiares: transcricdo policistrénica, transplicing,
transcricdo por RNA polimerase | de alguns genes codificadores de proteinas,
auséncia de regibes promotoras tipicas para a transcricao dos genes codificadores
de proteina pela RNA polimerase Il, cromatina menos condensada, edicao de RNAs
mitocondriais e disposicdo dos genes em tandem (Clayton, 2002; Campbell et al.,
2003). O genoma destes organismos ndo apresenta introns, de forma que o DNA
gendmico pode ser utilizado como molde para realizacdo da reacdo em cadeia da
polimerase (PCR). Além do DNA nuclear, parasitos da familia Trypanosomatidae
apresentam o0 cinetoplasto, que consiste no DNA mitocondrial ou DNA do
cinetoplasto (KDNA), presente na mitocéndria Unica desses parasitos. Este DNA
mitocondrial é formado por maxicirculos e minicirculos que se unem para formar
uma rede de DNA, que representa 10-15% do DNA total do parasito. Nos
maxicirculos, encontra-se 0 DNA que codifica RNAs ribossomais e transportadores,
enquanto no DNA dos minicirculos localizam-se os RNAs guias (Simpson, 1987;
Shapiro & Englund, 1995; Morris et al., 2001).

Os tripanossomatideos apresentam transcricdo policistronica, gerando RNAs
imaturos que contém mais de um gene, como ocorre em procariotos (Gonzalez et
al., 1985; Muhich & Boothroyd, 1988). A maturacdo do mRNA ocorre através de um
processo denominado de transplicing, de modo que na regido 5 dos RNAs

codificantes é adicionada uma sequéncia de 39 nucleotideos denominada miniexon
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ou spliced leader (SL), e na regidao 3’ uma cauda poli-A, mediante um mecanismo
em gque ambos processos parecem estar acoplados (Borst, 1986; LeBowitz et al.,
1993). E importante ressaltar que sinais da regido intergénica, rica em residuos de
polipirimidinas (CT — citosina e timina) essenciais no controle da transcricao,
determinam qual sitio AG (adenina e guanina) seja um possivel receptor do SL
(Martinez-Calvillo et al., 2010). Além disso, a regido 3' de cada mRNA esta
poliadenilada a uma distancia entre 100 e 400 nucleotideos acima dos sinais para o
transplicing do miniexon do gene seguinte (Papadopoulou et al., 2003). Dessa
maneira, formam-se unidades de traducdo monocistronicas compostas pelo
miniexon, gene e cauda poli-A. Essa estrutura cap ou miniexon protege 0 mRNA da
acdo de nucleases, prolongando a sua vida média e assegurando a traducéo,
porque faz do mMRNA uma estrutura reconhecida pelos ribossomos (Papadopoulou et
al., 2003).

Uma vez que todos os genes sao transcritos igualitariamente no agrupamento
policistrénico, a regulacdo pos-transcricional é essencial para a manutencao natural
dos niveis de transcritos. Alguns elementos regulatérios também foram descritos em
varios mRNAs, sugerindo um mecanismo para a manutencdo da estabilidade e
degradagdo de mRNAs originalmente transcritos nos agrupamentos policistronicos.
Isso pode explicar a ndo correlagdo de niveis de mRNA com o nivel proteico,
sugerindo que a regulacdo da expressdo génica em tripanossomatideos seja
essencialmente poés-transcricional (Martinez-Calvillo et al.,, 2010). Desse modo, a
regulacdo pode ocorrer nos seguintes pontos: processamento do transcrito primario,
exportacdo do nucleo para o citoplasma, estabilidade do mRNA, recrutamento de
RNA para polissomos, controle do inicio da traducdo, modificacdes pos-traducionais
e degradacéao de proteinas (Fig. 7).

Outra caracteristica peculiar dos tripanossomatideos é a auséncia visivel de
condensacao cromossdmica em todo o seu ciclo de vida (Vickerman & Preston,
1970). Estes organismos caracterizam-se por sua grande plasticidade
cromossOmica, apresentando diploidia para a maioria dos genes e aneuploidia para
outros (Lighthall & Giannini, 1992). Aléem disso, a edicdo de RNA mitocondrial ou
RNA editing consiste na inser¢éo e eliminagcdo de uracila em RNAs sem sentido
genético com a finalidade de obter mensageiros que serdo traduzidos (Stuart &
Panigrahi, 2002). Um complexo de moléculas de RNA e proteinas auxiliado pelos

RNAs guias esta envolvido no mecanismo de transcricdo. Dessa maneira, foram
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isolados numerosos fatores da mitocondria de tripanossomatideos, formando
complexos que interagem dinamicamente durante o processo de edi¢cdo (Simpson et
al., 2003).
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Figura 7 — Mecanismos de controle da expressao génica em tripanossomatideos. Transcricdo
policistrénica (A). Transplicing e poliadenilacao acoplados durante a transcricdo (B). Processamento
de mRNAs dicistrbnicos que sdo armazenados e, posteriormente, sdo novamente processados
gerando mRNAs monocistronicos (C). Degradacdo do mRNA dependente de desadenilacdo pela
extremidade 5’ e/ou 3’ (D). Degradacdo do mRNA independente de desadenilagdo (E). Inicio da
tradugcdo (F). Alongamento da traducdo (G). Degradacdo de proteinas (H). Modificacdes pds-
traducionais de proteinas ou direcionamento da localizagdo da proteina (I). (?) indica questdes ndo
confirmadas experimentalmente (Haile & Papadopoulou, 2007).

1.7 Organizac&do gendmica de Leishmania

O sequenciamento dos genomas de trés protozoarios da Ordem
Kinetoplastida (L. major, Trypanosoma brucei e T. cruzi) mostrou alta conservacgao
dos genes na evolugéo destes parasitos. H4 cerca de 6.200 genes conservados na
familia Trypanosomatidae e mais de 1.000 genes especificos de Leishmania, muitos

dos quais ainda néo foram caracterizados (Peacock et al., 2007).
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Apesar de uma divergéncia de aproximadamente 46 milhdes de anos, a
analise comparativa do genoma de trés espécies de Leishmania, L. major (cepa
Friedlin), L. infantum (cepa JPCM5) e L. braziliensis (cepa M2904), mostrou um alto
grau de conservacdo dos genes e pequeno namero de genes espécie-especificos
destes parasitos (lvens et al., 2005; Lukes et al., 2007; Peacock et al., 2007). A
andlise comparativa destes trés genomas (Peacock et al., 2007) mostrou que
aproximadamente 200 genes (pseudogenes) sao diferentes, incluindo 78 genes que
foram restritos a uma unica espécie. Segundo 0s autores, o pequeno numero de
genes diferentes entre as trés espécies pode ser compensado por um maior controle
pés-transcricional (Peacock et al., 2007). A maioria desses genes espécie-
especificos codifica proteinas de funcdes desconhecidas e tem sido proposto que
contribuem para o tropismo do parasito e estejam associados com as diferentes
formas de leishmanioses (Peacock et al., 2007; Smith et al., 2007). Varios genes
especificos de L. donovani foram expressos em L. major e mostraram aumento
significativo da sobrevivéncia do parasito em visceras de camundongos, indicando
gue genes individuais podem contribuir para o tropismo no hospedeiro (Zhang et al.,
2008; Zhang & Matlashewski, 2010). Dessa maneira, foi observada a conservacao
em mais de 99% dos genes preditos nesses genomas; as sequéncias de
aminoacidos tém em média 77 a 92% de identidade, e as sequéncias de
nucleotideos, 81 a 94%.

O nuamero de cromossomos é de 36 em L. major e L. infantum, e 35 em L.
braziliensis, como resultado da fusdo dos cromossomos 20 e 34 (Britto et al., 1998;
Peacock et al., 2007). O genoma de L. mexicana apresenta 34 cromossomos, com
dois eventos de fusdo ocorridos entre os cromossomos 8 e 29, e entre 0s
cromossomos 20 e 36 (Britto et al., 1998). Rogers et al. (2011) encontraram dois
genes unicos presentes no genoma de L. mexicana (cepa U1103), os quais
codificam proteinas de funcéo desconhecida. Além disso, estes autores relataram a
presenca de grupos ortélogos desta espécie mais em comum com L. infantum do
gue qualquer outra espécie de Leishmania. Raymond et al. (2012) encontraram um
limitado numero de regibes cromossOmicas divergentes entre as espécies L.
tarentolae e L. infatum e um compartilhamento do conteddo génico maior que 90%
de L. tarentolae com outras espécies de Leishmania. Estes autores tambéem
identificaram 95 sequéncias codificantes que sdo Unicas em L. tarentolae e 250

genes que estavam ausentes nesta espécie. Dessa forma, varios dos genes que nao
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estdo presentes em L. tarentolae sdo expressos preferencialmente nas formas
amastigotas das espécies patogénicas de Leishmania. Isso poderia explicar, em
parte, porque L. tarentolae é menos adaptada a infectar macrofagos humanos, e

porque geralmente esta espécie de parasito ndo € patogénica para lagartos.

1.8 Analise protedmica e resisténcia a drogas

O termo proteoma foi utilizado pela primeira vez em 1995 para designar a
andlise extensiva das proteinas expressas em um tecido, célula ou compartimento
subcelular em determinadas condi¢des (Wilkins et al., 1996). Enquanto o genoma de
um organismo permanece relativamente estavel ao longo da sua vida, o proteoma é
extremamente dindmico e variavel, podendo ser modificado pelas condi¢cbes e
estimulos em que esse organismo esta exposto. A analise protedmica ndo inclui
somente a identificacdo e quantificacdo de proteinas, mas também determina sua
localizacdo, interacdes, atividades, funcdes e modificacdes (Fields, 2001). De forma
geral, o objetivo bioquimico do proteoma é o produto génico responsavel pelo
fenétipo (Cuervo et al., 2010).

A pesquisa proteOmica tem permitido o entendimento de processos
metabdlicos e fisiolégicos, bem como a identificacdo e caracterizacdo de
marcadores biolégicos, visando o diagnostico precoce de doencas e
acompanhamento da evolucao do tratamento. Além disso, pode viabilizar também a
identificacdo de novas moléculas bioativas que podem ser utilizadas para o
desenvolvimento de novos farmacos para o controle de doencas e apontar novos
candidatos vacinais e alvos terapéuticos.

Uma vez que a regulacdo da expressdo génica em tripanossomatideos ocorre
em niveis pés-transcricionais, abordagens prote6micas tém sido empregadas para
detectar alteracbes de expressao de proteinas em espécies de Leishmania (Clayton
& Shapira, 2007; Cuervo et al., 2010; Zilberstein, 2015). De fato, estudos anteriores
utilizaram perfis protedmicos de espécies de Leishmania do Velho e do Novo Mundo
para investigar fatores de viruléncia, proteinas estagio-especifico, potenciais alvos
de drogas e mecanismos de resisténcia a drogas (Bente et al., 2003; Drummelsmith
et al., 2003; Walker et al., 2006; Vergnes et al., 2007; Matrangolo et al., 2013).

O primeiro estudo protedmico com o objetivo de compreender mecanismos de

resisténcia a drogas em Leishmania foi relatado por Drummelsmith et al. (2003).
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Inicialmente, estes autores validaram o uso de eletroforese bidimensional (2DE) para
este tipo de estudo. O principal experimento desse trabalho foi a inducéo de
resisténcia in vitro ao metotrexato em promastigotas de L. major. Analises
protedbmicas de 2DE comparativas mostraram que 0S parasitos resistentes
apresentaram maior expressao de pteridina redutase (PTR1) comparado aos seus
pares sensiveis nesta espécie do parasito. Sendo assim, os autores revelaram
ferramentas valiosas para o estudo de potenciais alvos de drogas e mecanismos de
resisténcia a drogas.

Vergnes et al. (2007) conduziram analise comparativa de cepas de L.
donovani sensivel e resistente ao Sb" isoladas de pacientes com calazar.
Resultados deste estudo revelaram que HSP83 e calpaina estdo envolvidas com
morte celular programada induzida pelo antiménio.

Estudo protebmico comparativo de formas amastigotas axénicas de L.
infantum sensiveis e resistentes ao Sb"' demonstrou que a expressdo da proteina
argininosuccinato sintetase (ARGG) estava aumentada no mutante resistente a
droga. Por outro lado, foi observada uma diminuicdo no nivel da proteina de
membrana dos kinetoplastideos-11 (KMP-11) nestes parasitos resistentes (El Fadili
et al., 2009).

Kumar et al. (2010) identificaram proteinas diferencialmente expressas em
fracOes enriquecidas de membrana e citosélica em isolados clinicos de L. donovani
sensivel e resistente ao estibogluconato de sédio de pacientes com LV. Estes
autores observaram que as principais proteinas na fracdo de membrana foram:
transportador ABC, HSP83, proteina transamidase GPI, proteina rica em cisteina-
leucina e proteina L23a ribossomal 60S, sugerindo que estas proteinas de
membrana sdo importantes na transducdo de sinais e na resisténcia a droga. Na
fracdo citosdlica, foram identificadas as seguintes proteinas: antigeno nuclear de
proliferacdo celular (PCNA), subunidade alfa 5 do proteassoma, carboxipeptidase,
HSP70, enolase, frutose-1,6-bifosfato aldolase, e a cadeia beta-tubulina. Muitas
dessas proteinas tém sido relatadas como potenciais alvos de drogas, exceto a L23a
ribossomal 60S e PCNA. Sendo assim, as proteinas descritas nesse estudo
fornecem um vasto campo a ser explorado para novas estratégias de tratamento
contra a LV, como a clonagem e superexpressdo desses alvos para produzir

proteinas recombinantes terapéuticas/profilaticas.
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Biyani et al. (2011) utilizaram espectrometria de massas quantitativa para
identificar diferencas no proteoma global entre os isolados de L. donovani sensiveis
e resistentes ao estibogluconato de sédio. Dados das analises comparativas
revelaram gque nos parasitos resistentes a droga houve alteracdes de expressao de
proteinas envolvidas em importantes vias metabdlicas, incluindo aumento na
glicolise, estresse oxidativo e detoxificagédo.

Analise protedmica de linhagens de L. panamensis sensiveis e resistentes ao
Sb" demonstrou uma alteracdo nos parasitos resistentes quanto aos niveis das
proteinas envolvidas em resposta geral ao estresse, funcdes metabodlicas e de
transporte. As enzimas envolvidas no metabolismo de aminoacidos sulfurados, como
S-adenosilmetionina sintetase e S-adenosilhomocisteina hidrolase, que séo
precursoras da sintese de tripanotiona, estavam superexpressas has amostras
resistentes ao Sh". Esse dado sugere um envolvimento destas enzimas na
regulacdo em resposta a pressdo de droga, reforcando a importancia do
metabolismo de tidis na resisténcia ao antimbnio em Leishmania (Walker et al.,
2012).

Dados de anélise proteémica comparativa de linhagens de L. braziliensis e L.
infantum sensiveis e resistentes in vitro ao Sb" mostraram que a maioria das
proteinas com abundancia diferencial em ambas as espécies esta envolvida na defesa
antioxidante, resposta geral ao estresse, metabolismo de glicose e de aminoacidos, e
organizacdo do citoesqueleto. Cinco proteinas foram mais abundantes em ambas as
linhagens de Leishmania resistentes ao Sb": triparedoxina peroxidase, alfa-tubulina,
HSP60, HSP70 e HSP83. E interessante ressaltar que 40 proteinas foram observadas
apenas nessa analise protedmica. Dessa maneira, 0s autores acreditam que algumas
das proteinas identificadas nesse estudo estejam associadas com a resposta geral
ao estresse e que outras podem estar associadas ao mecanismo de resisténcia ao
antiménio trivalente em Leishmania (Matrangolo et al., 2013).

Apesar dos mecanismos de resisténcia aos antimoniais ndo serem totalmente
elucidados, os trabalhos protedmicos mencionados anteriormente contribuem para
uma maior compreensdo de tais mecanismos tanto nas linhagens resistentes
selecionadas in vitro quanto nos isolados clinicos. Sendo assim, os dados obtidos
com esses estudos permitem a descoberta e validacdo de novos alvos para a

guimioterapia das leishmanioses.
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1.9 Modificagdes poOs-traducionais

A identificacdo de proteinas que sofrem modificacbes pos-traducionais
(MPTs) € uma das vantagens da analise protedbmica, uma vez que estas
modificagbes ndo sdo detectadas através de andlise do genoma. MPTs como
metilacdo, acetilagdo, glicosilacdo e fosforilacdo sdo capazes de regular a
conformacao proteica, funcédo, estabilidade, ativacdo, degradacéo, localizacdo e
interacOes entre proteinas (Rosenzweig et al., 2008; White, 2008; Cuervo et al.,
2010). Sendo assim, as MPTs sao determinantes na complexidade dos organismos.

S&o conhecidos mais de 200 tipos de MPTs (Krishna & Wold, 1998), dos
quais apenas alguns sdo reversiveis e importantes para a regulacdo de processos
bioldgicos. Uma das MPTs mais estudadas € a fosforilacdo de proteinas (Raggiaschi
et al., 2005). Em 1955, ela foi descrita pela primeira vez por Edwin Krebs e Edmond
Fischer como sendo indispensavel para a conversao de glicogénio fosforilase de
uma forma inativa para uma forma ativa (Fischer & Krebs, 1955). Estima-se que
cerca de um terco do proteoma de eucariotos seja fosforilado (Cohen, 2000). A
fosforilacdo esta envolvida em diversos processos celulares, como metabolismo,
transcricdo, traducdo, progressdo do ciclo celular, proliferacdo, rearranjo do
citoesqueleto, apoptose, movimento e diferenciacdo celular. Além disso, a
fosforilacdo mostra um papel importante na transferéncia de informacédo dentro da
célula, regulando vias de transducdo de sinais, comunicacao intercelular durante o
desenvolvimento, na ativagdo do sistema imune e no funcionamento do sistema
nervoso (Raggiaschi et al., 2005). O tipo mais comum de fosforilagdo é a O-
fosforilacdo, que pode ocorrer nos aminoacidos serina, treonina e tirosina, com uma
proporcao de aproximadamente 1.000/100/1, respectivamente (Hunter, 1998). Além
deste tipo de fosforilagcdo, residuos de histidina, arginina e lisina podem sofrer N-
fosforilagcdo, enquanto acido aspartico e acido glutamico podem ser acil-fosforilados

e cisteina pode ser S-fosforilada (Sickamm & Meyer, 2001).
1.9.1 Fosfoproteoma
Fosfoproteoma corresponde ao conjunto das proteinas fosforiladas de um

determinado organismo. Técnicas protedmicas podem ser utilizadas para o estudo

do fosfoproteoma, permitindo a analise de todas as proteinas fosforiladas de uma
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célula ao mesmo tempo ao invés de estudar uma Unica proteina. Todavia, a analise
do fosfoproteoma apresenta dificuldades, como a complexidade da amostra, a faixa
dindmica de concentracdo das proteinas e mudancas que podem ocorrer ao longo
do tempo (Nita-Lazar et al., 2008). A analise fosfoprotedmica tem sido importante em
diversas areas da pesquisa cientifica, como na identificacdo de proteinas
fosforiladas relacionadas com doencas, incluindo cancer (Blume-Jensen & Hunter,
2001), distarbios metabdlicos (Taniguchi et al., 2006), doencas autoimunes (Gatzka
& Walsh, 2007) e infeccBes patogénicas (Sirard et al., 2007), na compreensao de
redes de sinalizacao celular (Nita-Lazar et al., 2008; White, 2008) e efeito de drogas
em diferentes vias (Tedford et al., 2009).

A andlise do primeiro fosfoproteoma das formas promastigotas e amastigotas
de L. donovani foi realizada por Morales et al. (2008), revelando fosfoproteinas
envolvidas em resposta ao estresse e choque térmico, renovacdo de RNA/proteina,
metabolismo, sinalizacdo e proteinas hipotéticas. Os autores identificaram 73
fosfoproteinas, das quais 55 (75%) eram conservadas em Leishmania e 18 (25%)
hipotéticas. Foi observado também que 35 (48%) destas proteinas ndo foram
identificadas em estudos protedmicos prévios utilizando extratos de proteinas totais.
Isso demonstra a importancia do processo de purificacdo de fosfoproteinas para
andlise dessas proteinas de baixa abundancia. As analises desses autores
revelaram um subconjunto de fosfoproteinas que apresentaram fosforilacdo estagio-
especifico, incluindo proteinas ribossomais em promastigotas, e cinco proteinas que
estavam fortemente ou exclusivamente fosforiladas no estagio amastigota, incluindo
HSP100, MAP quinase de Leishmania homéloga a LmaMPK10, nucleosideo
difosfato quinase b, ciclofilina 40 e uma proteina hipotética (LmjF32.2260). Analise
posterior realizada por Morales et al. (2010) aumentou o numero de fosfoproteinas
identificadas para 171 e revelou que 38% destas proteinas apresentaram diferencas
significativas  estagio-especifico. Em amastigotas, foi observado que as
fosfoproteinas estavam amplamente envolvidas na funcdo chaperona, incluindo
proteina induzida por estresse (STI1/HOP) e varias isoformas de HSP70 e HSP90,
sugerindo que estas proteinas sejam reguladas pos-traducionalmente pela
fosforilagéo.

Andlise fosfoprotedmica também tem possibilitado a identificacdo de sitios de
fosforilacdo em amostras de parasitos. Hem et al. (2010) identificaram 445

fosfoproteinas associadas as fungdes bioldgicas de resposta ao estresse, renovacao
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de RNA/proteina e transducédo de sinal em amastigotas axénicos de L. donovani.
Andlises de fosfopeptideos enriquecidos com diéxido de titanio (TiO,) identificaram
157 fosfopeptideos unicos cobrindo 181 sitios de fosforilagcdo em 126 proteinas
distintas. Foi observado que 78% dos peptideos estavam fosforilados em um
residuo, enquanto 19 e 3% dos peptideos apresentaram fosforilacdes em dois e trés
residuos, respectivamente. Os resultados mostraram que 86% dos sitios fosforilados
ocorrem em residuos de serina, enquanto 12 e 2% ocorrem em residuos de treonina
e tirosina, respectivamente. Esses dados revelam que a maioria dos sitios de
fosforilacdo em L. donovani ocorre em residuos de serina de forma similar a outros
eucariotos. Investigacdo da conservacdo de sitios de fosforilacdo em
tripanossomatideos e eucariotos superiores através de analises de alinhamento de
sequéncias multiplas mostraram fosforesiduos em proteinas altamente conservadas
que compartiiham homologia de sequéncia a ortélogos do hospedeiro humano.
Esses unicos sitios de fosforilagdo revelam importantes diferengas entre a biologia
do hospedeiro e parasito e regulacdo pos-traducional de proteinas, que devem ser
exploradas para a identificacdo de novos alvos quimioterapicos.

Andlises comparativas dos fosfoproteomas de amastigotas e promastigotas
de L. donovani demonstraram 1.614 sitios de fosforilacdo correspondentes a 627
proteinas (Tsigankov et al., 2013). Os autores observaram que 616 sitios (38%)
foram identificados em amastigotas, 568 (35%) em promastigotas e 430 (27%) em
ambos 0s estagios, indicando que a maioria desses sitios é estagio-especifico. Além
disso, a distribuicdo de aminoacidos fosforilados assemelha-se a de eucariotos
superiores e Leishmania: 80% (serina), 19,6% (treonina) e 0,4% (tirosina). A
fosforilacdo de serina no motivo especifico “SF” (serina-fenilalanina) de
tripanossomatideos estava significativamente enriquecida em amastigotas. Das 627
fosfoproteinas identificadas nas analises comparativas, 322 apresentaram um Unico
sitio de fosforilagdo, 155 possuiam dois sitios, enquanto que 57 e 23 proteinas
tinham, respectivamente, trés e quatro sitios distintos. As analises indicaram que
Leishmania contém proteinas com multiplos sitios de fosforilacdo que estéao
fosforilados em distintos estagios do ciclo de vida do parasito. Para mais da metade
dos eventos de fosforilagdo, mudancas na abundancia de fosfoproteinas néo
correlacionaram positivamente com alteracdes na abundancia de proteinas,

sugerindo regulacao funcional.
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Tsigankov et al. (2014) analisaram mudancas no perfil de fosforilagdo durante
a diferenciacdo da forma promastigota a forma amastigota de L. donovani. O curso
de tempo dessa diferenciacdo pode ser dividido em quatro fases morfologicamente
distintas: |, percepcao do sinal (0-5 h apds exposicdo de promastigotas ao sinal de
diferenciacdo, como 37°C e pH 5,5); Il, interrup¢cédo do movimento e agregacéao (5-10
h); 1ll, formacdo de amastigota (10-24 h); e 1V, maturacdo (24-120 h). Analises dos
163 fosfopeptideos correspondentes a 106 proteinas revelaram diferentes perfis de
cinética, com aumento na fosforilacdo predominante durante as fases | e lll,
enquanto que as fases Il e IV foram caracterizadas por maior defosforilagdo. Varias
proteinas estavam fosforiladas na fase | apds exposicdo ao completo sinal de
diferenciacdo. Varias outras proteinas quinases, incluindo subunidades regulatorias,
e fosfatases também mostraram mudancas na fosforilacdo durante a diferenciacéao.
Dessa maneira, as analises fosfoproteémicas podem contribuir para elucidar vias de
sinalizacdo em tripanossomatideos, além de permitir a identificacdo de potenciais
alvos de drogas para serem utilizados no desenvolvimento de novos agentes

guimioterapicos.

1.9.1.1 Eletroforese em gel diferencial bidimensional (2D-DIGE)

Vérios aprimoramentos dentro da metodologia de eletroforese bidimensional
(2DE) foram realizados, dentre eles a eletroforese em gel diferencial bidimensional
(2D-DIGE - two dimensional difference gel electrophoresis). Esta técnica foi descrita
pela primeira vez por Unlu et al. (1997). Ela envolve a marcacdo de extratos
proteicos com os diferentes marcadores fluorescentes: Cy2, Cy3 e Cy5 (CyDye
DIGE fluor dyes, GE). Estes corantes, que sdo moléculas espectralmente resolvidas
e equiparadas quanto a carga e massa, possuem um grupo reativo NHS-éster que
se liga covalentemente aos residuos de lisinas presentes nas proteinas. Entéo, as
amostras marcadas sdo misturadas, e a primeira e segunda dimensbes sao
realizadas em um Unico gel 2DE. Os extratos proteicos marcados com os diferentes
corantes podem ser visualizados individualmente através da excitacao especifica de
cada um dos fluoroforos com diferentes comprimentos de ondas, que gera imagens
digitais de cada amostra separadamente (Marouga et al., 2005).

Nesse tipo de experimento recomenda-se a utilizagdo de um padréo interno,

gue deve estar presente em todos os géis de um experimento. Este padréo interno é
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constituido por quantidades iguais de proteinas de cada amostra biologica do
experimento, as quais sdo marcadas com um mesmo corante, geralmente o Cy2.
Sendo assim, as proteinas de cada amostra estardo representadas no padréo
interno, permitindo que elas sejam normalizadas com o padrao interno presente no
mesmo gel. Com isso, é possivel realizar uma quantificacdo mais robusta devido ao
aumento da confidéncia do matching entre os géis, bem como separar variacdes
induzidas biologicamente daquelas produzidas pela variacdo experimental (Marouga
et al., 2005).

A técnica 2D-DIGE oferece maior sensibilidade na deteccdo de proteinas,
sendo necessarios apenas poucos microgramas de amostra em comparagdo a
técnica 2DE convencional, apresentando assim grande importancia para estudos
gue dispéem de pequenas guantidades de amostras. Nessa técnica, a corrida das
amostras em um mesmo gel proporciona uma reducédo na variacdo do padrao dos
spots, além de reduzir o nUmero de géis necessarios para validar estatisticamente o
experimento (Marouga et al., 2005). Entretanto, essa técnica apresenta algumas
desvantagens como: os corantes utilizados nas analises tornam a metodologia mais
onerosa, a resolucdo das proteinas ainda € dificil em faixas extremas de pH e massa
molecular, além da possibilidade de um mesmo spot apresentar mais de uma
proteina e a limitacdo de se estudar proteinas de membrana cujos protocolos de
extracdo sdo realizados com detergentes que interferem na isoeletrofocalizacéo.

Atualmente, muitos grupos de pesquisa tém utilizado esse tipo de analise
prote6bmica para identificar marcadores de proteina especificos em céancer (Zhou et
al., 2002), fosfoproteinas estagio-especifico em L. donovani (Morales et al., 2010),
antigenos candidatos para o desenvolvimento de testes diagndésticos e vacina para
leishmaniose visceral canina (Costa et al., 2011), biomarcadores de progndstico
para leishmaniose visceral humana (Rukmangadachar et al., 2011), proteinas
diferencialmente expressas em linhagens de Toxoplasma gondii sensiveis e
resistentes a sulfadiazina (Doliwa et al., 2013), fatores de viruléncia em amostras de
L. infantum (da Fonseca Pires et al., 2014), analise protebmica comparativa de
isolados de L. infantum sensiveis e resistentes a miltefosina (Carnielli et al., 2014),
dentre outros. Dessa forma, considerando as vantagens que a metodologia 2D-DIGE
apresenta, como melhor reprodutibilidade, sensibilidade e maior robustez dos
resultados quando comparada as outras metodologias protebmicas, esta técnica tem

se tornado uma ferramenta (til para avaliacbes moleculares que ocorrem em
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diversos sistemas bioldgicos, bem como para andlise de doencas e potenciais
terapias (Kim et al., 2009).

1.10 Alvos selecionados para o estudo de genémica funcional

Os resultados de nossa andlise fosfoprotedmica demonstraram que as
proteinas nucleosideo difosfato quinase b (NDKb) e fator de elongacdo 2 (EF2)
estavam mais e menos abundantes, respectivamente, na linhagem de L. braziliensis
resistente ao Sb" em comparacdo a sua respectiva linhagem sensivel (Moreira et
al., 2015). Dessa forma, estas proteinas foram selecionadas para a realizacdo da

segunda etapa do projeto: a genémica funcional.

1.10.1 Nucleosideo difosfato quinase b (NDKb)

A enzima nucleosideo difosfato quinase b (NDKb), membro da familia NDK,
catalisa a transferéncia de grupo fosfato de um nucleosideo trifosfato (NTP) para um
nucleosideo difosfato (NDP) através de um mecanismo “ping-pong”, no qual envolve
fosfohistidina como intermediario (Parks et al., 1973; Lascu & Gonin, 2000). A

reacao completa pode ser representada da seguinte maneira (Paul et al., 2014):

NDK + N;TP < NDK-P + N;DP < NDK-P
+ N2DP < NDK + N,TP

Essa enzima é essencial para a manutencdo dos niveis de NTP intracelular e
para o fornecimento de NTPs para a sintese de acidos nucleicos, citidina trifosfato
(CTP) para sintese de lipideos, uridina-5'-trifosfato (UTP) para sintese de
polissacarideos e guanosina-5’-trifosfato (GTP) para elongacdo de proteinas,
transducdo de sinal e polimerizagdo de microtubulos (Tonoli et al., 2009). Outras
funcBes tém sido atribuidas @ NDK em diferentes organismos, incluindo patogénese
bacteriana (Chakrabarty, 1998), regulacdo da expressdo génica em mamiferos
(Postel, 2003) e participacdo nas vias de recuperacdo de purinas em
tripanossomatideos (Landfear et al., 2004). NDKb foi identificado como um
componente abundante na andlise subproteébmica da fracdo microssomal de

promastigotas de L. major (de Oliveria et al., 2006). Kolli et al. (2008) demonstraram
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gue NDKb é secretada por Leishmania spp. durante a infeccao, impedindo a lise de
macréfagos mediada por ATP e preservando a integridade da célula hospedeira
para beneficio do parasito. Dessa maneira, a enzima NDKb pode ser considerada
um potencial alvo para o desenvolvimento de novas estratégias para o tratamento
das leishmanioses.

A enzima NDKa de humano (NM23-H1) age como um supressor de
metastase tumoral em células de melanoma (Lacombe et al., 2000). Por outro lado,
a enzima NDKb de humano (NM23-H2) foi descrita como um ligante da regido
promotora do oncogene c-myc, resultando na ativacdo da transcricdo (Harstsough &
Steeg, 2000). Além disso, NDK de Escherichia coli tem uma func¢éo no sistema de
reparo de DNA (Postel & Abramczyk, 2003) e uma atividade exonuclease 3’-5’ em
NDK1 de humano também tem sido demonstrada (Yoon et al., 2005). Estudo
protebmico relatou uma abundancia maior da proteina NDK em populacdo de
Trypanosoma cruzi resistente ao benzonidazol (Andrade et al., 2008). Dessa forma,
os estudos mencionados demonstram que NDKb é uma enzima ubigua que esta

envolvida em diversos processos celulares em diferentes organismos.

1.10.2 Fator de elongacéo 2 (EF2)

A sintese de proteinas € constituida por trés etapas gerais: iniciacao,
elongacdo e terminacdo. Essa sintese estd sujeita a regulacdo complexa que
permite as células controlarem este processo intenso de gasto energético em
resposta a diversos estimulos fisiolégicos (Hizli et al., 2013). A traducédo € regulada
nos niveis de iniciacdo e elongacdo. Por exemplo, a traducédo € reprimida na fase
G2/M do ciclo celular (Celis et al., 1990; Pyronnet & Sonenberg, 2001), na qual a
inibicdo de fatores de iniciacdo eucariético reprimem a traducdo mitdtica (Fan &
Penman, 1970; Bonneau & Sonenberg, 1987; Pyronnet & Sonenberg, 2001). O
controle traducional ocorre também ao nivel de elongacdo, o que envolve a inibicdo
do fator de elongagéo eucariotico 2 (EF2) (Browne & Proud, 2002; Jgrgensen et al.,
2006; Sivan et al., 2007).

EF2 é uma translocase dependente de GTP, que é responsavel pelo
movimento do nascente peptidil-tRNA do sitio A (aminoacil) para o sitio P (peptidil)
do ribossomo (Hizli et al., 2013). Um mecanismo que inibe a elongagdo € a

fosforilacdo de EF2 na treonina 56 (T56) pela quinase EF2K (Price et al., 1991), que,
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consequentemente, inibe a sintese de proteinas. Dados da literatura tém
demonstrado uma alta expresséo de EF2 em uma variedade de tumores malignos,
como cancer de ovario (Alaiya et al., 1997), carcinoma hepatocelular (Li et al., 2008),
cancer gastrointestinal humano (Nakamura et al.,, 2009) e adenocarcinoma de
pulmédo (Chen et al., 2011). Além disso, a superexpressdo de EF2 estd também
correlacionada com a progresséo da célula cancerosa e recorréncia tumoral precoce
(Nakamura et al., 2009; Qji et al., 2014). Outros estudos relataram o aumento na
abundéancia de EF2 em isolados de L. donovani, e em linhagens de L. panamensis e
L. infantum resistentes aos antimoniais (Biyani et al., 2011; Walker et al., 2012;
Matrangolo et al., 2013).
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2 JUSTIFICATIVA

As leishmanioses sdo um grande problema de saude publica mundial.
Todavia, poucos avancos foram obtidos em seu controle. Sendo assim, a
guimioterapia continua sendo uma das principais medidas utilizadas para o controle
de todas as formas da doenca. Entretanto, os fAdrmacos utilizados no tratamento séo
toxicos e ainda existe a possibilidade de surgimento de parasitos resistentes as
drogas. Nesse sentido, a busca pela compreensdo dos mecanismos bioguimicos e
moleculares que contribuem para o fenétipo de resisténcia em espécies de
Leishmania tem sido objeto de diversas pesquisas cientificas mundiais nos ultimos
anos. Contudo, a grande maioria dos estudos realizados relata a resisténcia aos
antimoniais em espécies de Leishmania do Velho Mundo, tornando-se necessério o
entendimento desse fenbmeno nas espécies predominantes no Novo Mundo.

Anadlises protedbmicas tém sido muito utilizadas para determinar o perfil
proteico de diversos parasitos, principalmente em Leishmania. Tais estudos tém
permitido avaliar as alterac6es na expressado de proteinas em resposta a exposicao
de drogas, bem como contribuido para o0 aumento da compreensédo de mecanismos
associados ao fenétipo de resisténcia aos antimoniais. Nesse contexto, métodos
protedmicos séo de grande relevancia pelo fato de possibilitarem a identificacdo de
novos alvos moleculares para utilizacdo em processos de validacdo e
desenvolvimento de novas drogas para serem utilizadas no tratamento da doenca.

Modificacbes pos-traducionais apresentam um papel importante na
estabilidade de proteinas, além de contribuir para o controle da expresséo génica.
Tais modificacbes devem regular a funcdo de uma proteina pela alteracdo de sua
localizac&o, interacdo molecular ou atividade. A fosforilacdo de proteinas € uma
dessas modificacBes mais estudadas devido a sua importancia em diversos eventos
celulares. Entretanto, a literatura ndo havia relatado estudo sobre o perfil de
fosfoproteinas em amostras de L. braziliensis resistentes ao antiménio trivalente.
Dessa forma, nesse trabalho foi realizada uma anélise fosfoprotedmica comparativa,
utilizando linhagens sensivel e resistente ao Sb" desta espécie de Leishmania, as
guais foram previamente selecionadas in vitro pelo nosso grupo de pesquisa (Liarte
& Murta, 2010). Esse estudo fosfoprotedbmico permitiu a identificacdo de proteinas
diferencialmente abundantes associadas ao estresse causado pelo tratamento de

droga e ao fendtipo de resisténcia ao antimonio trivalente.
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A partir dos resultados obtidos na andlise fosfoprotebmica, as proteinas
nucleosideo difosfato quinase b (NDKb) e fator de elongacdo 2 (EF2) foram
selecionadas para estudos de genbmica funcional. Estas fosfoproteinas
apresentaram maior e menor abundéancia, respectivamente, na linhagem de L.
braziliensis resistente ao Sb" comparada ao seu respectivo par sensivel (Moreira et
al., 2015). NDKb é uma enzima multifuncional com papel essencial na sintese de
nucleosideos trifosfatos e no metabolismo de purinas em Leishmania. Ja a enzima
EF2 é crucial na elongacao e sintese de proteinas do parasito. Dessa maneira, foi
realizada a superexpressao dessas enzimas em L. braziliensis e L. infantum para
investigar o envolvimento dessas proteinas no fenotipo de resisténcia ao antiménio
trivalente nestes parasitos. Além disso, inibidores foram utilizados para avaliar a
susceptibilidade ao Sb"' em parasitos superexpressores das enzimas NDKb e EF2.
Portanto, nossos estudos poderdo subsidiar a selecdo de novos alvos para o
desenvolvimento de estratégias que possam ser utilizadas no tratamento das

leishmanioses.



52

3 OBJETIVOS

3.1 Objetivo geral

Realizar analise fosfoprotedbmica e gendmica funcional de linhagens de
Leishmania spp. sensiveis e resistentes ao antimonio trivalente, visando entender os
mecanismos moleculares que contribuem para o fendtipo de resisténcia dos

parasitos a esse farmaco.

3.2 Objetivos especificos

A) Andlise fosfoprotedmica:

v' Determinar o perfil das proteinas fosforiladas das linhagens de L. braziliensis
sensivel e resistente ao antimonio trivalente;

v’ ldentificar as proteinas diferencialmente fosforiladas por espectrometria de
massas;

v' Realizar andlises in silico para validar a conservacéao de sitios de fosforilacdo
em algumas proteinas identificadas;

v' Analisar os niveis de expressdo de fosfoproteinas nas linhagens de L.

braziliensis sensivel e resistente ao Sh'".

B) Gendmica funcional:

v Inserir os genes NDKb e EF2 no plasmideo de expressdo de Leishmania
(pIR1BSD);

v' Transfectar as linhagens de L. braziliensis e L. infantum com os plasmideos
contendo os genes NDKb e EF2;

v' Confirmar a presenca do marcador de selecdo (blasticidina) e aumento de
expressao das proteinas NDKb e EF2;

v' Determinar a susceptibilidade dos parasitos transfectados ao antiménio

trivalente;
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Analisar o efeito do inibidor lamivudina e sua associacdo com o Sb" no
crescimento das linhagens de L. braziliensis sensivel e superexpressora de
NDKb;

Determinar a susceptibilidade das linhagens de L. braziliensis sensivel e
superexpressora de NDKb ao peroxido de hidrogénio;

Avaliar o efeito do inibidor de EF2K e sua associacdo com o Sb" no
crescimento das linhagens de L. braziliensis sensivel e superexpressora de
EF2;

Analisar os niveis de expressao das proteinas NDKb e EF2 nas linhagens de

L. braziliensis e L. infantum sensiveis e resistentes ao antimonio trivalente.
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Protein phosphorylation is one of the most studied post-translational modifications that is
involved in different cellular events in Leishmania. In this study, we performed a comparative
phosphoproteomics analysis of potassium antimonyl tartrate (SbIII)-resistant and -susceptible
lines of Leishmania braziliensis using a 2D-DIGE approach followed by MS. In order to in-
vestigate the differential phosphoprotein abundance associated with the drug-induced stress
response and Sblll-resistance mechanisms, we compared nontreated and Sblll-treated sam-
ples of each line. Pair wise comparisons revealed a total of 116 spots that showed a statistically
significant difference in phosphoprotein abundance, including 11 and 34 spots specifically
correlated with drug treatment and resistance, respectively. We identified 48 different proteins
distributed into seven biological process categories. The category “protein folding/chaperones
and stress response” is mainly implicated in response to SbIII treatment, while the cate-
gories “antioxidant/detoxification,” “metabolic process,” “RNA/DNA processing,” and “protein
biosynthesis” are modulated in the case of antimony resistance. Multiple sequence alignments
were performed to validate the conservation of phosphorylated residues in nine proteins iden-
tified here. Western blot assays were carried out to validate the quantitative phosphoproteome
analysis. The results revealed differential expression level of three phosphoproteins in the lines
analyzed. This novel study allowed us to profile the L. braziliensis phosphoproteome, identifying
several potential candidates for biochemical or signaling networks associated with antimony
resistance phenotype in this parasite.

Keywords:
Antimony resistance / 2D-DIGE / L. braziliensis / Microbiology / Phosphoproteomic
analysis / Sblll

Additional supporting information may be found in the online version of this article at
the publisher’s web-site

1 Introduction
Protozoan parasites belonging to Leishmania genus are the

causative agents of leishmaniasis that produces a wide spec-
trum of clinical disease in humans ranging from self-healing
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cutaneous (CL) and mucocutaneous (MCL) lesions to fatal
visceral (VL) infection, if not treated [1]. The disease is a pub-
lic health concern, endemic in 98 countries with more than

Colour Online: See the article online to view Fig. 1, 2, 4 in colour.
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350 million people at risk, reaching up to 1.2 million new
cases annually [2]. In the New World, Leishmania (Viannia)
braziliensis (Lb) causes the CL and MCL forms of the disease
[3.4]. Cases of CL occur mainly in Afghanistan, Algeria, Brazil,
Colombia, the Islamic Republic of Iran, Pakistan, Peru, Saudi
Arabia, the Syrian Arab Republic and Tunisia, whereas MCL
occurs mainly in Brazil, Peru, and the Plurinational State of
Bolivia [2].

Chemotherapy remains the only effective measure against
all forms of leishmaniasis. The administration of the pen-
tavalent antimony (SbV) -based drugs, such as sodium
stibogluconate (Pentostam®) and meglumine antimoniate
(Glucantime®) represents the first line of treatment for more
than 60 years [5]. However, the mechanisms of action of an-
timonials are not completely understood. It is generally ac-
cepted that SbV is a prodrug that is reduced into the trivalent
form (SbIII), active against the amastigote, and promastigote
forms of Leishmania [6]. Nevertheless, the site (macrophage
or parasite) and the mechanism of this reduction (enzymatic
or nonenzymatic) remain unclear. Studies suggest that SbV
inhibits macromolecular biosynthesis in amastigotes [7], pos-
sibly via perturbation of energy metabolism due to inhibition
of glycolysis and fatty acid oxidation [8]. Moreover, other stud-
ies have been reported that antimony can kill Leishmania by
disturbances in the thiol redox potential of the parasite [9],
by production of leishmanicidal molecules like nitric oxide
and reactive oxygen species [10], DNA fragmentation and
programmed cell death [11,12].

An increase in clinical resistance to SbV has been reported
[13,14], representing an important public health problem in
several countries. In India, as many as 65% of previously un-
treated patients failed to respond after therapy with antimony
drugs due to the development of drug resistance [15,16]. The
phenomenon of antimony resistance in Leishmania species is
complex, multifactorial, and involves several pathways. Thus,
different mechanisms have been suggested for drug resis-
tance such as gene amplification, reduced accumulation of
the active drug due to either decreased influx or increased ef-
flux, detoxification of toxic compounds, and sequestration of
actives molecules in intracellular vesicles of the parasite [17].

Since the regulation of gene expression in trypanosomatids
occurs largely at posttranscriptional levels, proteomic ap-
proaches have been employed to detect alterations of pro-
tein expression in Leishmania species [18-20]. Indeed, previ-
ous studies used proteome profiling of Old- and New-World
Leishmania species to investigate virulence factors, potential
drug targets, and the mechanisms of drug resistance in these
parasites [21-24].

During differentiation, Leishmania proteins undergo post-
translational modifications (PTMs), which can include
methylation, glycosylation, fucosylation, acetylation, and
phosphorylation [25]. However, protein phosphorylation is
one of the most studied modifications given its relevance in
regulating important cellular events such as gene transcrip-
tion, cell morphology, or cell cycle [26]. Thus, phosphopro-
teomic analyses have been performed to identify phosphopro-

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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teins implicated in several biological process of L. donovani
pro- and amastigote stages [27], to reveal heat-shock protein
complexes specific to the L. donovani infectious stage [28],
define parasite-specific phosphorylation sites [29], identify a
stage-specific phosphorylation motif in L. donovani parasites
[30], and follow the dynamics of phosphorylation trends dur-
ing L. donovani axenic differentiation [31]. Our study is the
first reportin the literature of comparative phosphoproteomic
analysis associated with antimony resistance in L. brazilien-
sis. Here, we used a quantitative 2D-DIGE approach followed
by MS/MS to correlate phosphoprotein abundance in SbIII-
resistant (SbR) and -susceptible lines to either drug treatment
(SbIIT 0.025 or 2 mg/mL) or antimony resistance. Western
blot assays were carried out to validate the quantitative phos-
phoproteome analysis. Thus, we investigated the expression
level of three phosphoproteins, such as cytosolic tryparedoxin
peroxidase, kinetoplastid membrane protein-11, and alpha-
tubulin in these L. braziliensis lines. In addition, multiple
sequence alignments were performed to validate the conser-
vation of phosphorylated residues in nine proteins identified
in this study.

2 Materials and methods
2.1 Leishmania samples and parasite growth

In this study, we used promastigote forms (mid-log) from the
lines of L. braziliensis (MHOM/BR/75/M2904) that are sus-
ceptible or resistant to potassium antimonyl tartrate (SbIII).
The resistant line (LbSbR) was previously selected in vitro by
step-wise increase of SbIII drug pressure and the resistance
index is 20-fold higher than of its susceptible counterpart
[32]. The authors showed that after 37 passages in culture
medium in the absence of SbIII, the resistance index de-
creased to half (tenfold) for these resistant parasites. No fur-
ther decrease in resistance was observed in parasites grown
for ten more passages, demonstrating the stability of the SbIII
resistance phenotype. Moreover, a decrease in infectivity and
growth profiles was observed in the LbSbR parasites. Lesions
in mice infected with these parasites appeared after 37 days,
progressed more slowly and peaked at a lower thickness than
lesions produced by LbWTS parasites [32]. The SbIII con-
centrations used in this study were obtained after detailed
analysis of parasite viability. Different SbIII concentrations
were used and the parasites were submitted to FACS analysis,
using propidium iodide and annexin V (ImmunoChemistry
Technologies). The antimony-susceptible line (LbWTS) was
cultivated in the absence of the drug (LbWTS 0 sample) or
during 24 h at a SbIII concentration of 0.025 mg/mL (Lb-
WTS 0.025 sample) that corresponds to half of the SbIII ICs,
for this LbWTS line, which does not induce apoptosis (Sup-
porting Information Fig. 1A). For comparative analysis, the
LbSbR line was also cultivated during 24 h at the concen-
trations of 0.025 mg/mL (LbSbR 0.025 sample—same SbIII
concentration and half of the SbIIT ICs, of LbWTS line) and
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2 mg/mL that corresponds to the SbIII ICs, for this LbSbR
line and it is the concentration that the parasite is routinely
maintained (LbSbR 2 sample) (Supporting Information Fig.
1B). It is important to highlight that we used the same SbIII
concentration (0.025 mg/mL) to compare the wild-type sus-
ceptible (WTS) and SbR lines, and to evaluate if the stress
caused by the drug was also present in the SbR line main-
tained with high concentration of SbIII (2 mg/mL). Parasites
were grown at 26°C in M199 medium supplemented with
40 mM HEPES pH 7.4, 1 pg/mL biotin, 5 pg/mL hemin,
2 pg/mL biopterin, 2 mM L-glutamine, 500 U penicillin,
50 pg/mL streptomycin and 10% v/v heat-inactivated fetal
calf serum [32]. Cells were washed in RPMI medium, pel-
leted by centrifugation and frozen at -70°C.

2.2 Preparation of total protein and phosphoprotein
extracts of L. braziliensis samples

Total protein and phosphoprotein extracts were prepared as
previously described [27,33]. To obtain total protein extracts,
promastigote pellets of L. braziliensis were resuspended in
0.7 mL lysis buffer (7 M urea, 2 M thiourea, 30 mM Tris,
4% CHAPS, protease inhibitor cocktail (Roche), pH 8.5),
incubated for 10 min at 4°C and sonicated 5 min (sequence of
10 s pulse and 20 s pause). Cells were centrifuged at 12 000 x g
for 10 min at 4°C and the protein concentration was de-
termined (RC DC™ Protein Assay BIORAD kit). For
phosphoprotein purification, promastigote pellets were
resuspended in 0.7 mL lysis buffer (150 mM NaCl, 50 mM
Tris-HCI, 1% TritonX-100, 0.25% CHAPS, 1% benzonase,
protease inhibitor cocktail (Roche), and phosphatase inhibitor
(PhosSTOP Roche)). Samples were incubated for 10 min at
4°C, sonicated 5 min (sequence of 10 s pulse and 20 s pause)
and centrifuged. Protein concentration was adjusted to
0.1 mg/mL and the extracts were applied onto equilibrated
affinity columns of the Phosphoprotein Purification kit (Qia-
gen) according to the manufacturer’s instructions. Unbound
proteins were removed by washing, and bound phosphory-
lated proteins were eluted in 1 mL elution buffer. Samples
were concentrated using AMICON ultra centrifugation filters
(0.5 mL, 10 kDa cut off), protein concentration was deter-
mined (RC DC™ Protein Assay BIORAD kit) and
phosphoprotein extracts were kept at —70°C until use.

2.3 2D-DIGE analysis
2.3.1 Sample preparation and DIGE labeling

The analysis were performed following the manufac-
turer's recommendations (GE Healthcare) and as previ-
ously described [28, 33]. Briefly, phosphoprotein extracts from
antimony-susceptible and -resistant L. braziliensis samples of
four independent experimental replicates were precipitated
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using the 2D clean-up kit (GE Healthcare) and pellets were
resuspended in DIGE sample buffer (7 M urea, 2 M thiourea,
4% CHAPS, 30 mM Tris, pH 8.5) to a final protein concen-
tration of 5 mg/mL. Forty micrograms of phosphoproteins
from each replicate were differentially labeled with the spec-
trally resolvable dyes Cy3 or Cy5 and mixed according to our
experimental design. For normalization purposes an internal
standard corresponding to Cy2 labeled protein representing
a mixture of all extracts was added.

2.3.2 Two-dimensional gel electrophoresis

According to our experimental design (Fig. 1A and B),
120 pg of proteins from mixed samples were loaded on 24 cm
DryStrip pH 4-7 Immobiline strips and separated in the first
dimension using a isoelectric focusing system (BIORAD) at
60 kVHrs. After equilibration, strips were transferred to HPE
NF flatbed gel (12.5%) (SERVA) and separated using the
“High Performance Electrophoresis (HPE) FlatTop Tower”
system (SERVA Electrophoresis) according to manufacturer’s
guidelines.

2.3.3 Image acquisition and protein identification
by MS

Gels were scanned on a Typhoon™ Variable Mode Imager
9400 (GE Healthcare) and quantitative analysis of the images
were performed using the Progenesis SameSpots software
V4.1 (Nonlinear Dynamics, Newcastle upon Tyne, UK). Val-
idation of significant spots was further performed using the
included Progenesis Stats DIGE module including Principal
Component Analysis, computed p values using one way
ANOVA analysis, Power and q value (Fig. 1C). Spots showing
a minimum of 1.5-fold change in fluorescence intensity
with a p-value less than 0.05 were considered significantly
modulated. Selected spots were excised from the 2D-DIGE
gels using the Screen Picker (Proteomics Consult), in order
to maximize the amount of protein available for MS analysis,
each spot was excised four times using the four available
DIGE gels. Plugs were individually washed, reduced, alky-
lated, and digested with trypsin [34]. The resulting peptides
were extracted with the Progest Investigator (Genomic
Solutions, Ann Arbor, MI, USA). After desalting step
(C18-nZipTip, Millipore), peptides were eluted and the four
eluates corresponding to one same spot were pooled together
onto the stainless steel MALDI target plate (Applied Biosys-
tems/MDS SCIEX, Framingham, MA, USA) with 0.5 pL
of CHCA matrix (2.5 mg/mL in 70% ACN/30% H,0/0.1%
TFA). The spots subjected to MS/MS were determined
using a composite database of the Leishmania brazilensis, L.
mexicana, L. donovani, L. amazonensis, and L. major (NCBI
- http://www.ncbinlm.nih.gov and TriTrypDB- http://
tritrypdb.org/tritrypdb/).
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Figure 1. Experimental conditions for 2D-DIGE analysis of L. braziliensis samples. (A) Schematic. representation of the experiment.
(B) Design of the analysis with randomized swap-dye—40 pg of each replicate were labeled with 400 pmoles of either Cy3 or Cy5 dyes
and mixed according to our experimental design including the internal standard (IS). Each gel contained 120 pg in total. First dimensions
were run for 60 kVHrs in 24 cm IPG strips, pH gradient 4-7, followed by second dimensions using the horizontal system HPE FlatTop Tower.
(C) Principal components (PC) analysis of the 2D-DIGE experiment. Statistical analysis showing the “good” clustering of the biological
replicates for each sample. (D) Experimental groups defined by pair-wise analyses. Group 1 (LbWTS 0 x LbWTS 0.025) and group 5 (LbSbR
0.025 x LbSbR 2) inform on pathways that are activated during drug treatment and thus reflects the parasite signaling response to stress
by drug treatment; groups 2 (LbWTS 0.025 x LbSbR 0.025), 3 (LbWTS 0 x LbSbR 0.025), and 4 (LbWTS 0.025 x LbSbR 2) reveal differences
between Sblll-susceptible and -resistant lines and thus may inform on resistance mechanisms. (E) Overlay image of the LbWTS 0.025 and
LbSbR 2 samples by 2D-DIGE technology. Phosphoprotein extracts of the LbWTS 0.025 and LbSbR 2 samples were differentially labeled
with fluorescent CyeDyes and subsequently separated on a 2D-DIGE gel using 24 cm pH 4-7 strips in the first dimension and 12.5%
SDS-PAGE gels in the second dimension, and revealed with a Typhoon fluorescent imager. The gel showed above is representative of
four independent experimental biological replicates. LbOWTS 0, antimony-susceptible sample of L. braziliensis without treatment with Sblll;
LbWTS 0.025, antimony-susceptible sample of L. braziliensis treated with Sblll 0.025 mg/mL; LbSbR 0.025, antimony-resistant sample of
L. braziliensis treated with Sblll 0.025 mg/mL; LbSbR 2, antimony-resistant sample of L. braziliensis treated with Sblll 2 mg/mL.
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2.4 Western blot

Total protein and phosphoprotein-enriched extracts (1 pg) of
the different L. braziliensis samples treated and nontreated
with SbIII were separated by electrophoresis on a 12% SDS
polyacrylamide gel and electrotransferred onto nitrocellulose
membranes (Bio-Rad, Hercules, CA, USA). The blots were
blocked by incubation with 5% instant nonfat dry milk in PBS
supplemented with 0.05% Tween 20 (PBS-T) for 1 h. Blots
were washed twice in PBS-T and incubated for 16 h at4°C with
rabbit polyclonal antibodies specific for each protein of inter-
est: T. cruzi anti-cytosolic tryparedoxin peroxidase (1:500) [35],
L. braziliensis anti-KMP-11 (1:1000) (kindly provided by MSc.
Nayara Tessarolo), and mouse monoclonal anti-alpha-tubulin
antibody (1:500) (Sigma, St. Louis, USA). The blots were
washed and incubated for 1 h with horseradish peroxidase-
conjugated anti-rabbit IgG (1:3000) (GE Healthcare) or anti-
mouse poly-HRP (1:1000) (Pierce) at room temperature. The
membranes were washed, incubated with ECL Plus chemi-
luminescent substrate (GE Healthcare) and exposed to an X-
ray film (Amersham, Buckinghamshire, UK) or revealed by
ImageQuant LAS 4000 (GE Healthcare). To confirm equiva-
lent loading, SDS-PAGE containing the same samples were
stained with silver and Pro-Q Diamond phosphoprotein gel
stain (Invitrogen). One region of the silver stained gel was
selected to normalize the differences found in the results.

3 Results

3.1 Design and validation of the experimental set up
for quantitative phosphoproteomics analysis

The aim of this study was to decipher potential signaling
events linked to drug resistance mechanisms by the compar-
ative analysis of the phosphoproteome of L. braziliensis lines
susceptible and resistant to SbIII in response to the drug
signal.

A preliminary experiment was designed to determine
the nonlethal doses of antimony that will allow us to
reveal signaling events in response to drug treatment and
underlying the resistance phenotype rather than linked to
cell death. Parasite viability was monitored by FACS analysis
using propidium iodide across two SbIII concentrations for
24 and 48 h (Supporting Information Fig. 1A and B) and the
following conditions were identified for subsequent quanti-
tative phosphoproteomics investigation based on the absence
of cell death and the presence of changes in the phosphopro-
tein profile (Supporting Information Fig. 1C): susceptible
parasites were incubated for 24 h without (LbWTS 0)
or with SbIII 0.025 mg/mL (LbWTS 0.025), and resistant
parasites were treated with SbIII 0.025 mg/mL (LbSbR 0.025)
and 2 mg/mL (LbSbR 2) before phosphoprotein enrichment
(Fig. 1A).

For quantitative 2D-DIGE analysis, phosphoprotein ex-
tracts from four independent experimental biological repli-
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cates were differentially labeled with fluorescent CyeDyes,
mixed according to our experimental design (Fig. 1B) and
separated by isoelectric focusing at a pH range of 4-7 in the
firstand 12.5% HPE NF flatbed gel in the second dimension.
The images were obtained by scanning on a Typhoon fluo-
rescentimager, and analyzed with the Progenesis SameSpots
software V4.1 (Nonlinear Dynamics, Newcastle upon Tyne,
UK). Before quantification, the experiment was controlled
for quality with the QC module of the Progenesis SameSpots
software. The principal component analysis applied on the
gels is indicative of the reproducibility between replicates
and the clear clusterization of the samples in four groups
corresponding to LbWTS 0, LbWTS 0.025, LbSbR 0.025, and
LbSbR 2 (Fig. 1C). Five groups of pairwise comparison were
chosen that can inform on either on parasite signaling re-
sponses linked to drug treatment in general, namely groups
1 (LbWTS 0 x LbWTS 0.025) and 5 (LbSbR 0.025 x LbSbR
2), or signaling events associated to resistance mechanisms
that are revealed in groups 2 (LbWTS 0.025 x LbSbR 0.025),
3 (LbWTS 0 x LbSbR 0.025), and 4 (LbWTS 0.025 x LbSbR
2) (Fig. 1D).

3.2 Pairwise comparison reveals phosphoproteins
linked to antimony treatment and resistance

All spots with fold change above 1.5 and p-values < 0.05
were considered significantly modulated and submitted to
MS. The pairwise comparisons of the gels (Fig. 1E and Sup-
porting Information Fig. 2 to 5) reveal a total number of 116
spots that were found differentially abundant across the five
groups (Fig. 2A). Of this total number, 34 spots showed fold
changes above 2, and 11 and 34 spots were specific to groups
of comparisons correlated to SbIII treatment and resistance,
respectively (Tables 1-6). A total of 48 different proteins were
identified by MS analysis, with some retrieved from several
spots revealing isoforms or PTMs. Our results from com-
parative analyses demonstrated that the groups 1 and 5 may
be related to drug response (Fig. 2B), and the groups 2, 3,
and 4 associated to drug resistance (Fig. 2C). Besides, these
graphs show the reproducibility between the four indepen-
dent replicates under two conditions for each group ana-
lyzed. The various proteins that fall into these groups will
be more explicitly described in the Sections 3.3 to 3.5. The
resulting proteins were further classified in seven categories
according to GO (http://geneontology.org/) and KEGG or-
thology (http://www.genome.jp/kegg/kegg2.html) databases
of biological processes (Tables 2—-6 and Supporting Informa-
tion Table 1). Interestingly, we observed that the biological
process category “protein folding/chaperones and stress re-
sponse” is mainly implicated in response to SbIII drug as
demonstrated for the groups 1 and 5 (Fig. 3A). Whilst “an-
tioxidant/detoxification,” “metabolic process,” “RNA/DNA
processing,” and “protein biosynthesis” are modulated in the
case of drug resistance for the groups 2, 3, and 4 (Fig. 3B).
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Figure 2. Pair wise comparisons. (A)
Venn diagram of the pair wise compar-
ative analysis for groups 1-5. Numbers

within squares represent the groups
and the numbers in the diagram repre-
sent the total number of phosphopro-
teins identified within each group. (B)
Pair wise comparisons for groups 1 and
5 (this informs on what drug treatment
changes in terms of phosphorylation

and thus informs on drug-responsive

signaling). (C) Pair wise comparative
analysis for groups 2, 3, and 4 (this in-
forms on potential resistance mecha-

LbWTS 0.026 LbSbR 0.025 LbWTS 0 LbSbR 0.025

Table 1. Analysis of 2D-DIGE phosphoprotein profiles from dif-
ferent groups of L. braziliensis

Groups of L. braziliensis?) MS/MSP) ss¢) TP4) DPe) Table!

LbWTS 0.025 LbSbR 2

1LbWTS 0 x LbWTS 0.0256 9 4 7 4 2

2 LbWTS 0.025 x LbSbR 81 13 36 28 3
0.025

3 LbWTS 0 x LbSbR 0.025 61 7 22 17 4

4 LbWTS 0.025 x LbSbR 2 66 14 38 29 5

5 LbSbR 0.025 x LbSbR 2 29 7 13 10 6

a) Division in groups of the phosphoproteins identified according
to the treatment submitted for the antimony-susceptible (WTS)
and -resistant (SbR) lines of L. braziliensis.

b) Number of spots analyzed by MS/MS that showed a minimum
of 1.5-fold change in fluorescence intensity with a p-value < 0.05
(ANOVA).

c) Number of specific spots in the group analyzed.

d) Total number of phosphoproteins identified in the group ana-
lyzed.

e) Number of different phosphoproteins identified in the group
analyzed.

f) Number of the table where the phosphoproteins identified are
shown.

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

nisms linked to phosphorylation).

3.3 Phosphoproteins specifically associated to the
response induced by Sbhlll

The groups 1 and 5 comparisons (Tables 2 and 6, Fig. 2B)
reveal the parasite signaling response to the stress induced by
the drug. Some of the differentially abundant spots were only
observed in these two groups and are therefore exclusively
linked to the response to SbIII treatment.

The differences observed in phosphoprotein abundance
in response to the drug signal are narrow with fold changes
below 2 despite significant p-values < 0.05 (Tables 2 and 6).
However, as expected, the main biological process category
targeted in response to SbIII is “protein folding/chaperones
and stress response,” including heat shock proteins HSP70
(LbrM.28.2990) and HSP83-1 (LbrM.33.0340). In general,
the heat shock response is a homeostatic mechanism that
protects cells from the deleterious effects of environmental
stress, such as heat [36] and drug exposure. One spot cor-
responding to HSP70 (LbrM.28.2990) was identified specifi-
cally when the susceptible parasites were treated with SbIII
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Table 2. Phosphoproteins differentially abundant in the group 1 (LbWTS 0 x LbWTS 0.025) of. L. braziliensis

Spot no. LbWTS  TriTrypDB Protein identity Pep. Protein pH! Mwe! Max  ANOVA
0.025 accession no. count?’  score® cv (p)e!
/LbWTS L. braziliensis (%)"
02!

Protein folding/chaperones and stress response"

305 15 LbrM.28.2990 Heat-shock protein hsp70, 14 627 5.22/5.49 71 277/70 676 11.2 4.9E-04

putative

1528 1.7 LbrM.33.0340 Heat shock protein 83-1 15 274 4.8/5.09 80 663/79 324 17.5 3.3E-03

1530 1.7 LbrM.33.0340 Heat shock protein 83-1 14 222 4.8/5.07 80 663/79 865 11.2 3.4E-04

1529 1.6 LbrM.33.0340 Heat shock protein 83-1 1 244 4.8/5.03 80 663/79 189 7 4.0E-05

Spot no. LbWTS 0 TriTrypDB Protein identity Pep. Protein  pF! Mwe! Max  ANOVA
/LbWTS  accession no. count”’  score®! cv (p)e!
0.025%) L. braziliensis (%)"

Protein folding/chaperones and stress response"

613 1.6 LbrM.31.2940 Calreticulin, putative 5 178 4.1/4.54 48 473/46 273 22.3 1.1E-02

650 1.5 LbrM.31.2940 Calreticulin, putative 5 255 4.1/4.54 48 473/43 091 13 1.8E-03

Antioxidant/detoxification

1506 4 LbrM.34.2140 Kinetoplastid membrane 3 164 6.52/6.3 11170/12 160 16.3 3.9E-03

protein-11

a) Ratio of more abundance of protein spots between the samples LbOWTS 0.025 and LbWTS 0 or LbWTS 0 and LbWTS 0.025.

b) Number of peptides identified.

c) MASCOT score.

d) Isoelectric point — theoretical/experimental.

e) Molecular weight (Da) — predicted/experimental.
f) Maximum coefficient of variation (%).

g) The differences are statistically significant for all spots presented in the table (p < 0.05).
h) Biological process categories according to GO and KEGG orthology databases.

The underlined spot numbers are specific to a given comparison.

and compared to LbWTS 0 (spot 305, Table 2). Likewise, in-
crease abundance of HSP83-1 (LbrM.33.0340) proteins was
specifically related to SbIII treatment as revealed by the com-
parison of group 1 (spots 1528, 1529, and 1530) and group
5 (spots 262, 264, and 268) (Tables 2 and 6). These results
demonstrate that the stress caused by the treatment of the
LbWTS line with 0.025 mg/mL of SbIII and LbSbR with
2 mg/mLleads to increased phosphorylation of the major par-
asite HSPs supporting the hypothesis that Leishmania stress
proteins are regulated on posttranslational levels by phospho-
rylation [28].

On the other hand, our results also demonstrated that one
spotidentified as protein disulfide isomerase (LbrM.35.7320),
a thioredox chaperone that has been reported to be overex-
pressed in a SbV-resistant line of L. panamensis [37], and
spots corresponding to prolyl oligopeptidase (LbrM.35.7100),
rieske iron-sulfur protein precursor (LbrM.34.1450), and one
hypothetical protein (LbrM.28.2090) were more abundant in
LbSbR 0.025 compared to LbSbR 2 (Table 6). These results
show that the stress caused by the high SbIII concentration
(2 mg/mL) decreases the abundance of these phosphopro-
teins in the sample LbSbR 2.

3.4 Phosphoproteins specifically associated to
resistance mechanisms against Sblll

The group 2, 3, and 4 comparisons (Tables 3-5) may inform
on resistance mechanisms. Some of the spots differentially

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

abundant were only observed in these three groups and could
be exclusively linked to the SbIII resistance.

3.4.1 Protein folding/chaperones and stress
response

The proteins related to this biological process were found
increased mainly in the susceptible parasites. Thus, the
spots 338 and 375 corresponding to HSP70 (LbrM.28.2990)
identified only in the group 2 were more abundant in LbWTS
0.025 than in LbSbR 0.025, suggesting that some isoforms
or modifications of this protein are specifically related to
drug response or drug resistance mechanisms (Table 3). Our
study also revealed spots corresponding to a tetratricopeptide
repeat (TPR) domain protein (LbrM.30.2700), which may act
as a scaffold for multiprotein complexes involved in a variety
of cellular functions (Tables 3-5). Spots corresponding to
calreticulin (LbrM.31.2940) were found in groups 1, 2, 4,
and 5. They are not specific to the stress response or the
resistance mechanisms, and will be discussed later with other
proteins.

3.4.2 Antioxidant/detoxification
The major biological process implicated in resistance

mechanisms is the antioxidant/detoxification process,
with the exception of kinetoplastid membrane protein-11
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Table 3. Phosphoproteins differentially abundant in the group 2 (LbWTS 0.025 x LbSbR 0.025) of L. braziliensis

Spot no. LbSbR TriTrypDB Protein identity Pep. Protein  pM) Mwe! Max ANOVA
0.025/  accession no. Count®  Score®! cv (p)e!
LbWTS L. braziliensis (%)"
0.0252)
Protein folding/chaperones and stress response”!
650 2.1 LbrM.31.2940 Calreticulin, putative 5 255 4.1/4.54 48 473/43 091 9.6 1.0E-05
Antioxidant/detoxification
1631 5.9 LbrM.23.0300 Pteridine reductase 1 3 218 5.3/5.9 30 492/32 748 10.9 1.3E-07
1632 4.4 LbrM.23.0300 Pteridine reductase 1 5 263 5.3/5.9 30492/33 511 121 1.3E-06
1533 34 LbrM.23.0050 Peroxidoxin 6 302 7.83/5.86 25 388/23 321 19.8 5.1E-05
1479 1.7 LbrM.34.2140 Kinetoplastid membrane 2 63 6.52/5.73  11170/12 811 21 4.4E-03
protein-11
1506 1.7 LbrM.34.2140 Kinetoplastid membrane 3 164 6.52/6.3 11170/12 160 16.3 6.7E-04
protein-11
1150 1.5 LbrM.15.1100 Tryparedoxin peroxidase 5 222 6.51/6.2 22 573/24 275 10.1  7.0E-04
Metabolic process
1543 2.6 LbrmM.32.3210 Nucleoside diphosphate kinase b 4 125 8.06/4.85 16 689/17 308 204 2.3E-04
RNA/DNA processing
1238 1.8 LbrM.13.1240 Ran-binding protein 1, putative 7 295 5.42/5.64 17 850/20 458 22 2.2E-03
793 1.6 LbrM.15.1440 Proliferative cell nuclear antigen 8 581 5.42/4.84 37 700/36 679 18.2 4.6E-03
(PCNA), putative
Protein biosynthesis
558 3.2 LbrM.23.0290 Argininosuccinate synthase, 10 351 9.93/5.6 48 559/50 000 104 3.5E-06
putative
1237 1.7 LbrM.16.0150 Eukaryotic translation initiation b 264 4.4/4.53 18 709/20 229 148 1.2E-03
factor 1A, putative
1326 12 LbrM.13.0390 40S ribosomal protein S12, 3 139 456/4.84  15631/17 811 211 3.4E-03
putative
Hypothetical proteins
1302 2.1 LbrM.34.4450 Hypothetical protein, conserved 4 119 4.0/4.67 21 809/18 195 13.4 1.6E-04
1544 1.8 LbrM.34.4450 Hypothetical protein, conserved 4 103 4.0/4.87 21809/17 101 148 5.7E-04
1469 2 LbrM.33.0650 Hypothetical protein, conserved 3 116 4.34/4.58 14 425/13 107 15.4 1.8E-04
1460 1.7 LbrM.13.0270 Hypothetical protein, conserved 3 139 5.76/5.26 13 197/13 580 6.6 1.9E-05
1454 1.6 LbrM.35.1650 Hypothetical protein, conserved 2 131 5.1/4.68 19 205/13 728 13.6 3.8E-04
Spot no. LbWTS  TriTrypDB Protein identity Pep. Protein  pM Mwe! Max  Anova
0.025/  accession no. Count®’  Score® cv (p)e!
LbSbR L. braziliensis (%)"
0.025%
Protein folding/chaperones and stress response®
375 1.7 LbrM.28.2990 Heat-shock protein hsp70, 1 785 5.22/5.95 71 277/65 091 239 8.0E-03
putative
338 1.5 LbrM.28.2990 Heat-shock protein hsp70, 8 64 5.22/5.82  71277/67 818 218  1.3E-02
putative
686 1.7 LbrM.30.2700 TPR domain protein, conserved 9 311 4.87/5.47 45 655/40 818 10.1 2.3E-04
652 1.5 LbrM.30.2700 TPR domain protein, conserved 6 97 4.87/5.32 45 655/42 909 22.9 1.3E-02
Metabolic process
886 2 LbrM.35.3170 Succinyl-CoA ligase 4 227 7.04/5.55 43 906/34 046 256  1.2E-02
[GDP-forming] beta-chain,
putative
1545 1.4 LbrM.35.3170 Succinyl-CoA ligase 4 118 7.04/5.8 43 906/34 427 16.3  1.3E-02
[GDP-forming] beta-chain,
putative
267 1.7 LbrM.33.0320 ATP-binding cassette 10 175 7.02/6.54 74 199/74 459 13.9 8.6E-04
sub-family F member 1,
putative
172 1.6 LbrM.35.1490 Transitional endoplasmic 13 439 5.05/5.4 87 287/87 973 11.8  5.9E-04
reticulum ATPase, putative
188 1.6 LbrM.35.1490 Transitional endoplasmic 10 128 5.05/6.59 87 287/85 135 15 2.1E-03
reticulum ATPase, putative
RNA/DNA processing
383 1.9 LbrM.30.3340 UV excision repair RAD23-like 4 178 4.07/4.4 44 971/64 727 124  2.0E-04
protein
Protein biosynthesis
154 2:1 LbrM.35.0270 Elongation factor 2 19 432 5.97/6.28 94 249/89 324 224 9.4E-04
153 1.9 LbrM.35.0270 Elongation factor 2 14 355 5.97/6.1 94 249/89 459 147  3.9E-04
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Table 3. Continued
Spot no. LbWTS  TriTrypDB Protein identity Pep. Protein pF! Mwe! Max  Anova
0.025/  accession no. Count?  Score® cv (p)¥!
LbSbR L. braziliensis (%)
0.025%
603 1.5 LbrM.01.0740 Eukaryotic initiation factor 4a, 8 507 6.15/6.0 45 327/47 000 6.7 4.3E-05
putative
341 1.6 LbrM.15.0260 Lysyl-tRNA synthetase, putative 10 135 6.8/6.66 67 052/67 545 7.5 2.2E-05
Hypothetical proteins
869 23 LbrM.14.0460 Hypothetical protein, conserved 3 156 4.73/4.83 36 668/34 504 9.1 1.2E-05
1075 1.9 LbrM.30.3080 Hypothetical protein, conserved 3 88 6.9/4.51 36 367/27 214 227 1.8E-03
1012 1.7 LbrM.25.1690 Hypothetical protein, conserved 3 138 4.19/4.44 23 677/29 695 19 6.6E-03
682 1.6 LbrM.30.0640 Hypothetical protein, conserved 15 618 5.3/5.53 36 852/41 273 139 1.1E-03

a) Ratio of more abundance of protein spots between the samples LbSbR 0.025 and LbWTS 0.025 or LbWTS 0.025 and LbSbR 0.025.

b) Number of peptides identified.

c) MASCOT score.

d) Isoelectric point — theoretical/experimental.

e) Molecular weight (Da) — predicted/experimental.
f) Maximum coefficient of variation (%).

g) The differences are statistically significant for all spots presented in the table (p < 0.05).
h) Biological process categories according to GO and KEGG orthology databases.

The underlined spot numbers are specific to a given comparison.

(KMP-11) (LbrM.34.2140) and pteridine reductase 1 (PTR1)
(LbrM.23.0300) that were identified in almost all groups and
will be discussed later. Spots corresponding to peroxidoxin
(LbrM.23.0050) and tryparedoxin peroxidase (LbrM.15.1100)
were identified with increased abundance in the LbSbR 0.025
compared to the LbWTS 0.025 (Table 3 and Supporting Infor-
mation Fig. 6). Peroxidoxins comprise a family of antioxidants
that have been recently discovered in numerous prokaryotes
and eukaryotes and play key roles in the defence against oxida-
tive stress. The expression level of peroxiredoxin was found in-
creased in an antimony-resistant line of L. infantum [24]. Try-
paredoxin peroxidase is a member of the peroxiredoxin family
and a key enzyme that catalyzes the terminal reaction of a cas-
cade of enzymes required for peroxides detoxification [38,39].
Previous studies have associated high levels of tryparedoxin
peroxidase with resistance to arsenite and antimony in resis-
tant mutants of Leishmania [40,41]. Indeed, increased expres-
sion of this protein was observed in antimony unresponsive
L. donovani field isolates [42], in a gentamicin-resistant line of
L. infantum [43], in SbIlI-resistant lines of L. braziliensisand L.
infantum [24], and in Sblll-resistant L. infantum mutant [44].

3.4.3 Cytoskeletal proteins

Various cytoskeletal proteins showed a 1.6 to 2.6-fold
decreased in abundance in LbSbR 2 (group 4). Our
study revealed protein spots corresponding to alpha-tubulin
(LbrM.13.0190) and beta-tubulin (LbrM.33.1010) (Table 5).
Tubulins are known to undergo numerous PTMs, such as
acetylation, phosphorylation, polyglutamylation, polyglycyla-
tion, detyrosination, among others [45]. Previous studies have
reported that the phosphorylation of tubulins could affect the
dynamics of tubulin assembly or could be indicative of their
roles in several signal transduction pathways [46, 47]. The
alpha- and beta-tubulin proteins have been described as the
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basic components of microtubules, which are crucial for the
mitotic spindle apparatus during cell division, intracellular
transport and ciliary and flagellar motility [48]. Beta-tubulin
has been identified upregulated in arsenite-resistant L. dono-
vani [49], in methotrexate-resistant L. major [21], in antimony-
resistant isolates of L. donovani [50, 51], in gentamicin-
resistant L. infantum line [43], and in SbllI-resistant line of L.
braziliensis [24]. Christen et al. [52] suggested that the sensi-
tivity of cancer cells to chemotherapeutic agents is mediated
by phosphorylation of beta-tubulin, establishing the possible
role of tubulin in the signal transduction cascades regulating
drug sensitivity and, therefore, resistance. Other cytoskeletal
proteins were also observed in our comparative analysis like
the paraflagellar rod protein 1D (LbrM.31.0160) identified in
two spots (Table 5). Paraflagellar rod protein 1D was observed
downregulated in the antimony-resistant L. braziliensis line
[24]. These results reveal that the paraflagellar rod protein 1D
shows lower abundance in the phosphoproteome as well as
the total proteome in Sblll-resistant L. braziliensis.

3.4.4 Metabolic process

Three proteins associated with metabolic processes were
identified and specifically more abundant in the phos-
phoproteome of resistant parasites when compared to
susceptible ones. The metallo-peptidase, Clan MA(E), Family
M32 (LbrM.33.2810), an enzyme involved in proteolysis
(Table 4), the acidocalcisomal pyrophosphatase (LbrM.
19.0110) (Table 5) and the protein nucleoside diphosphate ki-
nase b (NDKDb) (LbrM.32.3210). This latter enzyme catalyzes
the exchange of phosphate groups between different nucle-
oside diphosphates and was identified in two spots within
groups 2, 3, and 4 (spots 1333 and 1543, Tables 3-5 and
Supporting Information Fig. 6). As NDKb has been found
unchanged or downregulated in different antimony-resistant
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Table 4. Phosphoproteins differentially abundant in the group 3 (LbWTS 0 x LbSbR 0.025) of L. braziliensis

Spot no. LbSbR TriTrypDB Protein identity Pep. Protein pM) Mwe) Max ANOVA
0.025/ accession no. count®  score® cv  (p)e
LbWTS 02 L. braziliensis (%)
Antioxidant/detoxification
1531 4.6 LbrM.23.0300 Pteridine reductase 1 3 218 5.3/5.9 30 492/32 748 18.3 3.9E-06
1532 3.7 LbrM.23.0300 Pteridine reductase 1 5 263 5.3/5.9 30 492/33 511 149 5.7E-06
Metabolic process
1543 2.3 LbrM.32.3210 Nucleoside diphosphate kinase 4 125 8.06/4.85 16 689/17 308 26.1 6.5E-04
b
482 1.6 LbrM.33.2810 Metallo-peptidase, Clan MA(E), 14 608 5.52/5.47 57 206/56 636 13.1  3.6E-03
Family M32
RNA/DNA processing
466 1.6 LbrM.31.1980 Nucleosome assembly 6 179 4.2/4.49 45 551/57 545 7.2 3.2E-05
protein-like protein
793 1.6 LbrM.15.1440 Proliferative cell nuclear 8 581 5.42/4.84 37 700/36 679 11.8 8.1E-04
antigen (PCNA), putative
Protein biosynthesis
558 4.4 LbrM.23.0290 Argininosuccinate synthase, 10 351 9.93/5.6 48 559/50 000 323 1.3E-04
putative
1326 1.7 LbrM.13.0390 40S ribosomal protein S12, 3 139 4.56/4.84 15 631/17 811 15.7 1.4E-03
putative
Hypothetical proteins
1302 2 LbrM.34.4450 Hypothetical protein, conserved 4 119 4.0/4.67 21809/18 195 13.4 1.7E-04
1544 i 7 LbrM.34.4450 Hypothetical protein, conserved 4 103 4.0/4.87 21809/17 101 10.2 2.8E-04
1469 1.8 LbrM.33.0650 Hypothetical protein, conserved 3 116 4.34/4.58 14 425/13 107 9.4 5.3E-05
597 1.5 LbrM.29.0260 Hypothetical protein, conserved 2 185 4.79/4.78 40 934/47 000 13 1.3E-03
Spot no. LbWTS 0/ TriTrypDB Protein identity Pep. Protein pHM) Mwe) Max ANOVA
LbSbR accession no. count®’  score® cv  (p)e
0.025?) L. braziliensis (%))
Protein folding/chaperones and stress response"’
652 1.5 LbrM.30.2700 TPR domain protein, conserved 6 97 4.87/5.32 45 655/42 909 9.5 3.7E-04
Metabolic process
1030 1.9 LbrM.35.3430 14-3-3 protein-like protein 3 21 4.57/4.87 29 690/28 931 23.8 8.9E-03
Protein biosynthesis
153 21 LbrM.35.0270 Elongation factor 2 14 355 5.97/6.1 94 249/89 459 11.3 3.7E-05
150 21 LbrM.35.0270 Elongation factor 2 20 566 5.97/6.36 94 249/89 595 19.8 4.7E-04
154 1.9 LbrM.35.0270 Elongation factor 2 19 432 5.97/6.28 94 249/89 324 10.4 5.1E-05
603 1.9 LbrM.01.0740 Eukaryotic initiation factor 4a, 8 507 6.15/6.0 45 327/47 000 13 1.9E-04
putative
Hypothetical proteins
869 2.8 LbrM.14.0460 Hypothetical protein, conserved 3 156 4.73/4.83 36 668/34 504 20.6 1.2E-04
1017 2 LbrM.25.1690 Hypothetical protein, conserved 3 391 4.19/4.38 23 677/29 618 155 2.7E-04
1014 1.5 LbrM.25.1690 Hypothetical protein, conserved 3 405 4.19/4.41 23 677/29 695 16.9 3.4E-03
1206 1.7 LbrM.02.0520 Hypothetical protein, unknown 4 240 5.63/5.55 17 529/21 756 13.6 1.2E-03

function

a) Ratio of more abundance of protein spots between the samples LbSbR 0.025 and LbWTS 0 or LbWTS 0 and LbSbR 0.025.

b) Number of peptides identified.

c) MASCOT score.

d) Isoelectric point — theoretical/experimental.

e) Molecular weight (Da) — predicted/experimental.
f) Maximum coefficient of variation (%).

g) The differences are statistically significant for all spots presented in the table (p < 0.05).
h) Biological process categories according to GO and KEGG orthology databases.

The underlined spot numbers are specific to a given comparison.

isolates of L. donovani [51] the increase of this protein in the
parasite phosphoproteome may indicate an increase in its
phosphorylation stoichiometry in resistant lines.

On the other hand, we observed some proteins with in-
creased abundance in the susceptible parasites compared to
the resistant ones. Some are involved in the carbohydrate
metabolism like the succinyl-CoA ligase [GDP-forming] beta-
chain (LbrM.35.3170), that catalyzes the reversible reaction
of succinyl-CoA to succinate (Tables 3 and 5). Reduction
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of this protein was reported in the Sblll-resistant line of
L. infantum [24]. The spot corresponding to pyruvate kinase
(LbrM.34.0010), an enzyme involved in glycolysis, was iden-
tified in the group 4 (Table 5). Reduction of this protein was
also observed in antimony-resistant axenic amastigote cells
of L. infantum [53]. Our analysis also identified some proteins
involved in the amino acid metabolism and proteolysis that
showed differential abundance among the samples analyzed,
like the proteasome alpha 1 subunit (LbrM.34.4810), which
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Table 5. Phosphoproteins differentially abundant in the group 4 (LbWTS 0.025 x LbSbR 2) of L. braziliensis

Spot no. LbSbR TriTrypDB Protein identity Pep. Protein  pM Mwe! Max ANOVA
2/LbWTS  accession no. count”  score® cv  (p)e
0.025% L. braziliensis (%)"
Protein folding/chaperones and stress responseh
613 15 LbrM.31.2940 Calreticulin, putative 5 178 4.1/4.54 48 473/46 273 19.8  1.3E-02
Antioxidant/detoxification
1531 3.6 LbrM.23.0300 Pteridine reductase 1 3 218 5.3/5.9 30 492/32 748 15 9.6E-06
1632 29 LbrM.23.0300 Pteridine reductase 1 5 263 5.3/5.9 30492/33 511 15.5 3.0E-05
Metabolic process
1543 24 LbrM.32.3210 Nucleoside diphosphate kinase 4 125 8.06/4.85 16 689/17 308 204 3.6E-04
b
1333 1.6 LbrM.32.3210 Nucleoside diphosphate kinase 5 177 8.06/5.45 16 689/17 485 20.8 7.8E-03
b
574 1.6 LbrM.19.0110 Acidocalcisomal 8 307 5.62/5.44 51 388/49 545 7.8 1.5E-04
pyrophosphatase
RNA/DNA processing
466 1.7 LbrM.31.1980 Nucleosome assembly 6 179 4.2/4.49 45 551/57 545 14.7 5.0E-04
protein-like protein
793 1.5 LbrM.15.1440 Proliferative cell nuclear 8 581 5.42/4.84 37 700/36 679 18.2 1.1E-02
antigen (PCNA), putative
1238 1.5 LbrM.13.1240 Ran-binding protein 1, putative 7 295 5.42/5.64 17 850/20 458 10.8 1.6E-03
Protein biosynthesis
558 3.4 LbrM.23.0290 Argininosuccinate synthase, 10 351 9.93/5.6 48 559/50 000 9.7 1.9E-06
putative
1237 1.7 LbrM.16.0150 Eukaryotic translation initiation 5 264 4.4/4.53 18 709/20 229 13.1  8.1E-04
factor 1A, putative
1326 1.7 LbrM.13.0390 40S ribosomal protein S12, 3 139 4.56/4.84 15 631/17 811 211 3.1E-03
putative
Hypothetical proteins
1302 2.1 LbrM.34.4450 Hypothetical protein, conserved 4 119 4.0/4.67 21 809/18 195 16.1 2.9E-04
1544 (475 LbrM.34.4450 Hypothetical protein, conserved 4 103 4.0/4.87 21809/17 101 14.8 1.1E-03
1469 23 LbrM.33.0650 Hypothetical protein, conserved 3 116 4.34/458 14 425/13 107 15.4 1.2E-04
1215 15 LbrM.30.3140 Hypothetical protein, conserved 4 177 5.29/5.561  23437/21 107 21.2  1.5E-02
Spotno.  LbWTS TriTrypDB Protein identity Pep. Protein  pl? Mwe! Max ANOVA
0.025/ accession no. count®  score® cv  (py@
LbSbR 2¢) L. braziliensis (%)"
Protein folding/chaperones and stress response"
686 1.8 LbrM.30.2700 TPR domain protein, conserved 9 311 4.87/5.47 45 655/40 818 8.2 4.9E-05
652 1.7 LbrM.30.2700 TPR domain protein, conserved 6 97 4.87/5.32 45 655/42 909 229 7.6E-03
Cytoskeletal proteins
520 2.6 LbrM.13.0190 Alpha tubulin 8 285 4.65/5.0 49 684/53 455 27.7 1.2E-03
243 1.8 LbrM.31.0160 Paraflagellar rod protein 1D 1 185 5.21/5.6 69 263/78 919 17.7 1.1E-03
253 1.7 LbrM.31.0160 Paraflagellar rod protein 1D 7 99 5.21/5.71 69 263/76 081 13.7 5.7E-04
1295 1.6 LbrM.33.1010 Beta-tubulin 4 71 4.38/4.39  20507/18 373 20.1 1.3E-02
Metabolic process
1003 2.3 LbrM.34.4810 Proteasome alpha 1 subunit, 4 74 6.76/6.14 27 255/30 382 244 1.5E-03
putative
886 24 LbrM.35.3170 Succinyl-CoA ligase 4 227 7.04/5.55 43 906/34 046 26 9.7E-03
[GDP-forming] beta-chain,
putative
561 1.8 LbrM.35.4150 S-adenosylhomocysteine 8 243 5.94/6.1 47 827/49 909 16.6 9.5E-04
hydrolase
555 1.6 LbrM.35.4150 S-adenosylhomocysteine 7 339 5.94/5.99 47 827/50 182 17.6  5.2E-03
hydrolase
443 1.6 LbrM.34.0010 Pyruvate kinase 10 109 6.06/6.51 49 120/60 091 10.8 2.6E-04
RNA/DNA processing
556 1.7 LbrM.21.1700 RNA helicase, putative 14 264 7.53/6.2 47 152/50 909 13.9 7.4E-04
Protein biosynthesis
154 3.2 LbrM.35.0270 Elongation factor 2 19 432 5.97/6.28 94 249/89 324 22.4 6.1E-05
1536 3 LbrM.35.0270 Elongation factor 2 13 120 5.97/6.21 94 249/94 851 266 4.1E-04
1535 25 LbrM.35.0270 Elongation factor 2 17 424 5.97/6.19 94 249/89 865 16.6  1.5E-04
163 24 LbrM.35.0270 Elongation factor 2 14 355 5.97/6.1 94 249/89 459 14.7 2.0E-04
603 1.6 LbrM.01.0740 Eukaryotic initiation factor 4a, 8 507 6.15/6.0 45 327/47 000 45 3.2E-06
putative
341 1.6 LbrM.15.0260 Lysyl-tRNA synthetase, putative 10 135 6.8/6.66 67 052/67 545 8.8 1.5E-04
Hypothetical proteins
869 25 LbrM.14.0460 Hypothetical protein, conserved 3 156 4.73/4.83 36 668/34 504 16.9 5.5E-05
252 1.8 LbrM.32.1870 Hypothetical protein, conserved 3 84 5.78/5.77 55971/76 216 9.7 2.1E-05
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Spotno.  LbWTS TriTrypDB Protein identity Pep. Protein  p/ Mwe! Max ANOVA
0.025 / accession no. count?  score® cv  (p)
LbSbR 2?) L. braziliensis (%)"

1075 1.8 LbrM.30.3080 Hypothetical protein, conserved 3 88 6.9/4.51 36 367/27 214 22.7 9.9E-03

682 1.5 LbrM.30.0640 Hypothetical protein, conserved 15 618 5.3/5.53 36 852/41 273 139 2.1E-03

a) Ratio of more abundance of protein spots between the samples LbSbR 2 and LbWTS 0.025 or LbWTS 0.025 and LbSbR 2.

b) Number of peptides identified.

c) MASCOT score.

d) Isoelectric point — theoretical/experimental.

e) Molecular weight (Da) — predicted/experimental.
f) Maximum coefficient of variation (%).

g) The differences are statistically significant for all spots presented in the table (p < 0.05).
h) Biological process categories according to GO and KEGG orthology databases.

The underlined spot numbers are specific to a given comparison.

was less abundant in LbSbR 2 (Table 5). The proteasome is
a multi-catalytic proteinase complex, which is characterized
by its ability to cleave peptides and plays an important role in
the regulation of cell cycle control or cell proliferation, stress
response, apoptosis, and others. Other spots detected in the
groups 2 and 3 were less abundant in the LbSbR 0.025 like the

ATP-binding cassette subfamily F member 1 (LbrM.33.0320),
the 14-3-3 protein (LbrM35.3430), and the transitional en-
doplasmic reticulum ATPase (LbrM.35.1490) identified in
two spots (Tables 3 and 4). The S-adenosylhomocysteine
hydrolase (SAHH) (LbrM.35.4150) identified in this analysis
was less abundant in LbSbR 2 (Tables 5 and 6). Although this

Table 6. Phosphoproteins differentially abundant in the group 5 (LbSbR 0.025 x LbSbR 2) of L. braziliensis

Spotno. LbSbR2/  TriTrypDB Protein identity Pep. Protein  pF! mwe) Max ANOVA
LbSbR accession no. count?’  score® cv  (p)
0.025%) L. braziliensis (%)"
Protein folding/chaperones and stress response”
262 1.6 LbrM.33.0340 Heat shock protein 83-1 16 604 4.8/5.36 80 663/75 135 11.3  1.1E-03
264 1.6 LbrM.33.0340 Heat shock protein 83-1 12 362 4.8/5.4 80 663/75 000 1.1 2.7E-04
268 15 LbrM.33.0340 Heat shock protein 83-1 17 633 4.8/5.31 80 663/74 459 12.4 3.8E-03
Spot no. LbSbR TriTrypDB Protein identity Pep. Protein  pF! mwe! Max ANOVA
0.025/ accession no. count®  score® Ccv (p)9!
LbSbR 2?) L. braziliensis (%)
Protein folding/chaperones and stress response”
552 17 LbrM.35.7320 Protein disulfide isomerase % 134 4.77/5.08 52 391/50 727 13.2 6.5E-04
650 1.5 LbrM.31.2940 Calreticulin, putative 5 255 4.1/4.54 48 473/43 091 21.7 1.2E-02
Antioxidant/detoxification
1506 1.8 LbrM.34.2140 Kinetoplastid membrane 3 164 6.52/6.3 11170/12 160 17.4 5.8E-04
protein-11
1531 1.6 LbrM.23.0300 Pteridine reductase 1 3 218 5.3/5.9 30492/32 748 15 8.7E-04
1532 1.5 LbrM.23.0300 Pteridine reductase 1 5 263 5.3/5.9 30492/33 511 165 4.6E-03
Metabolic process
224 1.6 LbrM.35.7100 Prolyl oligopeptidase, putative 10 249 6.05/6.0 78 335/77 973 8 7.8E-05
555 1.6 LbrM.35.4150 S-adenosylhomocysteine 7 339 5.94/5.99 47 827/50 182 13 1.6E-03
hydrolase
819 1.5 LbrM.34.1450 Rieske iron-sulfur protein, 7 284 6.52/5.62 33 774/35 992 10.9 6.4E-04
mitochondrial precursor,
putative
Protein biosynthesis
154 1.5 LbrM.35.0270 Elongation factor 2 19 432 5.97/6.28 94 249/89 324 10.4 5.5E-04
Hypothetical proteins
1459 1.5 LbrM.28.2090 Hypothetical protein, conserved 2 92 6.55/6.12 13 107/13 669 11.9 1.8E-03

a) Ratio of more abundance of protein spots between the samples LbSbR 2 and LbSbR 0.025 or LbSbR 0.025 and LbSbR 2.

b) Number of peptides identified.

c) MASCOT score.

d) Isoelectric point — theoretical/experimental.

e) Molecular weight (Da) — predicted/experimental.
f) Maximum coefficient of variation (%).

g) The differences are statistically significant for all spots presented in the table (p < 0.05).
h) Biological process categories according to GO and KEGG orthology databases.

The underlined spot numbers are specific to a given comparison.
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protein is less phosphorylated in this sample, some authors
have reported that it is more expressed in antimony-resistant
isolates of L. donovani [51] and in the lines of L. panamensis
resistant to SbIIT [54].

3.45 RNA/DNA processing

Three proteins were found more abundant in the resistant
parasites (LbSbR 0.025 or LbSbR 2) compared to suscepti-
ble ones. First, the proliferative cell nuclear antigen (PCNA)
(LbrM.15.1440) (Tables 3-5), an important protein for DNA
synthesis and repair in eukaryotic cells that has been reported
to be overexpressed in L. donovani clinical isolates resistant
to SbV [50], and in Sblll-resistant line of L. braziliensis [24].

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Biological process cat-
egories. (A) Bar plot represen-
tation of the number of differ-
ent phosphoproteins increased in
each category in response to drug
stress for groups 1 and 5. (B) Bar
plot representation of the num-
ber of different phosphoproteins
increased in each category associ-
ated to drug resistance phenotype
for groups 2, 3, and 4.

Second, the Ran-binding protein 1 (LbrM.13.1240), which is
essential for RNA translocation (Tables 3 and 5). Finally, the
nucleosome assembly protein (LbrM.31.1980), which partic-
ipates in DNA replication and modulation of chromatin (Ta-
bles 4 and 5). These results demonstrate that phosphorylation
may modulate the activity of important pathways implicated
in RNA and DNA processing in Sblll-resistant L. braziliensis.

On the other side, we also identified phosphoproteins with
lower abundance in the antimony-resistant samples stud-
ied, including the UV excision repair RAD23-like protein
(LbrM.30.3340) that was identified in group 2 (Table 3) and
is known to participate in DNA damage repair. Likewise,
an RNA helicase (LbrM.21.1700) was identified in group 4
(Table 5), which may be in RNA duplex unwinding, protein
displacement from RNA, or strand annealing [55]. This RNA
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helicase showed decreased expression in antimony-resistant
L. infantum [24].

3.4.6 Protein biosynthesis

We identified three proteins with increased abundance in the
resistant parasites and three others with increased abundance
in the susceptible ones.

The spot 558 corresponding to argininosuccinate synthase
(ASS) (LbrM.23.0290), a key enzyme of the urea cycle that cat-
alyzes the rate-limiting step in the conversion of L-citrulline to
L-arginine, was 3.2 to 4.4-fold more abundant in the phospho-
proteome of SbIll-resistant parasites (Tables 3-5 and Sup-
porting Information Fig. 6). ASS was found overexpressed
in L. infantum antimony resistant axenic amastigotes [53].
Eukaryotic translation initiation factor 1A (LbrM.16.0150)
was identified in groups 2 and 4 (spot 1237, Tables 3 and
5). Our results also identified spot corresponding to 40S ri-
bosomal protein S12 (LbrM.13.0390), which is involved in
ribosomal biogenesis (spot 1326, Table 3-5). In contrast,
lysyl-tRNA synthetase (LbrM.15.0260) that catalyzes the for-
mation of lysyl-transfer RNA, and eukaryotic initiation fac-
tor 4a (LbrM.01.0740) showed increased abundance in the
phosphoproteome of susceptible parasites (LbWTS 0 and Lb-
WTS 0.025) (Tables 3-5). Four different spots corresponding
to elongation factor 2 (EF2) (LbrM.35.0270) were identified
within almost all the groups (Tables 3-6) and will be dis-
cussed later.

3.4.7 Hypothetical proteins

We identified 12 phosphoproteins annotated as hypotheti-
cal proteins, which showed differential abundance in the
groups 2, 3, and 4 analyzed in this study. Of these hypothet-
ical proteins, LbrM.13.0270, LbrM.29.0260, LbrM.30.3140,
and LbrM.35.1650 were specifically observed in one of the
groups 2, 3, or 4 and always associated with an increase
in abundance for the resistant parasites in comparison
with the susceptible ones (Tables 3-5). According to data
deposited in GO (http://geneontology.org/) and InterPro
(http://www.ebi.ac.uk/interpro/) databases some of these hy-
pothetical proteins are associated with nucleic acid binding
(LbrM.13.0270), chaperonin-binding (LbrM.29.0260), and the
endoplasmic reticulum (LbrM.30.3140). LbrM.33.0650 (spot
1469) and LbrM.34.4450 (spots 1302 and 1544) were shared
among groups 2, 3, and 4 (Tables 3-5), with a domain HSP20-
like chaperone, indicating that they can be associated with the
antimony resistance phenotype in L. braziliensis.

On the other hand, we observed that six hypotheti-
cal proteins (LbrM.02.0520, LbrM.14.0460, LbrM.25.1690,
LbrM.30.0640, LbrM.30.3080, and LbrM.32.1870) were more
abundant in the SbIII-susceptible samples (Tables 3-5) with
the LbrM.25.1690 being identified in three spots (1012, 1014,
and 1017) specific to groups 2 or 3. According to UniProt
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(http://www.uniprot.org/), TriTrypDB (http://tritrypdb.org/
tritrypdb/), and InterPro (http://www.ebi.ac.uk/interpro/)
databases, we observed that the hypothetical protein
LbrM.14.0460 has a domain HSP20-like chaperone, and that
LbrM.25.1690 and LbrM.30.3080 are implicated in translation
initiation factor activity and RNA binding, respectively.

3.5 Phosphoproteins associated to stress
and resistance mechanisms against Sblll

Some protein spots identified as calreticulin (LbrM.31.2940),
kinetoplastid membrane protein-11 (LbrM.34.2140), pteri-
dine reductase 1 (LbrM.23.0300), and elongation factor 2
(LbrM.35.0270) were found modulated in response to drug
treatment and resistance phenotype.

Thus, calreticulin (LbrM.31.2940), a chaperonin that pro-
motes the folding and assembly of synthesized glycoproteins,
was identified in two spots (613 and 650) across the groups 1,
2,4, and 5. In response to SbIlI, this protein is decreased in
abundance in the LbWTS 0.025 and in the LbSbR 2 (Tables
2 and 6), whereas it is increased in abundance in the SbIII-
resistant parasites (LbSbR 0.025 and LbSbR 2) compared to
LbWTS 0.025 (Tables 3 and 5). This suggests that an increase
in phosphorylated calreticulin may be important in the mech-
anisms of drug resistance, while a decrease is related to the
stress response induced by the drug.

Our results showed that two spots corresponding to kineto-
plastid membrane protein-11 (KMP-11) (LbrM.34.2140) were
identified in the groups 1, 2, and 5 with one spot (1479) specif-
ically increased in LbSbR 0.025 compared to LbWTS 0.025,
indicating a role of this increased form of KMP-11 in SbIII
resistance mechanisms (Table 3). Even though KMP-11 is
more phosphorylated in this Sb-resistant line, some authors
observed that this protein is less expressed in Sblll-resistant
axenic amastigote of L. infantum [53]. The second spot (1506)
is increased in LbWTS 0 compared to LbWTS 0.025 and in
LbSbR 0.025 than in LbSbR 2, suggesting that a decrease in
abundance of KMP-11 could be linked to stress response to
antimony (Tables 2 and 6).

Pteridine reductase 1 (PTR1) (LbrM.23.0300) was identi-
fied in two spots (1531 and 1532) in groups 2, 3, 4, and 5
(Tables 3—-6 and Supporting Information Fig. 6). This pro-
tein was found highly abundant in the resistant parasites
with fold changes from 2.9 to 5.9 for the two spots indicating
thatitcan be regulated posttranslationally by phosphorylation
(Tables 3-5). However, PTR1 was more abundant in LbSbR
0.025 compared to LbSbR 2, suggesting that the response of
resistant parasites to high dose of SbIII could be linked to
the decrease in abundance of PTR1 (Table 6). This NADPH-
dependent enzyme that reduces pteridines such as biopterin
and folate, which are essential for the growth of Leishmania
[56], was upregulated in methotrexate-resistant mutant of L.
major [21], and in SbllI-resistant L. braziliensis line [24]. These
data demonstrate that this protein is more abundant in the
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total proteome as well as the phosphoproteome of resistant
parasites analyzed in this study.

We observed five spots corresponding to elongation factor
2 (EF2) (LbrM.35.0270), which promotes the GTP-dependent
translocation of the nascent protein chain from the aminoacil-
site to the peptidil-site of the ribosome (Tables 3—6 and Sup-
porting Information Fig. 6). Three spots (150, 1535, and 1536)
were specifically found in groups 3 or 4 (Tables 4 and 5). The
increase abundance was observed in the LbWTS parasites
compared to LbSbR (Tables 3-5) with the exception of one
spot (154) more abundant in LbSbR 0.025 compared to Lb-
SbR 2 (Table 6). Recent data demonstrated that this protein
was overexpressed in SbV-resistant isolates of L. donovani
[51], in SbIlI-resistant promastigotes lines of L. panamensis
[54], and in antimony-resistant L. infantum line [24]. There-
fore, decrease in abundance of EF2 in our analysis could be
implicated in mechanisms of drug resistance but also in the
response to high drug pressure. EF2 is regulated by phospho-
rylation and dephosphorylation by a specific kinase known as
eEF2 kinase, which itself is upregulated by various mecha-
nisms in the eukaryotic cell [57].

3.6 Insilico analysis

In this study, we used the phosphoresidues sequences pre-
viously reported in Leishmania species [29-31] to investi-
gate whether the positions of the phosphorylation sites (p-
sites) were conserved in some phosphoproteins identified in
our analysis. The complete sequences for alignment were
obtained from TriTrypDB (http://tritrypdb.org/tritrypdb/).
After to perform multiple sequence alignments using
ClustalW2 (http://tritrypdb.org/tritrypdb/), the conservation
of the p-sites between L. braziliensis and other trypanoso-
matids was evaluated. The results demonstrated that nine
proteins identified in our study may be phosphorylated on
S*1 (HSP70), S°2 (HSP83-1), S'! (peroxidoxin), S?'° (alpha-
tubulin), $**° and $'** (nucleoside diphosphate kinase b), T***
(eukaryotic initiation factor 4a), S*® (elongation factor 2), S'8¢
(hypothetical protein - LbrM.25.1690), and S** (hypothetical
protein - LbrM.34.4450) (Fig. 4). We observed that p-sites
presented high degree of conservation among the Leishma-
nia species for these phosphoproteins analyzed. Interestingly,
the results also showed the conservation of the phosphory-
lated residues for the proteins like nucleoside diphosphate
kinase b, eukaryotic initiation factor 4a, elongation factor 2,
and LbrM.34.4450 in the sequences of all parasites species
investigated (Fig. 4).

3.7 Analysis of the expression and phosphorylation
levels of phosphoproteins in Sblll treated and
nontreated L. braziliensis

We performed Western blot analysis to evaluate the expres-
sion and phosphorylation levels of cytosolic tryparedoxin

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

68

3013

peroxidase (CTXNPx), kinetoplastid membrane protein-11
(KMP-11), and alpha-tubulin in the different samples of L.
braziliensis analyzed in this study. Our phosphoproteomic
analysis showed that the protein spot corresponding to
TXNPx was 1.5-fold more abundant in LbSbR 0.025 com-
pared to LbWTS 0.025 (Table 3). Western blot analysis us-
ing a polyclonal antibody against cTXNPx of T. cruzi [35]
showed that this antibody recognized a band of approximately
23 kDa as expected, presenting intensity 1.5-fold higher in the
phospho-extract LbSbR 0.025 than in the LbWTS 0.025 (Fig.
5C). The identity between the cTXNPx amino acid sequences
of T. cruzi compared to L. braziliensis correspond to 69%.
Interestingly, we can observe that the level of the cTXNPx
phosphoprotein was also increased 1.5-fold in LbSbR 2 than
in LbWTS 0.025. As previously reported, we also noted that
this protein showed a twofold higher abundance in LbSbR
2 (total protein extract) compared to its respective suscepti-
ble counterpart LbWTS 0 (Fig. 5C) [24]. This result indicates
that the expression and phosphorylation levels of cTXNPx are
increased in Sblll-resistant L. braziliensis samples.

Analysis of the L. braziliensis phosphoproteome demon-
strated that the KMP-11 protein showed an abundance of
1.7-fold lower in LbWTS 0.025 compared to LbWTS 0 (Table
2). This protein was also found 1.7-fold more abundant in Lb-
SbR 0.025 than in LbWTS 0.025 (Table 3). Moreover, KMP-
11 was decreased 1.8-fold in LbSbR 2 in comparison with
LbSbR 0.025 (Table 6). Western blot analysis using a poly-
clonal antibody L. braziliensis anti-KMP-11 showed that this
antibody recognized an 11 kDa band in all samples analyzed.
This band was 1.5-fold less abundant in phospho-extract Lb-
WTS 0.025 than in LbWTS 0, demonstrating that the treat-
ment of antimony-susceptible line of L. braziliensis with SbIII
0.025 mg/mL decreases the phosphorylation level of the
KMP-11 protein in LbWTS 0.025 (Fig. 5D). Furthermore,
we also observed that the phosphorylation level of this pro-
tein was 1.7-fold higher in LbSbR 0.025 compared to LbWTS
0.025 (Fig. 5D). However, no difference in the phosphoryla-
tion level was detected between the phospho-extracts LbSbR
0.025 and LbSbR 2 (Fig. 5D). Besides, we did not observe
difference among the total protein extracts (Fig. 5D).

Comparative phosphoproteomic analysis between LbWTS
0.025 and LbSbR 2 identified protein spot corresponding to
alpha-tubulin, which was 2.6-fold less abundant in LbSbR
2 (Table 5). Western blot results using a monoclonal anti-
alpha-tubulin antibody produced in mouse (Sigma) showed
that this antibody recognized a band of approximately 50
kDa with abundance 2.8-fold lower in phospho-extract LbSbR
2 compared to LbWTS 0.025 (Fig. 5E). It is important to
note that the identity of alpha-tubulin amino acid sequences
between mammalian and L. braziliensis is 82%. Furthermore,
we can observe that phosphorylation level of alpha-tubulin is
twofold higher in LbWTS 0 in relation to LbWTS 0.025, and
3.5-fold more abundant in LbSbR 0.025 than in LbSbR 2 (Fig.
SE). This evidences that the treatment of the LbWTS and
LbSbR lines with 0.025 and 2 mg/mL of SbIII reduces the
phosphorylation level of the alpha-tubulin in LbWTS 0.025
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Heat-shock protein HSP83-1
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Figure 4. Multiple sequence
alignments of phosphopeptides
with orthologs from other try-
panosomatids. The phosphory-
lated peptide sequences identi-
fied by Hem et al. [29] and Tsi-
gankov et al. [30,31] were used
as reference for alignment and
identification of possible p-sites
of some phosphoproteins ob-
served in our study. The phos-
phoresidues are marked by the
asterisk (*) and the sequences
in red boxes are related to our
study. Linf, L. infantum; Lbr, L.
braziliensis; Lmj, L. major, Lmx,

| LbrM. 34.4450

G-SEPHTLKGELHLLK

I L. mexicana; Tc, T. cruzi; Tb, T

TcCLB.507007.70
Tb927.9.10230

A-SEPHELNDKITLL-
S-SEPHELKDEITLLK

and LbSDR 2. Furthermore, no difference in the expression
level of this protein was observed in the control with total

protein extracts (Fig. 5E).

4 Discussion

The posttranslational regulation of a variety of intracellular
events through the reversible phosphorylation and dephos-
phorylation of proteins plays a key role in the biology of try-
panosomatids. Although the Leishmania phosphoproteome
has not been analyzed to completion, it is estimated that as
much as one third of the eukaryotic proteome is phospho-
rylated [58]. Complex networks of protein phosphorylation
are modulated by protein kinases and phosphatases, several
of which have been identified in trypanosomatids [59, 60].
Thus, the use of phosphoproteomics techniques allows

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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elucidating the signaling pathways in these parasites through
the quantification of changes in phosphorylation levels be-
sides to allow the selection of potential targets for the design
of new therapeutic drugs. In this study, we employed a 2D-
DIGE approach to identify proteins differentially abundant
in phosphoprotein-enriched samples of L. braziliensis, seek-
ing to analyze the impact of the phosphorylation on drug
stress response and antimony resistance phenotype in this
parasite. The 2D-DIGE is a powerful technique that allows
simultaneous visualization of relatively large portions of the
proteome, using mixtures of protein extracts labeled with
different fluorescent CyDyes, which can be separated simul-
taneously on the same 2D gel [61]. Indeed, this technique en-
abled us the identification of 48 phosphoproteins, which were
distributed into seven categories of biological process, with
differential abundance among the samples analyzed (Figs.
2 and 3). Recently, comparative analysis of total proteome of

www.proteomics-journal.com



Proteomics 2015, 15, 2999-3019

Phosphoprotein Total protein (control)
A A
Al we)l I eg)
Qo- Q‘l« 2O
& o“&v"{b&" g &9 \*9"&\9&\‘9"&

70

3015

Phosphoprotein

Figure 5. Analysis of the expression
and phosphorylation levels of six phos-
phoproteins in L. braziliensis samples
by Western blot assays. Total proteins
(controls) and phosphoprotein extracts
of the samples were separated by
SDS-PAGE and stained with silver (A)
and ProQ® Diamond Phosphoprotein
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SblIll-susceptible and -resistant L. braziliensis lines conducted
by our group revealed that 32 distinct proteins were differ-
entially modulated in these lines of the parasite [24]. Nine
of these proteins were also found in this phosphoproteomic
study, like HSP70, HSP83-1, alpha- and beta-tubulin, trypare-
doxin peroxidase, PTR1, PCNA, rieske iron-sulfur protein,
and paraflagellar rod protein 1D. These results demonstrate
that these common proteins are modulated in the phospho-
proteome as well as in the total proteome of our lines of
L. braziliensis.

The changes in the phosphorylation of proteins in several
different systems have been previously linked to stress
response. Heat-shock proteins (HSPs) are among the most
highly conserved proteins along the evolutionary tree [36].
These proteins are found in all living organisms, from bac-
teria to humans. HSPs have important functions in folding,
secretion, assembly, intracellular localization, regulation,
and degradation of other proteins [62]. Heat shock for exam-
ple induces rapid dephosphorylation of ribosomal proteins
in Drosophila [63], controls the eukaryotic initiation factors
elF-2a and elF-4f by phosphorylation and dephosphoryla-
tion in Hela cells, respectively [64], triggers rapid protein
phosphorylation in soybean seedings [65], and induces

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Gel Stain (B). Western blot analysis—
Samples (1 ng) were separated by SDS-
PAGE, transferred to nitrocellulose
membrane and subsequently revealed
with T. cruzi anti-cytosolic tryparedoxin
peroxidase (C), L. braziliensis anti-
kinetoplastid membrane protein-11 (D)
and anti-alpha-tubulin (E) antibodies.
The bands shown were normalized
using the gel stained with silver (F).
Molecular weight (MW) markers are
indicated. The results are representa-
tive of three independent experimental
replicates.

€ 23 kDa (cTXNPx)
€— 11 kDa (KMP-11)

€—— 50 kDa (a-tubulin)

increase in the level of protein tyrosine phosphorylation in
cultured animal cells [66]. Nevertheless, the effect of drug
exposure on protein phosphorylation has not been evaluated
in the parasite L. braziliensis. Thus, the pair wise comparisons
from groups 1 and 5 performed in this study showed that the
phosphoproteins HSP70 and HSP83-1 were more abundant
in LbWTS 0.025 and LbSbR 2 (Fig. 3A, Tables 2 and 6).
This result suggests that the SbIII causes a general stress
in the parasite, inducing the production of phosphorylated
proteins involved in “protein folding/chaperones and stress
response.” The increased abundance in the phosphorylation
levels of these HSPs (HSP70 and HSP83-1) could be due to
elevated activity of protein kinases or decreased activity of
phosphatases. Still, the higher expression of phosphatases
can cause a reduction in the phosphorylation levels in order
to regulate the ratio phosphorylated to unphosphorylated.
Furthermore, according to Morales et al. [28] the absence
of transcriptional regulation factors in trypanosomatids
may have been compensated for by the evolution of protein
kinases that regulate chaperone function, and thereby the
major Leishmania chaperones may be promising drug targets
by inhibition of their respective protein kinases. Moreover,
several authors reported the overexpression of HSP70
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and HSP83 in antimony-resistant isolates of L. donovani
[23,50,51], L. braziliensis, and L. infantum lines [24, 44].

Interestingly, our phosphoproteomic data also indicated
that several phosphoproteins were exclusively more abundant
in the SbIII-resistant samples (LbSbR 0.025 and/or LbSbR 2)
from the groups 2, 3, and 4, demonstrating that the regula-
tion of these proteins by phosphorylation may be involved in
important molecular process associated to the antimony resis-
tance phenotype in L. braziliensis (Tables 3-5). The functional
distribution of these phosphoproteins showed that they were
implicated in all categories of biological process raised in this
study (Fig. 3B). An important mechanism activated by com-
ponents of oxidative phosphorylation pathway is the antiox-
idant defense. Indeed, we observed some phosphoproteins,
such as tryparedoxin peroxidase, peroxidoxin, and pteridine
reductase 1 with increased phosphorylation levels, contribut-
ing for reduction of the cell damage generated by drug stress.
NDKDb, a biosynthetic kinase, was found more abundant in the
SbIll-resistant parasites, indicating that it may be associated
to antimony resistance phenotype in L. braziliensis. We also
observed increased abundance for certain phosphoproteins:
proliferative cell nuclear antigen, Ran-binding protein 1, and
nucleosome assembly protein, showing that the phosphory-
lation of these proteins could maintain uninterruptedly the
DNA replication and repair in antimony-resistant samples.
Other important mechanism that may also be activated by
the phosphorylation is the category of “protein biosynthesis.”
This is corroborated by increase of translation initiation and
ribosomal subunits, such as eukaryotic translation initiation
factor 1A and 40S ribosomal protein S12. These phosphopro-
teins identified in our study suggest that they are involved in
the production of essential proteins of Sblll-resistant Leish-
mania. Thus, the PTM of protein synthesis machinery by
phosphorylation is important for its regulation and could be
critical for survival of antimony-resistant parasites encounter-
ing stress. In addition, a high number of hypothetical proteins
were observed in our analysis. Among these, two phosphopro-
teins (LbrM.33.0650 and LbrM.34.4450) were more abundant
in the SbIIl-resistant samples from the groups 2, 3, and 4 (Ta-
bles 3-5), demonstrating that the phosphorylation may also
be associated in their regulation. Together, all these changes
highlighted until here indicate that Leishmania probably in-
creases the abundance of enzymes involved in these diverse
pathways for its protection and reduction of the effects gen-
erated by drug pressure. Indeed, it has been demonstrated
that physiological cellular events such as parasite infectiv-
ity, xenobiotics conjugation, and extrusion, drug transport,
cytoskeletal phosphorylation, intracellular metabolism, host-
parasite interaction, incorporation of metabolites essential
for the parasite survival, promastigote-amastigote differentia-
tion, and parasite cell shape may occur along with Leishmania
drug-resistance [67]. Therefore, an elaborate phosphorylation
signaling system to respond to these changes may be a fun-
damental strategy adopted by this parasite.

Interestingly, we observed in our phosphoproteomic anal-
ysis that the two spots with the biggest fold difference

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

71

Proteomics 2015, 15, 2999-3019

are PTR1 (LbrM.23.0300) and ASS (LbrM.23.0290). We per-
formed Southern blot analysis to investigate the ptr1 gene am-
plification. The results showed that the ptr1 gene is amplified
in the SblIl-resistant line of L. braziliensis (data not shown).
Recently, previous results of our research group demon-
strated that the MRPA (multidrug resistance protein A) gene
is amplified in this same antimony-resistant L. braziliensis
line [68]. The MRPA gene is part of the H locus, a region that
also contains the ptr1 gene [69,70]. Thus, these results support
the idea that the ptr1 gene is coamplified with MRPA gene
in our LbSbR line. Although we did not perform analysis to
evaluate the ASS amplification, previous study demonstrated
that a short region containing the MRPA and ASS genes was
amplified in antimony-resistant L. infantum by microarrays
analysis [71]. It is important to highlight that the MRPA pro-
tein was not identified in this phosphoproteomic analysis due
to its poor solubility in 2D gels, requiring specific protocols
to obtain fractions enriched of membrane proteins [50].

The identification and quantification of phosphorylation
sites in trypanosomatids is increasing in an attempt to de-
termine their function and involvement in signaling path-
ways. The first phosphoproteomic study of the bloodstream
from Trypanosoma brucei revealed more than 1204 p-sites on
491 proteins, with phosphorylation predominantly on ser-
ine (S) (75%), threonine (T) (21.5%), and tyrosine (Y) (3.5%)
residues [72]. The analysis of the first global phosphopro-
teomic study of T. cruzi epimastigotes showed 220 p-sites
on 119 phosphoproteins, with phosphorylation distributed
between S (65.5%), T (25.2%), and Y (3.5%) residues [73].
Phosphoproteomic results of L. donovani axenic amastigotes
demonstrated 181 p-sites in 126 distinct proteins, with phos-
phorylation predominantly on S (86%), T (12%), and Y (2%)
residues [29]. The comparison of the phosphoproteomes of L.
donovani amastigotes and promastigotes revealed 1614 p-sites
corresponding to 627 proteins, with S phosphorylation signif-
icantly enriched in amastigotes [30]. These studies demon-
strate that about one-thirds of phosphorylation events seem
to occur on T residues in T. brucei and T. cruzi [72,73], while
phosphorylation occurring on S residues is predominant in
Leishmania spp., which is similar to the distribution observed
in higher eukaryotes [74,75]. In this study, the phosphopro-
teomic technique used was unable to assign any specific p-
sites in our L. braziliensis samples. Our preliminary analysis
of multiple sequence alignments for some phosphoproteins
found here revealed that the phosphorylation is common on S
residues (Fig. 4), besides a conservation of the p-sites among
the different Leishmania species, which may play important
roles in diverse regulatory pathways in these parasites. Fur-
ther investigation of the p-sites in our L. braziliensis samples
using an adequate methodology is essential to elucidate sig-
naling events associated to drug stress response and anti-
mony resistance phenotype.

Phosphoproteomics studies represent an important
method to record the dynamics of phosphorylation levels in
response to perturbation, which can contribute to clarify sig-
naling pathways in trypanosomatids. This novel study allowed
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us to profile the L. braziliensis phosphoproteome, identify-
ing several potential candidates for biochemical or signaling
networks associated with antimony resistance phenotype in
this parasite. Thus, we believe that our phosphoproteomic
analysis can bring new insight into posttranslational mech-
anisms of the L. braziliensis stress response to antiparasitic
treatment and drug resistance, contributing to understand
the Leishmania biology and to drive drug-discovery efforts
against the leishmaniasis. Moreover, future functional analy-
sis will be performed to decipher key molecular events in sig-
naling cascades regulating the SbIII resistance mechanisms
in our phosphoprotein samples of L. braziliensis.
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Fig. 1S. Optimization and validation of experimental conditions. Determination of parasite survival as a
function of drug concentration by FACS analysis in Sb"-susceptible (A) and -resistant (B) L.
braziliensis lines. The parasites were cultivated by 24 and 48 hours in M199 medium containing
different Sb" concentrations (mg/ml). The parasite number was determined using a Z1 Coulter
Counter (Beckman Coulter, Fullerton, CA, USA). After, 10° cells were incubated with annexin V (anex)
during 10 min and propidium iodide (PI) by 5 min, according to protocol described by Annexin-V-
FLUOS staining kit (Roche). Subsequently they were submitted to Flow cytometer analysis using 488
nm excitation and a 515 nm bandpass filter for fluorescein detection and a filter > 600 nm for PI
detection. Positive parasite number was represented in the plot. Two independent measurements,
each performed in duplicate were performed. (C) 1D-DIGE analysis and SyproRuby staining.
Phosphoprotein analysis of L. braziliensis samples Sb" treated and non-treated. The red/orange
bands are indicating differences in phosphoprotein abundance. This is a technical control of the
protein amount that indeed is equal between samples. LbWTS 0 (Cy3) x LbSbR 0.025 (Cy5) — lane 1;
LbWTS 0 (Cy5) x LbWTS 0.025 (Cy3) — lane 2; LbSbR 0.025 (Cy3) x LbSbR 2 (Cy5) — lane 3; LbOWTS
0.025 (Cy5) x LbSbR 2 (Cy3) — lane 4; LbWTS 0 (Cy3) — lane 5; LbWTS 0.025 (Cy3) — lane 6; LbSbR
0.025 (Cy3) — lane 7; LbSbR 2 (Cy3) — lane 8.
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Fig. 2S. Protein spots differentially abundant in the groups 1 (LbWTS 0 x LbWTS 0.025) and 4
(LbWTS 0.025 x LbSbR 2) of L. braziliensis. Spots that showed a minimum of 1.5-fold change in
fluorescence intensity with a p-value < 0.05 (ANOVA) were subjected to mass spectrometry (MS/MS).
The numbers in the gels refer to the spot identification as shown in the Tables 2 and 5. Each gel is
representative of four independent experimental replicates.
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Fig. 3S. Protein spots differentially abundant in the group 3 (LbWTS 0 x LbSbR 0.025) of L.
braziliensis. Spots that showed a minimum of 1.5-fold change in fluorescence intensity with a p-value
< 0.05 (ANOVA) were subjected to mass spectrometry (MS/MS). The numbers in the gels refer to the
spot identification as shown in the Table 4. Each gel is representative of four independent
experimental replicates.
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LbWTS 0.025 x LbSbR 0.025

Fig. 4S. Protein spots differentially abundant in the group 2 (LbWTS 0.025 x LbSbR 0.025) of L.
braziliensis. Spots that showed a minimum of 1.5-fold change in fluorescence intensity with a p-value
< 0.05 (ANOVA) were subjected to mass spectrometry (MS/MS). The numbers in the gels refer to the
spot identification as shown in the Table 3. Each gel is representative of four independent
experimental replicates.
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Fig. 5S. Protein spots differentially abundant in the group 5 (LbSbR 0.025 x LbSbR 2) of L.
braziliensis. Spots that showed a minimum of 1.5-fold change in fluorescence intensity with a p-value
< 0.05 (ANOVA) were subjected to mass spectrometry (MS/MS). The numbers in the gels refer to the
spot identification as shown in the Table 6. Each gel is representative of four independent

experimental replicates.
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Abstract

Background: Nucleoside diphosphate kinase b (NDKb) is responsible for nucleoside triphosphates synthesis and it
has key role in the purine metabolism in trypanosomatid protozoans. Elongation factor 2 (EF2) is an important
factor for protein synthesis. Recently, our phosphoproteomic analysis demonstrated that NDKb and EF2 proteins
were phosphorylated and dephosphorylated in antimony (Sb")-resistant L. braziliensis line compared to its Sb"-
susceptible pair, respectively.

Methods: In this study, the overexpression of NDKb and EF2 genes in L. braziliensis and L. infantum was performed
to investigate the contribution of these proteins in the Sb'"-resistance phenotype. Furthermore, we examined the
role of lamivudine on Sb" susceptibility in clones that overexpress the NDKb gene, and the effect of EF2 kinase
(EF2K) inhibitor on the growth of EF2-overexpressing parasites.

Results: Western blot analysis demonstrated that NDKb and EF2 proteins are more and less expressed, respectively,
in Sb"-resistant line of L. braziliensis than its wild-type (WTS) counterpart, corroborating our previous
phosphoproteomic data. NDKb or EF2-overexpressing L. braziliensis lines were 1.6 to 2.1-fold more resistant to Sb"
than the untransfected WTS line. In contrast, no difference in Sb" susceptibility was observed in L. infantum
parasites overexpressing NDKb or EF2. Susceptibility assays showed that NDKb-overexpressing L. braziliensis lines
presented elevated resistance to lamivudine, an antiviral agent, but it did not alter the leishmanicidal activity in
association with Sb"". EF2-overexpressing L. braziliensis clone was slightly more resistant to EF2K inhibitor than the
WTS line. Surprisingly, this inhibitor increased the antileishmanial effect of Sb'", suggesting that this association
might be a valuable strategy for leishmaniasis chemotherapy.

Conclusion: Our findings represent the first study of NDKb and EF2 genes overexpression that demonstrates an
increase of Sb" resistance in L. braziliensis which can contribute to develop new strategies for leishmaniasis
treatment.
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Background

Leishmaniasis refers to a disease complex caused by
protozoan Leishmania parasites which are transmitted
to humans by the bite of infected female phlebotomine
sandflies. According to the World Health Organization
(WHO), leishmaniasis is a neglected tropical disease that
constitutes a public health problem in many developing
countries of the Indian subcontinent, Latin America and
East Africa [1]. Human leishmaniasis has an incidence of
1.2 million new cases annually, with an estimated popu-
lation of 350 million at risk and a prevalence of 12 mil-
lion cases [2]. Depending on genetic and environmental
factors, the host immune response and mainly on Leish-
mania species involved, the disease can comprise three
main clinical manifestations: cutaneous (CL), mucocuta-
neous (MCL) or visceral (VL) [3]. In the New World, L.
(Viannia) braziliensis is the causative agent of CL and
MCL, whereas L. (Leishmania) infantum [syn. L. (L.)
chagasi] causes VL, which is lethal if not treated [4, 5].

Pentavalent antimonials (Sb), such as sodium stibo-
gluconate (Pentostam®) and meglumine antimoniate
(Glucantime®), remain the first-line of treatment against
all forms of the disease for more than 70 years especially
in developing countries [6]. Despite the mechanism of
antimony action has not been completely elucidated,
studies suggest that Sb" is reduced to trivalent form
(Sb™) that is active against amastigote and promastigote
forms of Leishmania [7]. Earlier reports have indicated
that antimonials inhibit fatty acid p-oxidation and
glycolysis [8], and cause perturbations in the thiol redox
potential, which would drive to parasite death by oxida-
tive stress [9]. Furthermore, it has been suggested that
antimony can kill the parasite by an apoptosis process
resulting in DNA fragmentation and externalization of
phosphatidylserine outside of Leishmania [10, 11].

The emergence and spread of resistance to antimony
is significant in determined regions, such as Bihar state
in India where over 60% of VL patients do not respond
to the traditional therapy using antimonials [12]. Recent
studies have demonstrated several mechanisms in Leish-
mania species implicated in resistance to these com-
pounds. Thus, antimony resistance constitutes a
multifactorial process and involves at least some of
following aspects. A decrease in rate of reduction from
pentavalent to trivalent form or loss of reductase activity
may lead to drug resistance [13, 14]. Lower expression
of AQP1 (aquaglyceroporin), which is involved in Sb™
uptake into parasite, was also observed in resistant
mutants [15, 16]. Increased levels of intracellular thiols
were found in cells selected for resistance to Sb™ [17] as
well as in unresponsive clinical isolates [18-20]. MRPA
(multidrug resistance associated protein A) transporter
confers resistance by sequestering thiol-Sb conjugates
into an intracellular vacuole which removes the drug
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from the cytoplasm of the parasite [21]. An increase of
PGP (phosphoglycoprotein) expression was described in
Leishmania resistant to antimonials [22], suggesting that
this protein mediates the efflux of these drugs from the
parasite. Moreover, other mechanisms can also contrib-
ute to the antimony resistance phenotype in Leishmania.

Nucleoside diphosphate kinase b (NDKb), a NDK
family member, is ubiquitous enzyme that is crucial to
transfer phosphate group from a nucleoside triphosphate
(NTP) to a nucleoside diphosphate (NDP), using a ping-
pong mechanism that involves a phosphohistidine
intermediate [23, 24]. The whole reaction is described as
follows [25]:

NDK + N; TP <» NDK-P + N;DP <> NDK-P
4+ NDP <> NDK + N,TP

NDKs play pivotal roles in different organisms, such as
in bacterial pathogenesis [26], regulation of gene expres-
sion in cells of mammals [27] and participation in the
purine salvage pathways of protozoan parasites [28].
NTP is a precursor for DNA and RNA synthesis, eviden-
cing that NDK is also an essential enzyme for all cellular
processes involving nucleic acids in distinct species of
organisms [24]. Unlike mammals, Leishmania is not able
to synthesize purines by means of a de novo mechanism
and thus depend upon the host for survival [29]. Kolli et
al. [30] showed that Leishmania-released NDK avoids
ATP-mediated lysis of macrophages, keeping the integ-
rity of host cells to the advantage of the parasite. There-
fore, NDKb can be considered an interesting target for
drug discovery for chemotherapy of leishmaniasis.

The regulation of protein synthesis in eukaryotic cells
occurs via both initiation and elongation levels. This
process uses significant quantity of cellular energy, and
the vast majority of this is consumed in elongation [31].
Elongation factor 2 (EF2) codifies a member of the GTP-
binding translation elongation factor family and it is a
relevant factor for production of proteins. EF2, which is
a ubiquitous enzyme, makes the GTP-dependent trans-
location of the aminoacyl-tRNA from the A-site to the
P-site of the ribosome [32]. EF2 protein was found with
increased abundance in promastigote forms of L. pana-
mensis resistant to Sb™ [33].

Considering the multiplicity of antimony resistance
mechanisms, our knowledge about them in New World
Leishmania species is far from being fully elucidated.
Recently, our phosphoproteomic analysis demonstrated
that the nucleoside diphosphate kinase b (NDKb) and
elongation factor 2 (EF2) proteins were phosphorylated
and dephosphorylated, respectively, in Sb"'-resistant L.
braziliensis line compared to its wild-type (WTS) coun-
terpart [34]. In this study, NDKb and EF2 genes were
transfected in Sb'"-susceptible lines of L. braziliensis and
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L. infantum to determine whether the overexpression of
these proteins contributes to antimony resistance pheno-
type in these parasites. Moreover, we investigated the
role of lamivudine on Sb™ susceptibility in NDKb-
overexpressing clones, and the effect of EF2 kinase
(EF2K) inhibitor on the growth of EF2-overexpressing
parasites.

Methods

Leishmania spp. cultures

We used promastigote forms of L. braziliensis (MHOM/
BR/75/M2904) and L. infantumm (MHOM/BR/74/PP75)
in our study. The antimony-resistant lines were previ-
ously selected in vitro to potassium antimonyl tartrate
(Sb™) (CgH4K5015Sb,.3H,0) by step-wise drug pressure
and their resistance indices were 20-fold and 4-fold
higher than those of their wild-type counterparts,
respectively [35]. Parasites were grown at 26 °C in M199
medium supplemented with 2 mM L-glutamine, 5 pg/ml
hemin, 50 pg/ml streptomycin, 2 pg/ml biopterin, 1 pg/
ml biotin, 40 mM HEPES pH 7.4, 500 U penicillin and
10% v/v heat-inactivated fetal calf serum [35]. These
parasites were harvested in the logarithmic growth phase
to perform all analyses.

Generation of NDKb and EF2 overexpressing lines

A 456 bp fragment corresponding to NDKb encoding
region (TriTrypDB accession number LbrM.32.3210)
was amplified with Pfx DNA polymerase (Invitrogen)
from L. braziliensis genomic DNA using the forward pri-
mer: 5-TGG ATC CCC ACC ATG TCC TCC GAG
CGC ACT TT-3" and the reverse primer: 5'-TTG GAT
CCC TAT TCG TAG ATC TGG CAA GCG G-3".
Other 2,538 bp fragment corresponding to EF2 encoding
region (TriTrypDB accession number LbrM.35.0270)
was also amplified with the enzyme cited above using L.
braziliensis genomic DNA and the primers forward: 5'-
TGG ATC CCC ACC ATG GTG AAC TTT ACC GTC
GAT CAG-3" and reverse: 5-TTG_GAT CCT TAC
AAT TTA TCC ATG AAC TGG TCC A-3’. The under-
lined sequences correspond to BamHI restriction site.
The obtained PCR products were cloned into the
pGEM-T Easy® vector (Promega, Madison, WI, USA)
and subsequently submitted to sequencing reaction for
confirmation of correct sequence. All constructs were
sequenced in an ABI 3130 (Applied Biosystems, Foster
City, CA, USA). The pGEM-NDKb and pGEM-EF2
constructs were restricted with BamHI and the frag-
ments released were subcloned into the dephosphory-
lated pIR1BSD expression vector (kindly provided by Dr.
Stephen Beverley, Washington University, USA). To
confirm the correct direction of cloning, the constructs
were then digested with HindIll and Smal releasing frag-
ments that confirmed the sense direction of the genes
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NDKb and EF2, respectively. Thus, the constructs
pIRIBSD  (empty vector), pIRIBSD-NDKb and
pIRIBSD-EF2 were linearized by Swal digestion and
electroporated into wild-type L. braziliensis and L. infan-
tum lines using a GenePulser XCell electroporation
system (Bio-Rad, Hercules, CA, USA). This allowed inte-
gration of the vector into the 18S ribosomal DNA small
subunit locus [36]. Colonies were obtained following
plating on semisolid M199 medium containing blastici-
din (BSD) (10 pg/ml). After 1-2 weeks, clonal lines were
selected and the presence of constructs was confirmed
by PCR tests using genomic DNA with primers specific
for the BSD marker.

Protein levels

Western blot assays were carried out for investigating
the expression level of NDKb and EF2 proteins in the
transfected parasites and in the Sb"'-resistant and -sus-
ceptible lines of L. braziliensis and L. infantum. Total
proteins from these parasites were extracted according
to the protocol previously described [37]. Subsequently,
20 pg from each sample were separated by electrophor-
esis on 12% SDS-polyacrylamide gel and transferred
onto nitrocellulose membranes (Bio-Rad, Hercules, CA,
USA). They were blocked, washed and probed with
rabbit polyclonal anti-NDKb (1:200) (Abcam, Cam-
bridge, UK, #ab154274) or rabbit monoclonal anti-EF2
(1:200) (Abcam, Cambridge, UK, #ab75748) antibodies,
during 12 h at 4 °C in the blocking solution. According
to manufacturer specifications, the immunogen of the
first antibody is a recombinant fragment corresponding
to a region within amino acids 1-105 of human NDKb,
while the immunogen of the second antibody is a syn-
thetic peptide corresponding to residues on the C ter-
minal of human EF2 (Abcam, Cambridge, UK). The
blots were washed twice and incubated with horseradish
peroxidase-conjugated anti-rabbit IgG (1:5,000) (GE
Healthcare) for 1 h at room temperature. After incuba-
tion, the membranes were washed, incubated with ECL
Plus chemiluminescent substrate (GE Healthcare) and
revealed by ImageQuant LAS 4000 (GE Healthcare). To
confirm equivalent loading, SDS-PAGE containing the
samples were stained with Coomassie blue. Furthermore,
the blots were normalized using the antibody monoclo-
nal anti-a-tubulin (1:15,000) (Sigma, St. Louis, USA).
The intensity of the bands was analyzed using the soft-
ware GelAnalyzer 2010 (gelanalyzer.com).

Susceptibility assays of Leishmania spp. clonal lines to
sb" and H,0,

Promastigotes of wild-type L. braziliensis and L. infan-
tum clonal lines non-transfected or transfected with the
constructs pIRIBSD (empty vector), pIRIBSD-NDKb or
pIR1BSD-EF2 were submitted to Sb"™ (Sigma-Aldrich,
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St. Louis, MO, USA) susceptibility tests. The susceptibil-
ity to hydrogen peroxide (H,O,) was also evaluated in
the parasites transfected with the NDKb gene. Parasites
were incubated in M199 medium at 2 x 10° cells/ml into
24-well plates in the absence or presence of several con-
centrations of Sb'™ (1.17 to 599.04 puM which corre-
sponds to 0.00078125 to 0.4 mg/ml) or H,O, (100 to
350 uM) for 48 h. The effective concentration required
to decrease growth by 50% (ECs,) was determined using
a model Z1 Coulter Counter (Beckman Coulter, Fuller-
ton, CA, USA). ECs5, values were determined from at
least three independent measurements performed in
triplicate, using the linear interpolation method [38].

Susceptibility assays of L. braziliensis lines to lamivudine
and EF2K inhibitor and competition assays

We determined the susceptibility of L. braziliensis lines to
lamivudine (2',3'-dideoxy-3’-thiacytidine - CgH;1N303S)
(Globe Quimica) (kindly provided by Dr. Juliana Medeiros
and Dr. Ana Cldudia Tavares, Farmanguinhos/FIOCRUZ,
Brazil) and 7-Amino-1-cyclopropyl-3-ethyl-1,2,3,4-tetra-
hydro-2,4-dioxopyrido [2,3-d] pyrimidine-6-carboxamide
(Cy3H5N503) (Tocris Bioscience, A484954) which are in-
hibitors for the enzymes NDKb and elongation factor 2
kinase (EF2K), respectively. ECso of these inhibitors for
wild-type L. braziliensis line and parasites that overexpress
the NDKb or EF2 genes was determined to be used in
competition tests with Sb'™. The cultures (2 x 10° cells/
ml) were incubated in the absence or presence of various
concentrations of lamivudine (125 to 10,000 uM) or EF2K
inhibitor (50 to 300 uM) into 24-well plates during 48 h.
After, the percentage of relative growth was determined
by automated cell counting. Competition assays were
performed to investigate the leishmanicidal activity of the
inhibitors cited above in association with Sb™. In these ex-
periments, 2 x 10° parasites/ml were seeded into 24-well
cell culture plates containing medium M199. Subse-
quently, the ECs, of lamivudine and EF2K inhibitor were
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added concomitantly with Sh™ ECs, (Table 1), followed
by incubation for 48 h. The percentage of relative growth
was determined by automated cell counting using a Z1
Coulter Counter.

Statistical analysis

Data were analyzed by Student’s ¢-test performed using
the software GraphPad Prism 5.0. A P-value less than
0.05 was considered statistically significant.

Results

Expression levels of NDKb and EF2 proteins in Leishmania
lines

We determined the expression levels of the proteins
NDKb and EF2 in the antimony-susceptible and
antimony-resistant L. braziliensis and L. infantum lines
by Western blot analysis using polyclonal anti-NDKb
and monoclonal anti-EF2 antibodies, respectively. These
antibodies are specific for mammalian proteins. It is im-
portant to highlight that the identity between the NDKb
and EF2 amino acid sequences of L. braziliensis com-
pared to mammalian was 66 and 61%, respectively (data
not shown). Western blot results revealed that these
antibodies recognized polypeptides of 17 kDa and
94 kDa in all Leishmania samples analyzed which
correspond to the expected size of NDKb and EF2 pro-
teins, respectively (Fig. 1a). The membranes were incu-
bated with the monoclonal anti-a-tubulin antibody for
normalization of the results (Fig. la). The expression
level of NDKb protein was 1.5-fold and 2.4-fold higher
in the Sb"'-resistant Leishmania spp. lines (LbSbR and
LiSbR) in comparison with their respective wild-type
lines (LbWTS and LiWTS) (Fig. 1a). Regarding expres-
sion level of EF2 protein, the results demonstrated that
this protein was approximately 3-fold lower in the Sb''-
resistant L. braziliensis line when compared to its wild-
type counterpart LbWTS. On the other hand, the EF2

Table 1 ECs, of Sb", lamivudine, EF2K inhibitor and hydrogen peroxide and corresponding RI for WTS, NDKb- or EF2-overexpressing
L. braziliensis lines. ECs, represents effective concentration required to decrease growth by 50%. The values were determined from at
least three independent experiments performed in triplicate, using the linear interpolation method [38]

Parasites sp" Lamivudine EF2K inhibitor Hydrogen peroxide

ECsq (UM) RI ECso (M) RI ECsp (LM) RI ECs0 (UM) RI
LbWTS 7 - 766 - 173 - 213 -
LbpIR1BSD 8 - 733 - - - 207 -
LbNDKb clone 4 12 17 2,110 28 - - 207 1.0
LbNDKb clone 9 15 21 2014 26 - - 207 1.0
LbEF2 clone 9 14 20 = - 211 1.2 - -
LbEF2 clone 12 1 16 - - - - - -

Chemical formulae and abbreviations: Sb" (potassium antimony! tartrate); lamivudine (CgH;,N503S); EF2K inhibitor (Cy3H;sNsO3); hydrogen peroxide (H,0,); WTS
wild-type susceptible, Lb L. (V.) braziliensis, pIR1BSD expression vector, NDKb nucleoside diphosphate kinase b, EF2 elongation factor 2, EF2K elongation factor 2

kinase, Rl resistance index
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Fig. 1 NDKb and EF2 expression levels in wild-type (WTS), Sb"-resistant (SbR) and clonal lines from L. braziliensis and L. infantum untransfected or
transfected with the constructs pIR1BSD (empty vector), plR1BSD-NDKb or pIR1BSD-EF2. Total proteins (20 pg) were separated by electrophoresis
on 12% SDS-polyacrylamide gel and transferred onto nitrocellulose membranes. The profiles of total proteins stained with Coomassie blue are
shown. The blots were probed with rabbit polyclonal anti-NDKb (1:200) (a, b and ¢) or rabbit monoclonal anti-EF2 (1:200) (a, d and e) antibodies
and developed using ECL Plus kit. All membranes were incubated with the anti-a-tubulin monoclonal (1:15,000) antibody for normalization of the
results. Quantification of the bands was done by densitometric analysis using the software GelAnalyzer 2010. The figure is representative of all

results obtained from two different biological replicates of each sample. The values of each replicate were used to calculate the averages and for
determination of the ratios presented for each protein analyzed
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protein presented the same level of expression between
the LiWTS and LiSbR lines (Fig. 1a).

Overexpression of NDKb and EF2 genes in L. braziliensis
and L. infantum

Wild-type L. braziliensis and L. infantum lines were
transfected with the constructs containing the NDKb or
EF2 genes (pIRIBSD-NDKb or pIR1BSD-EF2) and
empty vector (pIR1BSD) to generate parasites overex-
pressing the enzymes NDKb and EF2. Linearization of
this vector allowed integration of the constructs into the
ribosomal small subunit locus [36]. To confirm the
transfection, genomic DNA from the transfected clones
was subjected to PCR assays using specific primers for
the BSD gene, which confers resistance to blasticidin. It
was observed that all blasticidin-resistant clones showed
a fragment of 399 bp, which corresponds to BSD marker
(data not shown). These clones were subjected to
Western blot assays in order to evaluate if the NDKb
and EF2 enzymes were overexpressed. Our results
showed that the level of NDKb protein expression was
1.5 to 4.4-fold higher in the transfected clones from L.
braziliensis and L. infantum lines than in the non-
transfected or transfected with empty vector (controls)
(Fig. 1b, c). Furthermore, our analysis also demonstrated
that the expression level of EF2 protein was increased
1.7 to 3.6-fold in the transfected clones from these both
wild-type Leishmania lines when compared to their
respective controls (Fig. 1d, e).

Susceptibility of NDKb and EF2 overexpressing

Leishmania spp. lines to Sb™

We also investigated whether the overexpression of
NDKb and EF2 genes contributes to antimony resistance
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phenotype in Leishmania. For this, clonal lines from L.
braziliensis and L. infantum transfected with the con-
structs pIR1IBSD (empty vector), pIRIBSD-NDKb or
pIR1BSD-EF2 and untransfected parasites were incu-
bated with different Sb™ concentrations. The ECs, was
determined by counting of parasites number grown in
the absence or presence of this drug. The results showed
that the Sb'™ ECs, of untransfected L. braziliensis line
was 7 pM. On the other hand, the clones 4 and 9 that
overexpress NDKb in this Leishmania species presented
ECso of 12 pM and 15 pM, demonstrating an increase of
1.7 and 2.1-fold in the Sb™ resistance index of these
clones, respectively (Fig. 2a) (Table 1). In contrast,
NDKb-overexpressing L. infantum lines did not show an
increase in resistance towards Sb'"". The results revealed
that the Sb™ ECso of wild-type L. infantum line was
67 uM, and the NDKb overexpressing clones 1 and 19
was 81 and 73 uM, respectively (Fig. 2b).

Regarding EF2 gene, we observed that Sb™ ECso of
EF2-overexpressing clones 9 and 12 in L. braziliensis
was 14 uM and 11 pM, showing an increase of 2.0 and
1.6-fold in the resistance index of Sb™ of these clones,
respectively (Fig. 3a) (Table 1). On the other hand, EF2-
overexpressing L. infantum lines did not alter the Sb™
susceptibility. The Sb™ ECs, of EF2-overexpressing
clones 5 and 7 was 80 puM and 67 pM, respectively
(Fig. 3b).

It is important to mention that NDKb- or EF2-
overexpressing parasites presented similar growth curves
when compared with their respective controls for both
Leishmania species (data not shown). In the Sb™ sus-
ceptibility assays, we observed gradual reduction in the
growth of NDKb- or EF2-overexpressing parasites of L.
braziliensis with increasing drug concentrations. In

L. braziliensis
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Fig. 2 Sb" susceptibility assay of clonal lines from L. braziliensis (a) and L. infantum (b) non-transfected or transfected with the constructs pIR1BSD
or pIR1BSD-NDKb. Parasites were incubated in M199 medium in the absence or presence of different concentrations of Sb" (1.17 to 599.04 uM)
for 48 h and the percentage of relative growth was determined using a Z1 Coulter Counter. Mean values + standard deviations from three
independent experiments in triplicate are shown. Statistical analysis was carried out using Student’s t-test. Statistically different values are
highlighted as follows: *P < 0.05; **P < 0.01; ***P < 0.001. Pairwise comparisons (a): 1.17 pM: LbWTS vs LbNDKb clone 4 (ts) = 9.47, P = 0.0002);
LbWTS vs LbNDKb clone 9 (tg) = 3.36, P = 0.0084); 2.34 uM: LbWTS vs LbNDKb clone 4 (ts) = 4.3, P=0.0077); LbWTS vs LbNDKb clone 9 (tg = 3.74,
P=0.0057); 4.68 pM: LbWTS vs LbNDKb clone 4 (t4) = 4.02, P=0.0159); LbWTS vs LbNDKb clone 9 (ts) = 4.99, P = 0.0042); 9.36 pM: LOWTS vs
LbNDKb clone 4 (t = 8.39, P=0.0002); LbWTS vs LbNDKb clone 9 (g = 12.50, P < 0.0001); 18.72 pM: LbWTS vs LbNDKb clone 4

(t = 2.88, P=0.0206); LbWTS vs LbNDKb clone 9 (t0)=7.36, P < 0.0001)
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Fig. 3 Sb" susceptibility assay of clonal lines from L. braziliensis (a) and L. infantum (b) non-transfected or transfected with the constructs pIR18SD
or pIR1BSD-EF2. Parasites were incubated in M199 medium in the absence or presence of different concentrations of Sb" (1.17 to 599.04 uM) for
48 h and the percentage of relative growth was determined using a Z1 Coulter Counter. Mean values + standard deviations from three
independent experiments in triplicate are shown. Statistical analysis was carried out using Student's t-test. Statistically different values are
highlighted as follows: *P < 0.05; **P < 0.01; ***P < 0.001. Pairwise comparisons (a): 1.17 pM: LbWTS vs LbEF2 clone 9 (t) = 6.5, P=0.0001); LbWTS
vs LbEF2 clone 12 (tsy=2.84, P=0.0361); 2.34 puM: LbWTS vs LbEF2 clone 9 (tz = 6.95, P=0.0002); LoWTS vs LbEF2 clone 12 (tu) =287, P=
0.0455); 4.68 puM: LbWTS vs LbEF2 clone 9 (ts) = 6.04, P=0.0018); LbWTS vs LbEF2 clone 12 (t4) = 2.87, P=0.0453); 9.36 uM: LbWTS vs LbEF2 clone
9 (tz)=22.18, P < 0.0001); LbWTS vs LbEF2 clone 12 (tg) =448, P=0.0021); 18.72 pM: LbWTS vs LbEF2 clone 9 (t()=4.74, P= 0.0006); LoWTS vs.
LbEF2 clone 12 (tg) = 7.65, P < 0.0001); 37.44 puM: LbWTS vs LbEF2 clone 9 (ts)=2.78, P=0.0391); LbWTS vs LbEF2 clone 12 (tsy=5.1, P=0.0038).
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addition, we observed that the overexpressors of NDKb
or EF2 were more resistant to Sb'"" until concentrations
near to ECs of these clones. In higher antimony
concentrations, these parasites presented similar growth
to their controls. We also observed that the vector used
in our assays did not interfere in the Sb'™" susceptibility
since no difference in Sb'™ ECs, was observed between
parasites untransfected and transfected with empty
vector.

Effect of lamivudine on the growth of wild-type and
NDKb-overexpressing L. braziliensis lines

Initially, the amino acid sequence of NDKb (TriTrypDB
accession number LbrM.32.3210) was used to search
possible drugs against this enzyme in the DrugBank
(www.drugbank.ca). Search results for the submitted se-
quence returned three antiviral agents: tenofovir (ID
DB00300), lamivudine (ID DB00709) and adefovir dipi-
voxil (ID DB00718). These drugs are recommended in
the chemotherapy of chronic hepatitis B (HBV), and the
first two are also useful to treat HIV infection. Lamivu-
dine is a synthetic nucleoside analogue and is phosphor-
ylated intracellularly to its active 5’-triphosphate
metabolite (lamivudine triphosphate - LTP), which is
included into viral DNA by HIV reverse transcriptase
and HBV polymerase, causing the ending of DNA chain
(www.drugbank.ca/drugs/DB00709). We determined the
lamivudine ECs, of wild-type L. braziliensis line and par-
asites transfected with the constructs pIRIBSD (empty
vector) and pIR1BSD-NDKb. Our data showed that the
lamivudine EC5, were 2.6-fold and 2.8-fold higher for
NDKb-overexpressing clones 9 and 4 (2,014 and

2,110 uM, respectively) when compared to LbWTS
(766 uM) (Fig. 4a) (Table 1), demonstrating that these
clones are more resistant to lamivudine. Competition
assay was carried out to analyze the combination of
lamivudine and Sb™ treatment in WTS and NDKb-
overexpressing L. braziliensis lines. Then, the parasites
were incubated simultaneously with their respective
ECs for each drug (Table 1), and after 48 h the relative
growth of the parasites was calculated. The combined ef-
fect of both compounds reduced by 55%, 59.7% and
63.7%, respectively, parasite numbers of LbWTS,
LbNDKb clones 4 and 9, showing that the lamivudine
did not increase the leishmanicidal activity of Sb™
(Fig. 4b).

Effect of EF2K inhibitor on the growth of wild-type and
EF2-overexpressing L. braziliensis lines

Elongation factor 2 kinase (EF2K), a calmodulin-
dependent protein, binds numerous up-stream signals
to the regulation of protein synthesis. Thus, EF2K
phosphorylates EF2 and inhibits the function of this
enzyme [39]. Chen et al. [40] showed that inhibition of
EF2K by EF2K inhibitor decreases EF2 phosphoryl-
ation however it has little effect on proliferation in the
cancer cells. Then, we tested the potential leishmanici-
dal effect of this inhibitor against wild-type and EF2-
overexpressing L. braziliensis lines. Incubation of par-
asites with different concentrations of EF2K inhibitor
revealed that the ECs of this drug was 1.2-fold higher
for LbEF2 clone 9 (211 pM) in comparison with
LbWTS (173 uM) (Fig. 5a) (Table 1). This result shows
that the overexpression of EF2 enzyme protects
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Fig. 4 ECs of lamivudine for wild-type and NDKb-overexpressing L. braziliensis lines (a) and effect of lamivudine on the growth of L. braziliensis
lines upon Sb" exposure (b). Parasites were incubated in M199 medium in the absence or presence of different concentrations of lamivudine
(CgHy1N5055) (125 to 10,000 uM). For competition assay, cells were exposed to the ECg of Sb" (7, 12 and 15 uM for the LbWTS and NDKb-
overexpressing clones 4 and 9, respectively) and the ECsq of lamivudine (766, 2110 and 2014 uM for the LbWTS and NDKb-overexpressing clones 4
and 9, respectively) independently or combined, followed by incubation for 48 h. The percentage of relative growth was determined using a Z1
Coulter Counter. Mean values + standard deviations from three independent experiments in triplicate are shown. Statistical analysis was carried out
using Student's t-test. Statistically different values are highlighted as follows: **P < 0.01; ***P < 0.001. Pairwise comparisons (a): 250 pM: LbWTS vs
LbNDKb clone 9 (t = 4.04, P = 0.0049); 500 pM: LbWTS vs LbNDKb clone 4 (t = 5.27, P=0.0005); LbWTS vs LbNDKb clone 9 (t) = 3.74, P = 0.0046);
1000 pM: LbWTS vs LbNDKb clone 4 () = 567, P=0.0002); LbWTS vs LbNDKb clone 9 (t;0y=3.52, P=0.0055); 2500 pM: LbWTS vs LbNDKb clone 4

slightly Leishmania from lethal action of EF2K inhibi-
tor. In addition, we evaluated the effect of EF2K
inhibitor on the growth of L. braziliensis lines upon
Sb"™' exposure. Surprisingly, the combined treatment
Sb"! with EF2K inhibitor enhanced the leishmanicidal
activity against both L. braziliensis lines compared to
those incubated with Sb'™ or EF2K inhibitor alone
(Fig. 5b). Additionally, this increased Sp susceptibil-
ity was higher in the EF2-overexpressing L. braziliensis
clone 9 (88% growth inhibition) than in the wild-type
L. braziliensis line (77.7% growth inhibition), suggest-
ing a possible involvement of EF2 in this activity.

Susceptibility of NDKb-overexpressing L. braziliensis lines
to H202

L. braziliensis clonal lines overexpressing NDKb gene
were submitted to susceptibility assays with H,O, to
evaluate the tolerance to oxidative stress generated by
different concentrations of this compound. Our results
demonstrated that LbWTS line showed an H,O, ECsq of
213 pM, and the LbNDKb clones 4 and 9 displayed the
same value of ECsy for H,O, which was equal to
207 uM (Table 1). These data suggest that NDKb
enzyme is not directly involved in the defense against
oxidative stress in L. braziliensis.
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Fig. 5 ECy, of elongation factor 2 kinase (EF2K) inhibitor for wild-type and EF2-overexpressing L. braziliensis lines (a) and effect of EF2K inhibitor
on the growth of L. braziliensis lines upon Sb" exposure (b). Parasites were incubated in M199 medium in the absence or presence of different
concentrations of EF2K inhibitor (Cy3H;5NsO3) (50 to 300 uM). For competition assay, cells were exposed to the ECsq of sb" (7 and 14 UM for the
LbWTS and EF2-overexpressing clone 9, respectively) and the ECy, of EF2K inhibitor (173 and 211 uM for the LbWTS and EF2-overexpressing clone
9, respectively) independently or combined, followed by incubation for 48 h. The percentage of relative growth was determined using a Z1
Coulter Counter. Mean values + standard deviations from three independent experiments in triplicate are shown. Statistical analysis was carried
out using Student's t-test. Statistically different values are highlighted as follows: *P < 0.05; **P < 0.01; ***P < 0.001. Pairwise comparisons (a):
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Discussion

In the absence of effective vaccine against leishmaniasis,
the only way to treat and control all forms of the disease
is through the use of chemotherapy. Pentavalent antimo-
nials are considered one of the main options of
treatment; however these drugs have several toxic side
effects and high resistance rates. Drug resistance in
leishmaniasis has a multifactorial origin, involving differ-
ent factors related to host, parasite and drug [41]. Thus,
the comprehension of resistance molecular mechanisms
in Leishmania spp. is essential to identify novel drug
targets to prevent or reverse such mechanisms. Recently,
our phosphoproteomic study identified the proteins
nucleoside diphosphate kinase b (NDKb) and elongation
factor 2 (EF2) differently modulated in antimony-
resistant L. braziliensis samples [34]. The results
presented in this study corroborate with these data once
we observed that the NDKb and EF2 proteins were more
and less expressed, respectively, in the LbSbR line than
the LbWTS pair. Literature data to date provide no
functional analysis of these proteins in Leishmania.
Therefore, overexpression of NDKb and EF2 genes in
New World L. braziliensis and L. infantum species were
performed here to investigate the contribution of these
genes in antimony resistance phenotype.

NDKb is a member of the NDK family which is impli-
cated in multiple cellular processes [42]. NDKs have a
key role in the purine metabolism in pathogenic para-
sites such as Leishmania spp. and Trypanosoma spp.,
which makes these enzymes potential targets for the
development of new strategies for trypanosomiasis treat-
ment [43]. NDK, which corresponds to Nm23 gene fam-
ily in the human genome, can be considered a tumor
metastasis suppressor [44, 45]. Furthermore, it has dif-
ferential abilities to modulate tumorigenesis [46]. Here
we observed that NDKb protein is more expressed in
Sb"resistant L. braziliensis and L. infantum lines than
in the corresponding wild-type lines. Interestingly, prote-
omic analysis showed that the NDK enzyme was more
abundant in a benznidazole-resistant Trypanosoma cruzi
population [47]. In our study, transfection of the NDKb
gene in wild-type L. braziliensis and L. infantum lines
led to increase of NDKb protein levels in the transfected
clones when compared to their parental counterparts, as
demonstrated by Western blot results. Functional assays
showed that L. braziliensis clonal lines overexpressing
this enzyme are less susceptible to Sb'" in relation to
untransfected parasites. Nevertheless, no difference was
observed in the susceptibility to antimony between the
wild-type and NDKb-overexpressing L. infantum lines,
demonstrating that this gene does not alter the Sh™"-re-
sistance phenotype in this species.

In our search for possible inhibitors of NDKb enzyme,
we found a drug known as lamivudine that is used in
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the chemotherapy of HIV and HBV diseases. According
to DrugBank (www.drugbank.ca/drugs/DB00709), lami-
vudine is phosphorylated to active metabolites that com-
pete for integration into DNA of the virus. These
metabolites inhibit the HIV reverse transcriptase enzyme
competitively and function as a terminator of DNA
chain synthesis. The absence of a 3'-OH group in the
incorporated nucleoside analogue stops the formation of
the 5" to 3" phosphodiester linkage required for DNA
chain elongation, and thereby, the growth of viral DNA
is finished. Our study showed that overexpression of the
NDKb enzyme confers resistance to lamivudine. The
results propose that the parasites express the active form
of this enzyme and that lamivudine probably prevents
the transfer of y-phosphoryl groups from NTP to NDP
in the parasite. In addition, our results revealed that the
combination lamivudine and Sb™ does not alter the
leishmanicidal effect, suggesting that this combination is
not a good strategy to be used in the leishmaniasis
chemotherapy.

Attenuation of reactive oxygen species (ROS) produc-
tion is an additional function proposed for secreted
NDKs by pathogenic microorganisms [48]. Our results
revealed that overexpression of NDKb enzyme did not
alter the susceptibility of parasites to H,O,. These find-
ings suggest that NDKb enzyme is not directly involved
in the defense against oxidative stress in L. braziliensis.

Molecular mechanisms that regulate protein synthesis
are essential for various biological phenomena. Protein
translation is a process regulated at the initiation and
elongation levels. There are diverse factors responsible
for the regulation at translation elongation, but EF2
along EF1A are one of the most important enzymes
which conduct the elongation cycle of protein synthesis
in eukaryotic cells [49]. Our previous phosphoproteomic
study demonstrated that EF2 protein presented lower
abundance in Sb"'-resistant L. braziliensis samples [34],
suggesting that this protein was dephosphorylated (ac-
tive state) to regulate the elongation of essential proteins
which are crucial to maintain the antimony resistance
phenotype. Other studies also found EF2 contributing to
this phenotype in different Leishmania species. EF2 was
found with higher abundance in Sb-resistant L. dono-
vani isolates [50], Sb''-resistant L. panamensis and L.
infantum lines [33, 51]. However, according our previous
results this protein probably might be dephosphorylated
in these antimony-resistant parasites. Thus, these studies
demonstrate that there are differences among Leish-
mania species, which can result in variations in the
degree of phosphorylation or expression of the EF2
protein.

In this work, we transfected the EF2 gene to analyze if
the overexpression of this enzyme contributes for Sb'™
resistance in Leishmania species. Western blot assays
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revealed that the expression level of this protein was
higher in L. braziliensis and L. infantum lines overex-
pressing EF2 in comparison with their respective wild-
type counterparts. Experiments of susceptibility to
antimony showed that both L. braziliensis clones trans-
fected with EF2 gene were more resistant to Sb™" than
the controls (wild-type and empty vector). On the other
hand, the EF2-overexpressing L. infantum lines did not
present difference in the susceptibility to Sb™ when
compared to its parental line, showing that this gene is
not relevant to Sb™ resistance in this Leishmania
species. Overexpression of EF2 was observed in patients
with lung adenocarcinoma [52] and related with reduced
cell death after exposure to cumene hydroperoxide [53].
Kushawaha et al. [54] demonstrated that EF2, a Thl
stimulatory protein of L. donovani, produces strong
IFN-y and IL-12 response in cured Leishmania-infected
patients/hamsters and confers considerable protection
against experimental visceral leishmaniasis.

EF2 can be regulated through inhibitory phosphoryl-
ation at threonine 56 (T56) by EF2K [55]. Phosphorylation
on T56 inactivates EF2 and it is the unique known regular
EF2 functional alteration. Differently, EF2K suffers vast
regulatory phosphorylations that permit distinct pathways
to impact elongation [32]. Our results showed that EF2-
overexpressing clone showed slight resistance to the EF2K
inhibitor in comparison with the wild-type line. Surpris-
ingly, this inhibitor increased the antileishmanial effect of
Sb'™, especially against EF2-overexpressing parasites. Chen
et al. [40] showed that the concentrations of this inhibitor
that effectively inhibited EF2 phosphorylation did not pro-
duce significant inhibition of cancer cell proliferation.

Our results demonstrated that both NDKb and EF2
proteins of Leishmania presented approximately 60% of
identity with the mammal proteins, indicating a good
degree of conservation between these proteins. In this
way, further studies are needed to investigate the cyto-
toxicity of lamivudine and EF2K inhibitor against mam-
malian cells.

Conclusions

Our findings represent the first study of NDKb and EF2
genes overexpression in Leishmania species, demon-
strating that these proteins are implicated in Sb™ resist-
ance phenotype in L. braziliensis. Susceptibility assays
showed that NDKb-overexpressing lines were more
resistant to lamivudine, and EF2-overexpressing clone
was moderately more resistant to EF2K inhibitor. In
addition, our results suggest that the combined treat-
ment EF2K inhibitor with Sb™ might be a good strategy
to increase antileishmanial effect. Therefore, our data
provided in this report bring new knowledges about re-
sistance to Sb™ in Leishmania which can contribute to
develop new strategies for leishmaniasis chemotherapy.
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5 CONSIDERACOES FINAIS

Ha alguns anos o0 nosso grupo de pesquisa tem se dedicado ao estudo de
mecanismos moleculares de resisténcia ao antimonio trivalente em espécies de
Leishmania do Novo Mundo. Este estudo iniciou-se com a selecdo e caracterizacao
fenotipica das linhagens de L. guyanensis, L. amazonensis, L. braziliensis e L.
infantum sensiveis e resistentes ao Sh"' por Liarte e Murta em 2010. Posteriormente,
alguns estudos de caracterizacdo molecular e analise funcional de genes foram
realizados principalmente com L. braziliensis, uma espécie de grande importancia
epidemioldgica em nosso pais, que pode causar as formas cutdnea e mucocutanea
de leishmaniose.

A fosforilacdo de proteinas é um fendmeno essencial que regula complexos e
diversos processos nas células eucaridticas. Desse modo, a regulacdo dindmica da
funcdo de uma proteina através desta importante modificagdo pdés-traducional é
alcancada por um balanco das atividades de proteinas quinases e fosfatases em
uma célula. Nesse contexto, foi utilizada a metodologia de eletroforese em gel
diferencial bidimensional (2D-DIGE) que envolve a marcagéo de extratos proteicos
com diferentes marcadores fluorescentes (Cy2, Cy3 e Cyb5). Posteriormente, foi
realizada a andlise de espectrometria de massas para identificar as fosfoproteinas
nas linhagens de L. braziliensis sensivel e resistente ao antimonio trivalente. Essa
ferramenta quantitativa foi bastante pertinente, uma vez que permitiu a identificacédo
de 48 diferentes proteinas provenientes de cinco grupos de andalises comparativas e
de um numero total de 116 spots (Fig. 8). Os resultados demonstraram que 0s
grupos 1 (LbWTS 0 x LbWTS 0.025) e 5 (LbSbR 0.025 x LbSbR 2) devem estar
associados com resposta ao estresse causado pelo tratamento com Sh". Por outro
lado, os grupos 2 (LbWTS 0.025 x LbSbR 0.025), 3 (LbWTS 0 x LbSbR 0.025) e 4
(LbWTS 0.025 x LbSbR 2) estéo relacionados a mecanismos de resisténcia a droga.
Em seguida, as fosfoproteinas identificadas nesse estudo foram classificadas em
sete categorias de processos biolégicos de acordo com banco de dados. Os
resultados revelaram que a categoria “enovelamento de proteinas/chaperonas e
resposta ao estresse” esta envolvida principalmente em resposta ao Sh", como
observado nos grupos 1 e 5. J& as categorias “antioxidante/detoxificagao”,
“processos metabolicos”, “processamento de RNA/DNA” e “biossintese de proteinas”

estdo moduladas no caso de resisténcia a droga para os demais grupos.
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Figura 8 — Resumo gréfico da analise fosfoprotedmica das linhagens de L. braziliensis sensivel e

resistente ao Sh"".

As proteinas de choque térmico (HSPs) sdo altamente conservadas
evolutivamente, agrupadas em diversas familias e desempenham um papel
fundamental na fisiologia da célula. A expressdo destas proteinas nao € alterada
apenas devido a exposicao ao calor, mas também quando as células sdo expostas a
diferentes desafios metabdlicos, como, por exemplo, em casos de pressdo a droga.
O efeito de exposicdo ao antimoénio trivalente sobre a fosforilacdo proteica foi
avaliado nas amostras de L. braziliensis. Os resultados da analise fosfoprote6mica
indicaram que duas principais proteinas de choque térmico, HSP70 e HSP83-1,
apresentaram um aumento na abundancia, como identificado nas anélises
comparativas dos grupos 1 e 5. Isso significa que o tratamento da linhagem sensivel
LbWTS com droga (0,025 mg/mL) e o da linhagem resistente LbSbR com alta
concentracdo de Sb" (2 mg/mL) provoca um estresse geral no parasito, que induz a
producdo de proteinas fosforiladas, sugerindo que as HSPs de Leishmania sao
reguladas pos-traducionalmente pela fosforilagdo. Este fenbmeno é essencial para o
parasito, pois permite que as HSPs realizem a sua principal funcéo, que é a de atuar
como chaperona molecular, além de conferir protecdo para a célula. Dessa maneira,
as HSPs poderdo auxiliar na sintese, dobramento e degradacdo de proteinas
enguanto o parasito estiver submetido ao estresse metabdlico gerado pela droga. As
analises também demonstraram que a proteina HSP70 foi identificada no grupo 2
com abundancia maior na amostra LbWTS 0.025 em comparagdo com a amostra
LbSbR 0.025, sugerindo que algumas isoformas ou modificagcbes desta proteina
estdo relacionadas a mecanismos de resisténcia ao Sb", bem como a resposta ao

tratamento com a droga.
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A principal categoria de processo biolégico envolvida com mecanismos de
resisténcia a drogas é a da defesa “antioxidante/detoxificagdo”. As proteinas
pertencentes a este sistema possuem um papel fundamental para os
tripanossomatideos. Dados desse estudo mostraram a presenca de spots
correspondentes as fosfoproteinas triparedoxina peroxidase (TXNPX) e peroxidoxina
com abundancia aumentada na amostra resistente LbSbR 0.025 do grupo 2. Isso
demonstra que provavelmente ha um aumento nos niveis de fosforilacdo destas
proteinas, o que € essencial para a regulacdo da funcdo de reducdo do estresse
oxidativo causado pelo antimonio trivalente e, consequentemente, diminuicdo do
dano celular. Estudo prévio realizado pelo nosso grupo de pesquisa mostrou que
TXNPx esté envolvida no fenétipo de resisténcia de L. braziliensis ao Sb"".

Dados da literatura também relatam que as proteinas do citoesqueleto sofrem
modificacdes pos-traducionais, dentre as quais podemos citar a fosforilacdo. Os
resultados observados nas andlises comparativas demonstraram que as proteinas
alfa-tubulina, beta-tubulina e paraflagelar rod 1D apresentaram abundancia
diminuida na amostra LbSbR 2 do grupo 4. Este dado indica que estas proteinas
provavelmente estdo defosforiladas em L. braziliensis, controlando assim a fisiologia
e/ou morfologia dos parasitos resistentes a droga.

Os resultados da analise fosfoprotebmica indicaram a presenca de
fosfoproteinas envolvidas em diversos processos metabdlicos, como metabolismo
de carboidratos, proteinas, protedlise, dentre outros. As proteinas desta categoria de
processo bioldgico apresentaram abundancia diferencial nos grupos comparativos
estudados. Isso revela que as proteinas identificadas podem estar fosforiladas ou
defosforiladas de acordo com a necessidade do parasito. Vale a pena destacar a
fosfoproteina nucleosideo difosfato quinase b (NDKb), uma enzima envolvida na
transferéncia de grupo fosfato de um nucleosideo trifosfato para um nucleosideo
difosfato, que apresentou abundancia aumentada nas amostras resistentes dos
grupos 2, 3 e 4, demonstrando a sua associacdo com o fenotipo de resisténcia ao
Sb" em L. braziliensis. Além disso, o aumento desta proteina no fosfoproteoma do
parasito deve indicar um aumento na estequiometria de fosforilagdo nas amostras
resistentes.

Na categoria de “processamento de RNA/DNA”, foram identificadas
fosfoproteinas com abundancia aumentada ou diminuida nas amostras resistentes

(LbSbR 0.025 ou LbSbR 2) dos grupos de analises comparativas 2, 3 e 4. Proteinas
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como antigeno nuclear de proliferacédo celular (PCNA), proteina de ligacdo Ran 1 e
proteina de montagem do nucleossomo estavam mais abundantes e possivelmente
mais fosforiladas, sugerindo que a fosforilacdo destas proteinas é importante para
regular as funcdes de sintese, replicacédo e reparo de DNA, modulacdo da cromatina
e translocacdo de RNA nas amostras de L. braziliensis resistentes ao antimdnio
trivalente. Por outro lado, a menor abundancia e eventual defosforilagdo das
proteinas de reparo de excisdo UV RAD23 e RNA helicase sdo essenciais para que
elas realizem a sua atividade bioldgica nos parasitos resistentes que estdo
submetidos a pressao de antimonio.

As proteinas da categoria de “biossintese de proteinas® sdo também
reguladas poés-traducionalmente pela fosforilagdo. Isso € corroborado pelo aumento
na abundéancia das fosfoproteinas argininosuccinato sintetase, fator de iniciacdo da
traducdo 1A e proteina ribossomal S12 40S nos parasitos resistentes dos grupos 2 a
4, sugerindo que estas proteinas estejam envolvidas na sintese de outras proteinas
essenciais de L. braziliensis resistente ao Sb". Desse modo, o controle da
maquinaria de biossintese de proteinas pela fosforilacdo também parece ser crucial
para a sobrevivéncia dos parasitos resistentes a droga.

As andlises do fosfoproteoma de L. braziliensis identificaram 12
fosfoproteinas como hipotéticas. Buscas mais recentes no banco de dados
TriTrypDB (http://tritrypdb.org/tritrypdb/) demonstraram que apenas quatro proteinas
(LbrM.02.0520, LbrM.30.0640, LbrM.32.1870 e LbrM.35.1650) ainda estdo anotadas
como hipotéticas. As demais proteinas apresentam anotacdo especifica, a saber:
LbrM.13.0270 (ALBA-domain protein 1), LbrM.14.0460 (N-terminal conserved
domain of Nudc./CS domain containing protein, putative), LbrM.25.1690 (eukaryotic
translation initiation factor 3 subunit j), LbrM.29.0260 (TPR repeat, putative),
LbrM.30.3080 (RNA-binding motif protein 42, putative), LbrM.30.3140 (translocon-
associated protein beta, putative), LbrM.33.0650 (paraflagellar rod component,
putative) e LbrM.34.4450 (co-chaperone protein P23). E importante ressaltar que
estas proteinas desempenham funcgfes importantes no parasito, como: associacao
com proteinas de ligagdo de RNA (LbrM.13.0270 e LbrM.30.3080), migragéo nuclear
(LbrM.14.0460), sintese de proteinas (LbrM.25.1690), participacdo na interacao
entre proteinas e montagem de complexos multiproteicos (LbrM.29.0260),
translocacdo de proteinas (LbrM.30.3140), composicdo flagelar (LbrM.33.0650) e
atuacdo como co-chaperona de HSP90 (LbrM.34.4450). Dessa maneira, a
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fosforilacdo também deve estar associada na regulacdo das fungbes dessas
proteinas essenciais para 0s parasitos submetidos a pressao de droga.

Algumas fosfoproteinas foram encontradas relacionadas com a resposta ao
tratamento com droga e a mecanismos de resisténcia ao Sbh". Os resultados
demonstraram que um aumento na abundéncia de calreticulina, uma chaperonina,
deve ser importante no caso de resisténcia a droga, enquanto que abundéancia
diminuida e provavel defosforilacdo desta proteina deve estar associada a resposta
ao estresse induzido pela droga. A proteina de membrana dos kinetoplastideos-11
(KMP-11), pertencente a categoria de processo biolégico
“antioxidante/detoxificacao”, foi identificada nos grupos 1, 2 e 5. Um aumento de
abundancia desta proteina na amostra resistente LbSbR 0.025 do grupo 2 indica a
sua importancia em mecanismos de resisténcia ao Sh'", ao passo que uma
diminuicdo na abundancia de KMP-11 nas amostras LbWTS 0.025 (grupo 1) e
LbSbR 2 (grupo 5) esta associada a resposta ao estresse causado pelo antimonio. E
importante ressaltar que embora KMP-11 tenha sido incluida na categoria citada
anteriormente através de banco de dados, esta proteina tem sido descrita na
literatura como marcador de diagnéstico e antigeno vacinal. A proteina pteridina
redutase 1 (PTR1), uma enzima da defesa antioxidante, foi observada com alta
abundéancia nos parasitos resistentes LbSbR 0.025 e LbSbR 2 dos grupos 2 a 4,
indicando que esta proteina também é regulada pds-traducionalmente pela
fosforilacdo, no caso de resisténcia a droga. Entretanto, a diminuicdo na abundancia
desta proteina na amostra LbSbR 2 (grupo 5) esta relacionada a resposta de
parasitos resistentes a uma alta concentracdo de Sbh"'. E importante salientar que foi
realizada a andlise funcional da enzima PTR1 e os resultados mostraram que esta
proteina esta envolvida no fendtipo de resisténcia de L. braziliensis ao antiménio
trivalente. Outra proteina conhecida como fator de elongac¢éo 2 (EF2), que participa
da biossintese de proteinas, apresentou abundancia aumentada nos parasitos
sensiveis comparados aos resistentes (grupos 2 a 4) e maior abundancia na
amostra LbSbR 0.025 do que na amostra LbSbR 2 (grupo 5), demonstrando que
provavel diminuicdo na fosforilagdo desta proteina pode estar envolvida em
mecanismos de resisténcia ao antiménio, mas também na resposta a alta pressao
de droga.

E importante salientar que a fosforilacdo ou defosforilacdo de uma proteina

nao significa necessariamente que a proteina estara em seu estado ativo ou inativo,
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respectivamente. Pelo contrario, a proteina pode ser inibida ou ativada através da
acdo de diferentes quinases e de acordo com a necessidade bioquimica da célula.
Dessa forma, a fosforilacdo ou defosforilacdo pode ser vista como um mecanismo
essencial que pode ser utilizado para ativar ou desativar determinadas vias com o
objetivo de tolerar a situac@o de estresse e/ou resisténcia a droga em que o parasito
estiver submetido.

A identificacdo e quantificacdo de sitios de fosforilacdo nas proteinas de
tripanossomatideos sdo de extrema relevancia para aumentar a compreensao das
vias de sinalizagdo celular e os impactos gerados na célula. Alguns estudos
demonstrados na literatura utilizaram enriquecimento dos fosfopeptideos com
dioxido de titdnio para identificar e quantificar esses sitios em Leishmania,
associando com a funcéo bioloégica que desempenham no parasito. Entretanto,
nessa analise fosfoprotedmica néo foi utilizada esta técnica de enriquecimento para
obtencdo dos sitios especificos de fosforilacdo nas amostras de L. braziliensis
estudadas, representando assim uma limitacdo desse estudo. Por outro lado,
analises de alinhamentos de sequéncias multiplas de nove fosfoproteinas
identificadas no fosfoproteoma com sequéncias de residuos fosforilados, que foram
relatados anteriormente na literatura em espécies de Leishmania, revelaram que a
fosforilacdo € comum em residuos de serina (S) nas espécies deste parasito. Nesse
sentido, a investigacdo especifica dos sitios de fosforilacdo nas amostras de
Leishmania é essencial para analisar o perfil de fosforilacdo e elucidar eventos de
sinalizacdo associados & resposta ao estresse causado pelo Sb" e ao fenétipo de
resisténcia a droga. Além disso, esse tipo de analise podera subsidiar estudos de
mutagénese sitio-dirigida para avaliar a importancia dos sitios fosforilados na funcao
das proteinas do parasito, bem como na identificacdo de potenciais alvos
quimioterapicos.

Esse estudo fosfoprotebmico foi o primeiro a determinar o perfil de
fosfoproteinas das amostras de L. braziliensis sensiveis e resistentes ao Sb", com
destaque para proteinas associadas com o estresse causado pelo tratamento com
droga e a mecanismos de resisténcia. Todavia, outra limitacdo deste estudo é a
informacéo sobre a abundancia e fosforilagéo de proteinas de membrana. Dados da
literatura indicam que € necesséria a utilizacdo de protocolos especificos para
obtencao de fracdes enriquecidas de proteinas de membrana, uma vez que este tipo

de proteina apresenta baixa solubilidade em géis bidimensionais.
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Os resultados obtidos com a analise fosfoprotebmica poderdo auxiliar na
selecédo de novos alvos e pesquisas que contribuam para o melhor entendimento da
fosforilacdo e das principais vias envolvidas no fenétipo de resisténcia ao Sh"' em
Leishmania. Este estudo ainda permitird a andlise funcional de diversas proteinas
identificadas nas analises comparativas, bem como novos estudos fosfoprotedmicos
de outras espécies de Leishmania.

A segunda parte desse estudo envolveu a analise funcional das proteinas
NDKb e EF2, as quais foram selecionadas a partir do fosfoproteoma de L.
braziliensis. Como citado anteriormente, NDKb é uma enzima ubiqua fundamental
para a sintese de nucleosideos trifosfatos, além de ter um papel crucial no
metabolismo de purinas em tripanossomatideos. Nesse estudo, foi observado que a
proteina NDKb estd mais expressa em linhagens de L. braziliensis e L. infantum
resistentes ao Sb" comparadas com seus respectivos pares sensiveis.
Curiosamente, dados de analise protedmica mostraram que a enzima NDK estava
mais abundante em uma populagcdo de Trypanosoma cruzi resistente ao
benzonidazol.

A enzima EF2 é um fator relevante na sintese de proteinas do parasito.
Resultados do fosfoproteoma demonstraram que a proteina EF2 apresentou menor
abundancia em amostras de L. braziliensis resistentes ao Sb", sugerindo que esta
proteina esteja defosforilada (estado ativo) para regular a elongacdo de proteinas
cruciais para manter o fenétipo de resisténcia ao antimoénio. Outros estudos também
encontraram EF2 contribuindo para este fenétipo em diferentes espécies de
Leishmania. EF2 foi encontrada com maior abundancia em L. donovani, L.
panamensis e L. infantum resistentes ao antiménio. Contudo, de acordo com o0s
resultados anteriores, esta proteina pode estar defosforilada nestes parasitos
resistentes ao antimonio. Assim, esses estudos demonstram que existem diferencas
entre as espécies de Leishmania, podendo resultar em variagbes no grau de
fosforilacdo ou expresséo da proteina EF2.

Inicialmente, as enzimas NDKb e EF2 foram superexpressas em L.
braziliensis e L. infantum para investigar os seus papéis no fenétipo de resisténcia
ao antimonio trivalente nestas espécies do parasito. Ensaios de transfeccao
demonstraram que as linhagens de L. braziliensis superexpressoras de NDKb ou
EF2 foram mais resistentes ao Sb" em comparacdo aos parasitos n&o

transfectados. Entretanto, nenhuma diferenca foi observada na susceptibilidade ao
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antimonio entre as linhagens de L. infantum superexpressoras de NDKb ou EF2 e os
controles (linhagem sensivel e vetor vazio). Dessa maneira, este resultado sugere
que os genes NDKb e EF2 nado estdo envolvidos diretamente no fendtipo de
resisténcia de L. infantum ao antimonio trivalente.

Testes de inibicdo sdo de extrema importancia para provar que as enzimas
superexpressas nos parasitos sdo funcionais/ativas e que os inibidores utilizados
apresentam atividade especifica. Nesse sentido, foi realizada uma busca no
DrugBank para encontrar possiveis farmacos que pudessem ser utilizados em
ensaios de inibicAo da enzima NDKb. Os resultados apresentaram trés agentes
antivirais: tenofovir, lamivudina e adefovir dipivoxil. Estas drogas sao utilizadas no
tratamento da hepatite B cronica (HBV) e as duas primeiras sdo também ateis no
tratamento da infeccdo causada pelo virus HIV. A lamivudina € um analogo de
nucleosideo sintético que € fosforilado intracelularmente ao metabdlito ativo
(lamivudina trifosfato), o qual € incluido no DNA viral pela transcriptase reversa do
HIV e pela polimerase do HBV, causando a terminacdo da cadeia de DNA. Esse
estudo mostrou que os clones de L. braziliensis superexpressores de NDKb foram
resistentes a lamivudina, sugerindo que estes parasitos expressam a forma ativa
desta enzima. Entretanto, os nossos resultados revelaram que a combinacédo de
lamivudina com o antimbnio trivalente ndo aumenta o efeito leishmanicida,
demonstrando que esta associacdo de drogas ndo deve ser uma boa estratégia a
ser considerada no tratamento das leishmanioses. Uma possivel explicacdo para a
baixa atividade da lamivudina pode estar relacionada ao alto ECsp (concentracao
efetiva que inibe o crescimento em 50%) desta droga encontrado para 0s parasitos
superexpressores da enzima NDKb em comparacdo com a linhagem néo
transfectada. E interessante destacar que a lamivudina também foi testada contra T.
cruzi pelo Dr. Policarpo Sales Junior da Plataforma de Bioensaios do CPgRR e o0s
resultados indicaram que a droga também néo foi ativa neste parasito.

Dados da literatura mostram que a proteina EF2 é inativada através da
fosforilacdo da treonina 56 pela quinase de EF2 (EF2K). Analises do fosfoproteoma
indicaram que EF2 provavelmente esta defosforilada nas amostras de L. braziliensis
resistentes ao antiménio, realizando a elongacdo de diversas proteinas nestes
parasitos. Sendo assim, foram realizados ensaios para avaliar o efeito do inibidor de
EF2K no crescimento das linhagens de L. braziliensis sensivel e superexpressora de

EF2. Os resultados revelaram que o clone superexpressor de EF2 foi 1,2 vezes mais
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resistente ao inibidor em relagdo ao parasito sensivel. Posteriormente, foram
realizados testes de competicdo do inibidor de EF2K com o Sb". De maneira
surpreendente, foi observada uma maior susceptibilidade no crescimento do clone
de L. braziliensis superexpressor de EF2 ao ser exposto a combinagdo destas
drogas, demonstrando um envolvimento da enzima EF2 nesta atividade. Este dado
sugere que a associacdo do inibidor de EF2K com Sh" possa ser considerada uma
estratégia promissora para o tratamento das leishmanioses.

Os resultados também demonstraram que as proteinas NDKb e EF2 de
Leishmania apresentaram uma identidade de cerca de 60% com as proteinas de
mamiferos, indicando um bom grau de conservagdo entre estas proteinas. Dessa
forma, experimentos adicionais serdo importantes para avaliar a citotoxicidade da
lamivudina e do inibidor de EF2K contra as células de mamiferos. Além disso,
realizar ensaios de infeccdo de macréfagos e investigar a atividade destas drogas na
forma amastigota de L. braziliensis, assim como fazer ensaios in vivo em modelos
murinos serdo essenciais para validar melhor estes inibidores na quimioterapia das
leishmanioses. Outra estratégia interessante seria testar o0s parasitos
superexpressores das enzimas NDKb e EF2 com outros farmacos utilizados no
tratamento da doencga, com o intuito de analisar a ocorréncia de resisténcia cruzada.
Ainda, a utilizacdo de modelagem molecular € uma ferramenta que pode ser Util na
descoberta de novos farmacos para serem avaliados nesses parasitos.

A figura 9 representa um esquema gréafico dos resultados que mostram pela
primeira vez na literatura o envolvimento dos genes NDKb e EF2 no fendtipo de
resisténcia ao antiménio trivalente em L. braziliensis. Nesse sentido, este estudo
também contribui para uma melhor compreensédo dos mecanismos de resisténcia ao
Sb" em Leishmania.

Finalizando, os resultados obtidos com a andlise fosfoprotedmica e genémica
funcional das linhagens de L. braziliensis sensivel e resistente ao antimonio
trivalente permitem propor um modelo de possivel fosforilacdo ou defosforilagdo de
determinadas vias que podem contribuir para o fenétipo de resisténcia ao Sbh" (Fig.
10). Neste modelo, o aumento na fosforilacdo de importantes enzimas da defesa
antioxidante, como triparedoxina peroxidase (TXNPx), peroxidoxina, pteridina
redutase 1 (PTR1) e proteina de membrana dos kinetoplastideos-11 (KMP-11)
contribui para a detoxificagcdo das espécies reativas de oxigénio (EROs) produzidas

pelo Sh", fornecendo protecdo contra o estresse oxidativo e evitando a morte do
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parasito. Outro mecanismo de acdo do antimonial esta associado & morte celular
através da fragmentacdo de DNA. Nesse contexto, a fosforilagdo da proteina
antigeno nuclear de proliferacdo celular (PCNA) e a defosforilacdo da enzima de
reparo de excisdo UV RAD 23 estariam envolvidas na resisténcia ao antimoénio
trivalente por meio da sintese e reparo de DNA. O aumento na fosforilagdo de
argininosuccinato sintetase (ASS), fator de iniciacdo da traducdo 1A e da proteina
ribossomal S12 40S € de extrema importancia para a participacdo destas enzimas
na sintese de diversas proteinas que contribuem para a manutencéo da resisténcia
ao Sb" em L. braziliensis. Além disso, a defosforilacdo do fator de elongacdo 2
(EF2), que é util no crescimento da cadeia polipeptidica, e a fosforilagdo da proteina
de choque térmico HSP83-1, uma chaperonina envolvida no enovelamento de
proteinas, sdo também cruciais quando a maquinaria de producao proteica é ativada
pelo parasito resistente. A defosforilagdo de proteinas do citoesqueleto (a e B-
tubulinas) é outra via regulada pos-traducionalmente, que € essencial para a
sustentacdo do processo de divisdo celular, transporte intracelular e motilidade
flagelar dos parasitos submetidos a pressao da droga. A fosforilacdo da enzima
nucleosideo difosfato quinase b (NDKb) também é relevante para manter a producéo
de nucleosideos trifosfatos (NTPs), 0os quais sdo essenciais em todos 0S processos
celulares que envolvem a sintese de acidos nucleicos em L. braziliensis resistente
ao Sb"'.

Resultados do fosfoproteoma
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Figura 9 — Resumo gréfico da andlise funcional dos genes NDKb e EF2 em L. braziliensis.
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Portanto, uma variedade de mecanismos de resisténcia desenvolvidos por
diversos organismos tem sido descrita na literatura. Entretanto, a resisténcia a
drogas, especialmente em Leishmania, continua sendo um grande desafio a ser
desvendado pelos pesquisadores. Estes estudos continuam sendo de extrema
importancia para a identificacdo de novos alvos que possam ser utilizados em novas
abordagens quimioterapéuticas contra as leishmanioses. Dessa forma, esse estudo
pode contribuir para a elucidacdo de possiveis mecanismos de resisténcia ao
antimonio trivalente em Leishmania, servindo de base para outras pesquisas

cientificas.
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Figura 10 — Modelo proposto de possiveis processos regulados pela fosforilagdo com impacto na
resisténcia ao Shb" em L. braziliensis. EROs (espécies reativas de oxigénio), TXNPx (triparedoxina
peroxidase), PTR1 (pteridina redutase 1), KMP-11 (proteina de membrana dos kinetoplastideos-11),
EF2 (fator de elongacéo 2), ASS (argininosuccinato sintetase), EIF-1A (fator de iniciagdo da traducgéo
1A), HSP83-1 (proteina de choque térmico 83-1), PCNA (antigeno nuclear de proliferacdo celular),
RAD23 (proteina de reparo de excisdo UV RAD23), NDKb (nucleosideo difosfato quinase b), NTP

(nucleosideo trifosfato), P indica fosforilado e P marcado com um X vermelho significa defosforilado.
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6 RESUMO DOS RESULTADOS

A partir desse estudo de analise fosfoproteémica e gendmica funcional das

linhagens de Leishmania spp. sensiveis e resistentes ao Sb", pode-se destacar os

seguintes resultados alcangados:

v

Andlises comparativas demonstraram a presenca de 116 spots
diferencialmente abundantes entre os cinco grupos analisados, incluindo 11 e
34 spots especificamente correlacionados ao tratamento com droga e a
resisténcia ao Sh"', respectivamente;

Foram identificadas 48 diferentes fosfoproteinas distribuidas em sete
categorias de processos bioldgicos;

Andlises in silico demonstraram a conservacgdo, principalmente, de residuos
de serina fosforilados nas nove proteinas analisadas;

Ensaios de Western blot revelaram niveis de expressdo diferencial das
fosfoproteinas cTXNPx, KMP-11 e a-tubulina nas amostras de L. braziliensis
estudadas, validando os resultados fosfoprotedmicos;

As linhagens de L. braziliensis superexpressoras de NDKb ou EF2 foram mais
resistentes ao Sb"' do que a linhagem sensivel;

Nenhuma diferenca na susceptibilidade ao Sb" foi observada nas linhagens
de L. infantum superexpressoras de NDKb ou EF2 comparadas com os
controles;

As linhagens de L. braziliensis superexpressoras de NDKb apresentaram
elevada resisténcia a lamivudina, que nao alterou a atividade leishmanicida
ao ser associada com o Sb";

O clone de L. braziliensis superexpressor de EF2 foi 1,2 vezes mais resistente
ao inibidor de EF2K, que apresentou maior efeito leishmanicida em
combinacdo com o Sb":

As linhagens de L. braziliensis superexpressoras de NDKb néo alteraram a
sua susceptibilidade ao H,0;

Andlises de Western blot revelaram que as proteinas NDKb e EF2 estdo mais
€ menos expressas, respectivamente, na linhagem de L. braziliensis

resistente ao Sb'"'.
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7 CONCLUSAO FINAL

A analise fosfoprote6mica permitiu demonstrar pela primeira vez o perfil das
fosfoproteinas diferencialmente abundantes em L. braziliensis, fornecer novos
conhecimentos sobre mecanismos pds-traducionais associados com resposta ao
estresse causado pelo tratamento com droga e resisténcia ao antimonio trivalente,
além de compreender melhor a biologia de Leishmania. Além disso, a analise
funcional dos genes NDKb e EF2 representa o primeiro estudo que demonstrou a
superexpressdo dessas proteinas e o0 envolvimento delas com o fendtipo de
resisténcia ao Sb" em L. braziliensis. Dessa maneira, esse estudo contribui com
novos dados para o campo de resisténcia a drogas em Leishmania, proporcionando
o desenvolvimento de outros estudos na area e de novas intervencdes

quimioterapéuticas para serem utilizadas no controle das leishmanioses.
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8 PERSPECTIVAS

v' Realizar a analise funcional de outras proteinas identificadas nesse estudo;

v ldentificar os sitios de fosforilacdo e analisar o perfil de fosforilacdo das
proteinas de L. braziliensis;

v' Fazer mutagénese sitio-dirigida dos sitios de fosforilagdo de algumas
proteinas;

v' Realizar ensaios de Western blot para validar outras proteinas identificadas
na andlise fosfoprotedbmica;

v Avaliar a atividade anti-Leishmania da lamivudina e do inibidor de EF2K em
ensaios in vitro, utilizando as formas amastigotas do parasito, e in vivo em

modelos murinos.
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| — Alinhamento da sequéncia de nucleotideos obtida por sequenciamento com

a sequénciareferéncia do gene NDKb depositada no TriTrypDB (LbrM.32.3210)

s LbrM.32.321@ | organism=Leishmania_braziliensis_MHOM/BR/75/M2904

| product=nucleoside diphosphate kinase b | location=LbrM.32:1182665-1183121(-)

| length=438 | sequence_S0=chromosome
| s0=protein_coding

Length

Score

Identities

=456

823 bits (912), Expect = 8.8
= 456/456 (188%), Gaps = 8/456 (@%)

Strand=Plus/Plus

Query
Sbjct
Query
Sbict
Query
Sbjct
Query
Sbjct
Query
Sbict
Query
Sbjct
Query
Sbjct
Query

Sbjct

1

1

61

61

121

121

181

181

241

241

38l

38l

361

36l

421

421

ATGTCCTCCGAGCGCACTTTCATTGCCATCAAGCCGEACGETGTTCAGCGCGGCCTCGTT
FEVEEEECEV T e e e e e e e e e e e e e e e
ATGTCCTCCGAGCGCACTTTCATTGCCATCAAGCCGRACGGTGTTCAGCGCGECCTCGTT
GGCGAGATCATCAGCCGCTTTGAGCGCAAGGGCTTCAAGCTTGTCGCCTTGAAGATGLTG
FOVETCEEV TR L e e e e e e e ee e e e e e e e e e e e
GGCGAGATCAT CAGCCGCTTTGAGCGCAAGGGCTTCAAGCTTGTCGCCTTGAAGATGCTG
CAGCCGACGACGGAGC AGGLCCAGGGTCACTATAAGEACCTTGCCTCCAAGCCGTTCTTC
FEVEEEECEVEETE R e e e e e e e e e e e e ey
CAGCCGACGACGGAGCAGGCCCAGGGT CACTATAAGGACCTTGCCTCCAAGCCGTTCTTC
GAGGGTCTTGTGAAGTACTTCTCGTCTGGCCCTATTETGTGCATGGTCTGEGAGGGTAAG
FEVELLEEEVEETE R e e e e e e e e e e e e e e e e e
GAGGGTCTTGTGAAGTACTTCTCGTCTGECCCTATTETGTGCATGGTCTGGGAGGGTAAG
AACGTGGTGAAGAGCGGCCATGTGTTGLTCGGCGCGACGAACCCEECCGACTCGCAGCCC
FELELCEEVEETE R EEE e e e e e e ee e ee e e e e e e e e e e
AACGTGGTGAAGAGCGGCCATGTGTTGLTCGGCGCGACGAACCCEECCGACTCGCAGCCC
GGCACGATCCGTGECGACTACGCCGTGRATGTGGGCCGAAACGTGTGCCACGECTCCGAC
FEVELEECEV TR P e e e e e e e e e e e e e e e e
GGCACGATCCGTGECGACTACGCCGTGRATGTGEECCGAAACGTETGCCACGECTCCGAC

TCCGTGGAGAGCGCGCAGCGCGAGETCACCTTCTGGT TCAAGGTGGAGGAGATCGCAAGE
FECEERTEEET T e e e e e e e e e e e ey e e e e e e e e e e e e
TCCGTGGAGAGCGCGCAGCGCGAGGTCRCCTTCTGGT TCAAGGTGGAGGAGATCGCAAGE

TOCCAGATCTACGAATAG 458

III|IIIIIII|IIIIIII|IIIIIII|IIIIIIII
CTTGCCAGATCTACGAATAG 456

1%

[i1%)

128

123

153

188

248

248

3@aa

3@aa

368

308

428

428
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Il — Alinhamento da sequéncia de nucleotideos obtida por sequenciamento

com a sequéncia referéncia do gene EF2 depositada no TriTrypDB

(LbrM.35.0270)

> LbrM.35.e27@ | organism=Leishmania_braziliensis_MHOM/BR/75/M2904
| product=elongation factor 2 | location=LbrM.35:84057-86594(-)

| length=2538 | sequence_SO=chromosome | SO=protein_coding
Length=2538

Score = 4578 bits (5976), Expect = 2.0
Identities = 2538/2538 (10e%), Gaps = ©/2538 (o%)

Strand=Plus/Plus
Query 1 ATGGTGAACTTTACCGTCGATCAGGTCCGTGAGCTGATGGACTTCCCGGACCAGATCCGG 6@
LR ERE R e e e e et
Sbict 1 ATGGTGAACTTTACCGTCGATCAGGTCCGTGAGCTGATGGACTTCCCGGACCAGATCCGG 6@
Query 61 AACATGTCCGTGATTGCCCACGTCGACCACGGCAAGTCGACACTGTCTGACTCTCTCGTT 120
PRRRR R e e e e e e e b e e nennnnenitl
Sbjct 61 AACATGTCCGTGATTGCCCACGTCGACCACGGCAAGTCGACACTGTCTGACTCTCTCGTT 120
Query 121 GGCGCCGCTGGCATCATCAAGATGGAGGAGGCTGGCGACAAGCGTATCATGGATACGCGC 18@
R NN R ARy
Sbjct 121 GGCGCCGCTGGCATCATCAAGATGCAGCGAGGCTGGCGACAAGCGTATCATGGATACGCGC 180
Query 181 GATGAGATTGCGCGTGGTATCACGATCAAGTCCACCGCCATCTCCATGCACTACCAC  24@
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIlIIIIIIII
Sbjct 181 GCGGATGAGATTGCGCGTGGTATCACGATCAAGTCCACCGCCATCTCCATGCACTACCAC  24@
Query 231 CGAAGGAGATGATTAGCAGCCTGCGATGACGACAAGCGCGACTTCCTGATCAACCTG 3ee
IIIIIIIIIIIIIIIIIllIIIIIIIIIIIIIIIIIIlIIIIIIlIIIIIIlIlIIIIII
Sbict 241 GTGCCGAAGGAGATGATTAGCAGCCTGGATGACGACAAGCGCGACTTCCTGATCAACCTG 300
Query 3e€1 ATCGACTCCCCCGGACACGTCGACTTCAGCTCCGAGGTGACTGCCGCTCTTCGTGTGACG 36@
EREERERE e e e et e e e et rennrentnnl
Sbijct 3e1 ATCGACTCCCCCGGACACGTCGACTTCAGCTCCGAGGTGACTGCCGCTCTTCGTGTGACG 360
Query 361 GACGGTGCGCTGGTCGTGGTGGACTGTGTGGAGGGCGTGTGCGTGCAGACGGAGACGGTG 420
IIIIlIIIIIIIIIIIIIIlIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
Sbjct 361 CGCTGCGCTGGTCGTGGTGGACTGTGTGGAGGGCGTGTGCGTGCAGACGGAGACGGTG 42e@
Query 421 CTGCGCCAGGCGCTGACGGAGCGTATCCGCCCTGTTGTGTTCATCAACAAGGTGGACCGC 480
PRRRR R R R R e e e e n e e e e nnnnnrietl
Sbjct 421 CTGCGCCAGGCGCTGACGGAGCGTATCCGCCCTGTTGTGTTCATCAACAAGGTGGACCGC 480
Query 4381 GCCATCCTTGAGCTCCAGCTGGACCCCGAAGAGGCATACCAGGGCTTCGTGAAGACGCTG  S4@
PELRRE R e e e e e e b e e enttitl
Sbjct 481 GCCATCCTTGAGCTCCAGCTGGACCCCGAAGAGGCATACCAGGGCTTCGTGAAGACGCTG 540
Query 541 CAGAACGTGAATGTGGTGGTTGCCACGTACAATGATCCCAGCATGGGGGACGTGCAGGTG 6@
lI|IIIIIIlIIIIIIlIIIIIIHIIIIIIIIIIIIlIlI|IIl|lIIl|l|II|IIII
Sbjct S41 CAGAACGTGAATGTGGTGGT TGCCACGTACAATGATCCCAGCATGGGGGACGTGCAGGT 620
Query 601 TCGCCCGAGAAGGGCACTGTGGCGATCGGCTCTGGTCTGCAGGCGTGGGCGTTCTCGCTG 66@
IIlIIIlIIlIlIIIIlIIIIIIIlIIIlIlIlIIIIlIIIIIIllIIIIHIIIIIIII
Sbjct 601 GAGAAGGGCACTGTGGCGATCGGCTCTGGTCTGCAGGCGTGGGCGTTCTCGCTG 66@
Query 661 ACCCGCTTCGCGAACATGTATGCGTCGAAGTTCGGCGTGCGACGAGCTGAAGATGCGCGAG 72@
PERRRERR R R R e e e e b e e el
Sbjct 661 ACCCGCTTCGCGAACATGTATGCGTCGAAGT TCGGCGTGGACGAGCTGAAGATGCGCGAG 720
Query 721 CGTCTGTGGGGCGACAACTTCTT TGACGCGAAGAACAAGAAGTGGATCAAGCAG 78@
lIIIlI|IIIIIIIIIllIIIIIIIIIIlllIlIIIIIIIIIIIIllIIIlIlIIIIIII
Sbjct 721 CGTCTGTGGGGCGACAACTTCTTTCGACGCGAAGAACAAGAAGTGCGATCAAGCAGGAGA 78e
Query 781 AACGCCGATGGCGAGCGCGTGCGCCGCGCGTTCTGCCAGTTCTGCCTGGACCCCATCTAC 840
FORRRRRR R e e e e e et
Sbjct 781 AACGCCGATGGCGAGCGCGTGCGCCGCGCGTTCTGCCAGTTCTGCCTGGACCCCATCTAC 840
Query 841 CAGATCTTCGACGCTGTGATGAACGAGAAGAAGGACAAGGTGGACAAGATGCTCAAGTCG 9ee
IIIIlIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
Sbjct 841 CAGATCTTCGACGCTGTGATGAACGAGAAGAAGGACAAGGTGGACAAGATGCTCAAGTCG 9ee
Query 921 CTGCACGTGTCGCTGACGGCTGAGCGAGCGCGAGCAGGTGCCGAAGAAGC TGAAGA 96e
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
Sbjct 901 CTGCACGTGTCGCTGACGGCTGAGGAGCGCGAGCAGGTGCCGAAGAAGCTGCTGAAGAC 260
Query 961 GTGATGATGAGGTTTCTGCCGGCCGCTGAGACGCTGCTGCAGATGATCGTGGCGCACCTG 1020
EREERRR R e e e e et e e et el
Sbjct 961 GTGATGATGAGGTTTCTGCCGGCCGCTCGAGACGCTGCTGCAGATGATCGTGGCGCACCTG 1029
Query 1021 CCGTCGCCCAAGAGAGCGCAGGCGTACCGCGCGGAGATGTTGTACTCTGGTGAGGCGTCG 1080
FERRRRRRR R e e e e r e e e pnennnnl
Sbjct 1221 CCGTCGCCCAAGAGAGCGCAGGCGTACCGCGCGGAGATGTTGTACTCTGGTGAGGCGTCG 1080
Query 1@81 CGGAGGACAAGTACTTCATGGGTATCAAGAACTGCGACCCCGCTGCGCCGCTCATGCT 1140
HlIIIIIIIIIIIIIHIIIIIIlIIlIIIIHIIIlIlIlIIlllIIIIllIIIIIlI
Sbjct 1281 CCGGAGGACAAGTACTTCATGGGTATCAAGAACTGCGACCCCGCTGCGCCGCTCATGCTG 1140
Query 1141 TACATCAGCAAGATGGTGCCGACGGCCGACCGCGCGCCGCTTCTTCGCTTTTGGCCGCATC 1200
FERRRERR R e r e b e e e inernetl
Sbjct 1141 TACATCAGCAAGATGGTGCCGACGGCCGACCGCGGCCGCTTCTTCGCTTITTGGCCGCATC 1209



Query
sbjct
Quary
sbjct
Query
Skict
Query
Sbict
Query
Sbict
Query
Sbict
Query
sSbict
Query
Sbict
Query
Sbict
Query
Sbict
Query

Sbjct

Query
Sbict
Query
spjct
Query
Sbict
Query
Sbjct
Query
Sbict
Query
Sbict
Query
Sbjct
Query
Sbict
Query
Sbjct
Query
Sb3ct
Query

Sbict

Query

Sbict

1za1
1ze1
1261
1261
1321
1321
1381
1381
1441
1441
1591
1581
1561
1561
1621
1621
1681
1681
1741
1741
lsel

isel

18361
1861
1921
1921
1981
1981
2241
2941
2181
211
2161
2161
2221
2221
2281
2281
2341
234941
2421
2481
2461

2461

2521

2521

TTCTCGGGTAAGG TGCGCAGCGGCCAGAAGGTGCGGATCATGGGCAACAACTACATCTAC
TRRRRERR R e e e e e e e v e rnnnnenl

TTCTCGGETAAGGTGCGCAGCGEGLCAGAAGGTGUGGATCATGGGCAACAACTACATCTAC

CAAGAAGCAGGACCTGTACGATGACAAGCCTGTGCAGCGCTCTGTGCTGATGATGGEC
IIIIIIIlIIIIII]I]IIlIIIIIIIIIIIIIIIIIIIIIII[IIIII][]II[IIIII
GGCAAGAAGCAGGACCTGTACGATGACAAGCCTGTGCAGCGCTCTGTGCTGATGATGGGT

CGCTACCAGGAGGCTGTGGAGGACATGCCGTGCGGTAACGTGGTGGGCCTTGTGGGCGTG

IlIII|IlIII||I]I]IIllII|I|||IIIII|||lIIIIIllIIIII][lIIlIIIII
CGCTACCAGGAGGCTGTGGAGGACATGCCGTGCGGTAACGTGGTGGGCCTTGTGGGCGT

GACAAGTACATCGTGAAGTCTGCGACGATCACGGACGACGGCGAGAACCCGTACCCGCTG
TRERRERRE Rt b e e e e e ernnnnntl
GACAAGTACATCGTGAAGTCTGCGACGATCACGGACGACGGLGAGAACCCGTACCCGCTG

CGCGATATGAAGTACTCCGTGTCGCCTGTGGTGCGTGTGGCCGTGGAGGCGAAGAACCCG
TRLRRETR R e e e e e et
CGCGATATGAAGTACTCCGTGTCGCCTGTGETGCGTGTGGCCGTGGAGGCGAAGAACCCE

TCCGACCTGLCGAAACT TGTGGAGGGLCTGAAGLGLCTTGLCCAAGTCCGALCCGLTGGT

IIIIIIIIIIIIIIlI]IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII[IIIlIIIII
TCCGACCTGCCGARACTTGTGGAGGGCCTGAAGCGCCTTGCCAAGTCCGACCCGCTGGT

GTGTGCAGCATTGAGGAGTCTGGLGAGCACATCGTTGCCGGCGCTGGTGAGCTGCATCTT

TRERRETRRr e e e e e e e e e renernnrnntl
GTGTGCAGCATTGAGGAGTCTGGCGAGCACATCGT TGLCGGCGCTGGTGAGCTGCATCTT

GCAGATTTGCCTGRAAGGACCTCCAGCAGCACTTCATGAACGGTGCGCCGLTGAASATCTCC

lllIIIIllIIIII]I]IIlIIIIIIIIIIIIIIlllIIIIIl[IIIIIl[lII[IIIII
GAGAT TTGCCTGAAGGACCTCCAGGAGGACT TCATGAACGGTGCGCCGCTGAAGATC

AGCCGETGGTGTCGTTCCGCGAGACCGTGACGGACGTGTCGTCGCAGCAGTGTCTGTCG

G
POERRRLR i venennnrrnnnnrnnrnnnl
GAGCCGGTGGTGTCGTTCCGCGAGACCGTGACGGACGTGTCGTCGCAGCAGTGTCTGTCG

AAGTCTGCGAACAAGCACAACCGTCTGT TCTGCCGCGETGCGCCGC TGACAGAGGAGCTT
IIIIIIIlIIIIII]I]IIlIIIIIIIIIIIIIIIIIIIIIIIlIIIIII[IIIlIIIII
AAGTC TGCGAACAAGCACAACCGTCTGT TCTGCCGCGGTGCGCCGL TGACAGAGGAGC

GCGCTGGCGATGEAGGAGGEGLACCGC TGGTCCCGAGGLCGATCCGAAGGTGCGCGCGCGT
TRERRRTR R R e e e e e e e e e e ennnnntl
GLGCTGGCOATGCAGCAGOGCACCOCTEOTCCCCAGGLCCGATCCGAAGGTGLGLGLGCaC

TTCCTTGCCGACAAC TACGAG TGGGACGTGCAGGAGGCCCGCAAGATCTGGTGC TACGGC
N N NNy

TTCCTTOCCGACAACTACGAGTEGOCGACGTGCAGGAGGCCCGCAAGATCTGOTGLCTACGGC

CGGACAACCGLGEC CCGAACGTGGTCGTGGATGTGACGAAGGGTGTCCAGAACATGGSET

IIII]IIIIlIIIIIIIIIllIIIII]IIIIlIIlIlIIIIlIIlIlIIlIlIIIIIIII
CGGACAACCGLGGCCCGAACGTGGTCGTGGATGTGACGAAGGGTGTCCAGAACATGEGT

TGAAGGACTCCTTTGTTGCGGCGTGGCAGTGGGCGACCCGCGAGGGTGTGCTCTGC

GAGA
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIlIIIIIIIIIIIIIIIIIIIIIII
GAGATGAAGGACTCCTTTGTTGCGECGTGGCAGTGEGCGACCCGCGAGGGTGTGCTCT

GACGAGAACATGCGCGETGTGCGCGTGAACGTGGAGGATGTGACGATGCACGCGGACGCC

IIIIIIIIIIIIIIIIIIIllIIIIIIIIIIIIIIIlIIIIIIIIIIIIIIIIIIIlIII
GACGAGAACATGCGCGGTGTGLGCGTGAACGTGGAGGATGTGACGATGCACGCGGAL

ATTCACCGTGGTGGCGGCCAGATCATCCCGACGGCGCGCCGTGTGTTCTACGCGTGCTGC
R Ny

ATTCACCGTEGGTGECGECCAGATCATCCCGACGECGCGCCGTETEGTTCTACGCGTGLCTGC

TEACGGCGTCGCCGCGCCTGATGGAGCCGATGTTCGTGGTGGATATCCAGACCG

TGGAG
IIII]IIIllIIIIIIIIIllIIIII]IIIIlIIlIlIIIIIIIIIIIIIIIIIIIlIII
CTGACGGCGTCGCCGCGCCTGATGGAGCCGATGTTCGTGGTGGATATCCAGACCGTGGAG

CACGCCATGGGCGGCATCTACGGTGTGCTGACCCGCCGOCGTGGTGTGATCATTGGC

GAG
POELERR e e et e e e et nnnneni
CACGCCATGGGCGGCATCTACGGTGTGC TGACCCGCCGCCGTGGTGTGATCATTGGCGAG

CGAGAACCGLCCGOGCACGLCCATCTACAACGTGLGCGCGTACCTGLCCGGT TGCGGAGTLCG

ERERR R e e e v e bR e e e pnennrnntnl
GAGAACCGCCCGGGCACGCCCATCTACAACGTGCGCGCGTACCTGCCGGTTGCGGAGTCG

TTCGGCTTCACTOCCGACCTGCGCGLCOGAACTOOCGGCCAGGCCTTCCCGCAGTGLGTG

IIIIIIIIIlIIIIIIIIII[IIIIIIIIIIlIIIIlIIIIIIIIIIIIIIIIIIIIIII
GGCTTCACTGCCGACCTGCGCGCCGGAACTGECGGCCAGGCCTTCCCGCAGTGCGTG

TTCGACCACTGOCAGGAGTACCCCGOTCACCCOLTAGACACCAAGTCOCTOGCCAACGLG

Frrrennernrnnrnnneree e nerenrerrninnrnenernntnl
TTCGACCACTGGCAGGAGTACCCCGGTGACCCGCTAGAGACCAAGTCGCTGGCCAACGLG

ACAACGCTTGCCATCCGCATGCGCAAGGGTCTGAAGCCGGAGATCCCCGGCCTGGACCAG

POERRRR R et e e et nnnneni
ACAACGCTTGCCATCCGCATGLGCAAGGGTC TGAAGCCGGAGATCCCCGGCCTGGACCAG

TTCATGGATARATTGTAA 2538
IIIIIIIIIIIIIIIIII
TGGATAMATTGTAA 2538

1260
12680
1322
i32e
i388
1z80
1458
1448
15@8
is5ea
1560
1568
1628
1622
1688
16880
1748
1748
l1sea
ise8
p -1

1860

1528
1928
1980
1980
Zesa
2e4a8
21ee
21ea
2168
2188
2220
2220
2288
2280
2349
2328
z24ea

2929

2468
2528

2520

124
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I — Alinhamento das sequéncias de nucleotideos do gene NDKb de L.

braziliensis e L. infantum

» LinJ.32.311@ | crganism=Leishmania_infantum_JPCMS | product=nuclecside
diphosphate kinase b | location=LinJ.32:1163891-1164346(-)
| length=456 | sequence_SO=chromcsome | S0=protein_coding

Length=456
Score = 628 bits (898), Expect = 52-179
Identities = 413/456 (91%), Gaps = @/456 (@%)

Strand=Plus/Plus

Queary
sbict
Queary
sbict
Query
sbict
Query
sbict
Query
sbict
Query
sbict
Query
sbict
Query

Sbict

1

1

61

61

121

121

181

181

241

241

381

38l

361

368l

421

421

ATGTCCTCCGAGCGCACTTTCATTECCAT CAAGCCGGACGGTGTTCAGCGCGGCCTCGTT
FELETEEREREEET e Cr e eeer e ee et e eev e e e

ATETCCTCCRAGCGCACCTTTATTGCOCGT CAAGC COGACEOCETECAGCGCGECCTCGTT

GGCGAGATCATCAGCCGCTTTGAGCGCAAGGECTTCAAGCTTGTCGCCTTGAAGATGCTG
FOLCTEERETEE  TEEeer reereeee eeer Eeee e Fer e e e e eee e

GOCEAGATCATCOCCCaCT TCOAGCOCAAAGGCTACAAGCTCOTCGCCTTAAAGATALTG

CAGCCGACGACGGAGCAGGCCCAGEGTCACTATAAGGACCTTGCCTCCAAGCCGTTCTTC
FELCTEED PEEEEREEEET e e e e e e e e e e e e e e e e e e

CAGCCOACAACORAGCAGOCCCARGOTCACTATAAGGACCTTTCCTCCAAGCCGTTCTTC

GAGGGTCTTGTGAAGTACTTCTCGTCTGGCCCTATTGTGTGCATGGT CTGGGAGGGT AAG
L THEEEETE e e FERee ey e teere teee e Eeer e e

CCEECCCTTETGAAGTACT TCTCCTC TGO CCCEATCGTGTGTATGGTGTOREAGGET AAG

COTGOTEAAGAGCGECCATATATTECTCOGCaCGACGAACCCAaCCOACTCGCAGCCC

IIIIIIIIIIIIIIIIIIII LVE PEEETEET e e e e e 1
AACGTGETGAAGAGCGGCCGCGTGLTGCTCGECGLGACGAACCCAGCGGACT CACAGCCT

GOCACGATCCATRECOACTACGCCATERATATGOECCEAAACGTATECCACGACTCCGAL

FECELEETEEE PEREeer P e ee e e e ee e PEv e e e e e e |
GGCACGATCCGCGGCGACT TTGCCGTGGEATGTGGECCGCAACGTETGCCACGECTCCGAC

TCCaTEEACAGCACECARCACEAGETCACCTTCTGaT TCAAGGTGEAGGAGATCGCAAGT

FECELECTEREETEr teev e Eeeer e Peeev e e vel Teereen e 1l
TCCGTGEAGAGCGCGGAGCGCGAGATCGCCTTTTGGT TCAAGGCGGATGAGATCGCGAGE

TORACGTCGCATTCCOCTTACCAGATCTACGAATAG 458

FECELECTEEE e 0 e e e 1
TGGACGTCGCACTCCGTGTCCCAGATCTACGAGTAG 456

68

Ge

128

128

188

188

243

248

308

388

308

368

4:2a

428



IV — Alinhamento das sequéncias de nucleotideos do gene

braziliensis e L. infantum

> Lin3.36.2192 | organism=lLeishmania_infantum_JPCMS | product=elongatiocn
factor 2 (EF2-1) | location=LinJ}.36:4861€-51147(-)
| length=2538 | sequence_SO=chromosome | SO=protein_coding

Lengthe2538

Score = 4158 bits (461@), Expect = .0
Identities = 2345/2538 (96%), Gaps = ©/2538 (9%)

Strand=Plus/Plus
Query 1 ATGGTGAACTTTACCGTCCATCAGGTCCGTGAGCTGATGGACTTCCCGGACCAGAT
IIIIIIIIIIIIIIIIIIIIIIIIIIIlI [RERNRRNRRRRY IlIIIIIlIlIlIII
Sbjct 1 TGGTGARACT CGATCAGGTCCGCGAGCTGATGGACTATCCGGACCAGA
Query 61 AACATGTCCGTGATTGCCCACGTCGACCACGGCAAGTCGACACTGTCTGACTCTCTCGTT
FRERRRRERR R R R e RRR R v e n el Fenet Pentnneinnnd
Sbjct 61 AACATGTCCGTGATTGCTCACGTCGACCACGGCAAGTCGACGCTGTCCGACTCTCTCGTT
Query 121 GGCGCCGCTGGCATCATCAAGATGCGAGCGAGGLTGGCGACAAGCGTATCATGGATACGCGC
i IIIIIIIIIIIIIIIIIIlIIlI TORRE FROVEE DRRERLRRRet el
Sbjct 121 GGTGCTGCCGGCATCATCAAGATGGAGGAGGCCGGLGATAAGCGCGATCATGGATACGCGT
Query 181 GCGGATGAGATTGCGCGTGGTATCACGATCAAGTCCACCGCCATCTCCATGCACTACCAC
Illllllllll FRRRORRERR Rt e e el
Sbjct 181 GGATGAGATCGCGCGTGGTATCACGATCAAGTCCACCGCCATCTCCATGCACTACCAC
Query 241 GTGCCGAAGGAGATGATTAGCAGCCTGGATGACGACAAGCGCGACTTCCTGATCAACCTG
IIIIlIIIIIIIlllIII Il FEOLRRRRL LR e el
Sbjct 241 CGAAGGAGATGATTGGCGATCTGGATGACGACAAGCGCGACTTCCTGATCAACCTG
Query 301 ATCGACTCCCCCGGACACGTCGACTTCAGCTCCGAGGTGACTGCCGCTCTTCGTGTGACG
lIIIIlIlIIIIIllIIIIIIIIllIIlIlIIIIIlIIIIIlIIlllIIlIIIIlIIIII
Sbjct 301 ATCGACTCCCCCGGACACGTCGACTTCAGCTCCGAGGTGACTGCCGCTCTTCGTGTGACG
Query 361 GACGGTGCGCTGGTCGTGGTGGACTG TG TGGAGGGCGTGTGCGTGCAGACGGAGACGGTG
TREEL PERRRTRREERRRRELttnl !IIIIIIIIIIlIIIIIII|IlIIIl|lIIIII
Sbjct 361 GACGGCGCGCTGGTCGTGGTGGACTGCGTGGAGGGCGTGTGCGTGCAGACGGAGACGGTG
Query &21 GCCAGGCGCTGACGGAGCGTATCCGCCCTGTTGTGTTCATCAACAAGGTGGA
IIIIIIIIIIIIIIIIIIIIIII lIlllllllIllllIIIIIIlIllIIIIlllIlIII
Sbjct 421 GCCAGGCT GACGGAGCGCATCCGCCCTGTTGTGTTCATCAACAAGGT
Query 481 GCCATCCTTGAGCTCCAGCTGGACCCCGAAGAGGCATACCAGGGCTTCGTGAAGACGCT
TREERTRERTITRRntl Illllllllll T llllllllllllllllllllllll
Sbjct 481 GCCATCCTTGAGCTCCAACTGGACCCCGAGGAGGCGTACCAGGGCTTCGTGAAGACGCTG
Query 541 CAGAACGTGAATGTGGTGOT TGCCACGTACAATGATCCCAGCATGGGGGACGTGCAGGT
PRRRRRERRRD RORRRR R PR R R iy enrnnniinil IIIIIIlIIIll
Sbjct 541 CAGAACGTGAACGTGGTGGTTGCCACGTACAATGACCCCAGCATGGGCGACGTGCAGGT
Query 601 TCGCCCGAGAAGGGCACTG GATCGGCTCTGGTCTGCAGGCGTGGGCGTTCTCGCTG
11 IIIIIIIIIIIIIllIIIIIIIlIIlIIIIII IIIIIIIIIIIIIIIIIIIIIIII
Sbjct 6e1 TCCCCCGAGAAGGGCACTGTGGCGATCGGCTCTGGCCTOGCAGGCGTGGGCGTTCTCGCTG
Query 661 ACCCGCTTCGCGAACATGTATGCGTCGAAGT TCGGCGTGGACGAGC TGAAGATGCGC
PRRREREL RRRRRRRRRnntnl IlIIIlIIIIIIlIIIIIIIIIIIIIIIIIIIIII
Sbjct 661 ACCCECTTTGCGAACATGTATGLGGCGAAGT TCGGLGTGCGACGAGCTGAAGATGCGCGAG
Query 721 COTCTGTGGGGCGACAACTTCT T TGACGCGAAGAACAAGAAGTGGATCAAGCAGGAGALCG
PE LR Rnernnrennettl IIlIIIIIlIIIIIIIIIIlIIlIIIIIIIIllIIl
Sbjct 721 CGCCTGTGGGGCGACAACTTCTTCGACGCGAAGAACAAGAAGTGGATCAAGCAGGAGACG
Query 781 AACGCCGATGGCGAGCGCGTGCGCCGCGCGTTCTGLCAGTTCTGCCTGGACCCCATCTAC
PRRRRRRRR R R R R iR i e enn ey tenneennnigl
Sbjct 781 AACGCCGATGGCGAGCGCGTGCGCCGCGCGTTCTGCCAGTTCTGCCTAGACCCCATCTAC
Query 8431 CAGATCTTCGACGCTGTGATGAACGAGAAGAAGGACAAGGTGGACAAGATGCTCAAGTC
IIIIIIIIIIIIlIIIIIIII||IIIIIIIIIIIIIII|IIIIIIIIIIIIIII||IIII
Sbict 841 CAGATCTTCGACGCTGTGATGAACGAGAAGAAGGACAAGGTGGACAAGATGCTCAAGT
Query 9@1 CTGCACGTGTCGCTGACGGCTGAGGAGC CGAAGAAGCTGC
(ARNRNNY IllllllllllIlIlllllllI||Ill||lll|llll|ll Illllllll
Sbjct 9Se1 CTGCACGTGACGCTGACGGC TGAGGAGCGCGAGCAGGTGCCGAAGAAGCTT:
Query 961 GTGATGATGAGGT TTCTGCCGGCCGC TGAGACGCTGLCTGCAGATGATCGTGGCGCACCTG
PRRRRRRRRE P RRnnn e rren e e e e e rnnnenentntl
Sbjct 961 GTGATGATGAAGT TCCTGLCGGCTGCTGAGACGCTGLTGCAGATGATCGTGGCGCACCTG
Query 1821 CCGTCGCCCAAGAGAGCGCAGGLGTACCGLGCGGAGATGTTGTACTCTGGTGAGGCGTC
PRRRRRRRRRRR  RRvnn e e e e ey pnnnnnnill lIIIIIlII
Sbjct 1221 CCGTCGCCCAAGAAGGCGCAGGCGTACCGCGCGGAGATGCTGTACTCTGGCGAGGCGT!
Query 181 CCGGAGGACAAGTACTTCATGGGTATCAAGAACTGCGACCCCGCTGCGCCGCTCATGLTG
IIIIIIIIIIIIlIIIIlIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIllIlll
Sbict 1281 CCGGAGGACAAGTACTTCATGGGTATCAAGAACTGCGACCCCGCTGCGCCGLTCATGCTG
Query 1141 TACATCAGCAAGATGGTGCCGACGGCCGACCGCGGLCGCTTCTTCGCTTITTGGCCGCATC
IlIIIIIIIIIIlIlIlllIlllIlllIIllIIIIIIIIIIIII I lIlIlIlllllI
Sbjct 1141 ACATCAGCAAGATG CGCTTCTTTGCCTTTGGCCGCATC
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Query
Sbict
Query
Sbict
Query
Sbict
Query
Sbjct

Sbict
Query
Sbict
Query
Sbjct

Sbict
Query
Sbict
Query
Sbict
Query
Sbict
Query
Sbict
Query
Sbict
Query
Sbict
Query
Sbict
Query
Sbict
Query
Sbict
Query
Sbict
Query
Sbict
Query
Sbict
Query
Sbict
Query
Sbjct

Query
Sbict

1201
1201
1261
1261
1321
1321
1381
1381
1441
1431
ise1
1501
1561
1561
is21
1621
1681
1681
1741
1741
ise1
ise1
1861
i861
1921
is21
1981
1981
2e41
2e41
2101
21e1
2161
2161
2221
2221
2281
2281
2341
2321
2421
2421
2461

2461

2521

2521

TTCTCGGGETAAGGTGCGCAGCGGCCAGAAGGTGCGGATCATGGGCAACAACTACATCTAC

H lIlIllIIIIllIHIIIIIHlIIIIII FERRRREL RRRRRiRee 1l
TTCTCCGGTAAGGTGCGCAGCGGCCAGAAGG TGCGCATCATGGGTAACAAC TACGTCTAC

TGTGCAGCGCTCTGTGCTGATGATGGGC

GGCAAGAAGCAGGACCTGTACGATGACAAGCC
BEORRRRERRRRE R e PR R e nnnel PRennnnennntuinl
GGCAAGAAGCAGGACCTGTACGAGGACAAGCCTGTGCAGCGCTCCGTGCTGATGATGGGC

CCAGGAGGCTGTGGAGGACATGCCGTGCGGTAACGTGGTGGGCCTTGOTGGGCG

CGCT,
IIIlIIIIIIIIII IIIIIIHIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
CGCTACCAGGAGGCCGTGGAGGACATGCCGTGCGGTAACGTGGTGGGCCTTGTGGGLG

GACAAGTACATCGTGAAGTCTGCGACGATCACGGACGACGGLGAGAACCCGTALCCGCTG

PRUORERULRE DRRRRLn RRRn et ben i 1l IlIIIlII
GACAAGTACATTGTGAAGTCCGCGACGATCACGGACGACGGCGAGAGCCCGCACCCGLT

CGCGATATGAAGTACTCCGTGTCGCCTGTGGTGCGTGTGGC T

GTGGAGGCGAAGAACC:
BEOLE RRORRRRRRRE LRRRLLRN 11 IIIIIIIIIIIIIIIIIlIllIlIIIIIII
CGCGACATGAAGTACTCTGTGTCGCCCGTCGTGCGTGTGGCCGTGGAGGCGAAGAACC

TCCGACCTGCCGAAACT TOTGGAGGGCCTGAAGCGCLTTGCCAAGTCCGACCCGCTGGTG

PELRRRRRORRREL RRVERER TR R e bt
TCCGACCTGCCGAAGCTTGTGGAGGGCC TGAAGCGCCTTGCCAAGTCCGACCCGCTGGTG

GTGTGCAGCATTCGAGGAGTCTGGCGAGCACATCGT TGCCGGCGCTGGTGAGCTGCATC

HIIIHIIIIIIIIIIIIIIIIIIlIIllll PRRRLEERRRERRny neeg 11 lll
GTGTGCAGCATTGAGGAGTCTGGCGAGCACATTGT TGCCGGCGCTGGCGAGCTTCACCTT

GAGAT TTGCCTGAAGGACCTCCAGGAGGACT TCATGAACGG TGCGCCGCTGARGATCTCC
FROERRRRURRRRER Rl PRRRr R vty Cennne e nennnugnl
GAGAT TTGCCTGAAGGATCTCCAGGAGGACT TCATGAACGGCGCGCCGCTGARGATCTCC

GAGCCGGTGGTGTCGTTCCGCGAGACCGTGACGGACGTGTCGTCGCAGCAGTGTCTGTCG

llIllllllllllIIIIIIIIIlIlIIIIIIIIIIIIIIIIIIIIIIHIIII [ARANE
GAGCCGGTGGTGTCGTTCCGCGAGACCGTGACGGACGTGTCGTCGCAGCAGTGCCTGTCG

GCGAACAAGCACAACCGTCTGT TCTGCCGCGGTGCGC CAGAGGAGCT
IIIIIIIIIIIIIIIIIIIIIIIIII IIIIIIlIIIIIIIIIIIIIIIIIIIIIIIII
GCGAACAAGCACAACCGTCTCTTCTGCCGCGGTGCGT GACAGAGGAGC
GATGGAGGAGGGCACC! CCGAGGCC GMGGGCGCGCGCGC
IlIIllIIIIIlIIIIIIIlIIIIIIIII IlIlIIII IIIIll TLEELLInLl
GATGGAGGAGGGCACCGC TGGCCCCGAGGCGGATC GAAGGGCGCGCGCGC

TCTGGTGCTACGGC

TTCCTTGCCGACAACTACGAGTGGGACGTGCAGGAGGCCCGTAAGA
FRLRRRIRRE IR nineetntl IIIIIIlIlIlIIIIIIIIllllllllllllll
TTCCT TGCCGACAAC TACGAGTGGGATGTGCAGGAGGCCCGCAAGATCTGGTGCTACGGC

GCGGCCCGAACGTGGTCCTGCATGTGACGAAGGGTGTCCAGAACA

CGGACAACC TGGGT
IIIIIIIIIIllllllllllllllllIIII|IIIIIIIIIIIlIIIIIIIIIIIIIII I
CGGACAACCGCGGCCCGAACGTGGTCGTGGATGTGACGAAGGG TG TCCAGAACATGGCT

GAGATGAAGGACTCCTTTGTTGCGGCGTGGCAGTGGGCGACCCGCGAGGGTGTGCTC
IIIlIIIlIllllIlIIIIlIII|llIIIIIIIIIIIHIII!IIIIIIIIIIIII III
GAGATGAAGGACTCCTTTGT TGCGGCGTGGCAGTGGGCGACCCGCGAGGGTGTGCTGTGC

GCGCGGTGTGCGCGTGAACGTGGAGGATGTGACGA

GACGAGAACAT: TGCACGCGGACGCC
lllllllllllllllll PERRRORERRR R CRRE Rt 11t
GACGAGAACATGCGCGGCGTGCGCGTGAACGTGGAGGACGTGACGATGCACGCGGATGCC

ATTCACCGTGGTGGCGGCCAGATCATCCCCACGGCGCGCCGTEGTGTTCTACGCGTGCTGC

FRRLEERR R R b e b e tnnrrnneinenntfii
ATTCACCGTGGTGGCGGCCAGATCATCCCGACGGCGLGCCGCGTGTTCTACGCGTGLTGC

CTGACGOCGTCOCCGCGCCTGATGCAGCCGATGTTCGTOGTGGATATCCAGACCGTGGAG

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII TERRTLLRRnnnitl
GGCGTCGCCGCGCCTGATGGAGCCGATGTTCGTGGTGGACATCCAGACCGTGGAG

CACGCCATGGGCGGCATCTACGGTGTGCTGACCCGLLGCCGTGGTGTGATCATTGGCGAG

IlIIllIlIIIIIlIIlIIlIIIIIIIIIIIlIlIIIIlIIIIl IIIIIIIIIIIIIII
TGGGCGGCATCTACGGTGTGCTGACCCGCCGCCGTGGCGTGATCATTGGC

GAGAACCGCCCGGGCACGCCCATCTACAACGTGCGCGCGTACCTGCCGGTTGCGGAGTCG

BROLRREORRREL RRRRRR R e phn e e e eennnngnl
GAGAACCGCCCCGGCACGCCCATCTACAATGTGCGCGCGTACCTGCCGGTTGCGGAGTCG

TTCGGCTTCACTGCCGACCTGCGCGCCGGAACT GGCCAGGCCTTCCCGCAGTGCGTG

FRTURRTRRRRRRRERninnenttl IIIIIIIIIIIIIIHIIIIIIIIIlllIIIIl
TTCGGCTTCACTGCCGACCTGCGCGC TGGAACTGGCGGCCAGGCCTTCCCGCAGTGCGTG

TGGCAGGAGTACCCCGGTGACCCGCTAGAGACCAAGT CGCTGGCCAACGCG
IIlIIlIlIlIIlIlIIIIlIIIIlI PORURERE BRL F VRRRRRRRneennt i
TGGCAGGAGTACCCCGGCGACCCGCTGGAGCCGAAGTCGCTGGCCAACACG

TTGCCATCCGCATGCGCAAGGGTCTGAAGCCGGAGATCCCCGGCCTGGACCAG

ACAACGC
L LERERRELLRpnnnn| IIIIIIIII IIIIIIIIIII LEERRRREreRnnntn
ACGACGCTTGCCATCCGCACGCGCAAGGGCC TGAAGCCGGATATCCCCGGCCTGGACCAG

TTCATGGATAAATTGTAA 2538

IIIIIIIIIII LILin
CATGGATAAGTTGTAA 2538

1260
1260
1320
1320
i38e
138e
1239
1420
isee
isee
1560
1569
1629
1620
1682
1680
1742
174e
igee
1see
pe-2:
1860
1920
1520
1980

1989

21e2
2109
2160
2169
2220
2220
2289
2280
2349
23429
24e9
2409
2460
2480
2529
2520

127
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V — Alinhamento das sequéncias de aminoacidos da proteina NDKb de L.

braziliensis e L. infantum

> Lind.32.3118 | crganism=Leishmania_infantum_IPCM5 | product=nuclecside
diphosphate kinase b | location=LinJ.32:1163891-1154346(-)

| 1length=151 | sequence_SO=chromosome | SO=protein_ceding

Length=151

Score = 293 bits (75@), Expect = 2e-181, Method: Compositional matrix adjust.
Identities = 1377151 (91%), Positives = 146/151 (97%), Gaps = 8/151 (@%)

Query 1 M5SERTFIAIKPDOVORGLVGEIISRFERKGFKLVALKMLQPTTEQAQGHYKDLASKPFF &@
MS5ERTFIA+KPDOVQRGLVGEII+RFERKG+KLVALK+LOPTTEQAQGHYKDL+5SKPFF
Sbjct 1 M5SERTFIAVEPDOVORGLVGEIIARFERKGY KLVALKILQPTTEQAQGHYKDLSS5KPFF 6@

Query 61 EGLVEYFSSGP IVCMVIEGKNVVESGRYLLGATHPADSOPGT IRGDYAVDVGRNVCHGSD 128
LVEYF55GP IVCMVWEGKNWWE SGRVLLGATHPADSQPGT IRGD+AVDVMGRNVCHGSD
Sbjct 61 PALVEYFS5GP IVCMVIWEGKNVVE SGRYLLGATHPADSQPGT IRGDFAVDVGRNVCHGSD 128

Query 121 SVESAQREVAFWFEVEEIASWTSHSACQIYE 151
SVESA+RE+AFWFKE +EIASWTSHS QIYE
Sbjct 121 SVESAEREIAFWFKADEIASWTSHSVSQIYE 151
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VI — Alinhamento das sequéncias de aminoacidos da proteina EF2 de L.

braziliensis e L. infantum

> Lin).36.019@ | organisme=Leishmania_infantum_JPCM5 | product=elongation
factor 2 (EF2-1) | location=Lin).36:48610-51147(-)

| length=845 | sequence_SO=chromosome | SO=protein_coding

Length=845

Score = 1730 bits (4488),

Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjict
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjict

1

1
61
61
121
121
181
181
241
241
3e1
301
361
361
421
421
481
481
541
541
621
6el
661
661
721
721
781
781
841

841

MVNFTVOQVRE LMDF PDQIRNMSVIAHVOHGK STLSDSLVGAAGI IKMEEAGDKRIMDTR
MVNF TVDQVRE LMD+PDQIRNMSVIAHVDHGK STLSDSLVGAAGI IKMEEAGDKRIMOTR
MVNF TVOQVRE LMDYPOQIRNMSVIAHVDHGK STLSDSLVGAAGI IKMEEAGDKRIMOTR

ADEIARGITIKSTAISMHYHVPKEMISSLDDOKRDFLINLIDSPGHVDFSSEVTAALRVT
ADEIARGITIKSTAISMHYHVPKEMI LDODKRDFLINLIDSPGHVDFSSEVTAALRVT
ADEIARGITIKSTAISMHYHVPKEMIGDLDOOKRDFLINLIDSPGHVDFSSEVTAALRVT

DGALVVVDCVEGVCVQTETVLRQALTERIRPVVE INKVDRAILELQLDPEEAYQGFVKTL
DGALVVVDCVEGVCVQTETVLRQALTERIRPVVF INKVDRAI LELQLDPEEAYQGFVKTL
DGALVVVDCVEGVCVQTETVLRQALTERIRPVVF INKVDRAI LELQLDPEEAYQGFVKTL

QNVNVVVATYNDPSMGDVQVSPEKGTVAIGSGLQAWAFSLTRFANMYASKFGVDELKMRE
QRVHVVVATYNDPSMGDVQVSPEKGTVAIGSGLQAWAFSLTRFANMYA+KFGVDELKMRE
QNVNVVVATYNDPSMGOVQVSPEKGTVAIGSGLQAWAFSLTRFANMYAAK FGVDELKMRE

RLWGDNF FDAKNKKWIKQE TNADGERVRRAFCQFCLDPIYQIFDAVMNEKKDKVOKMLKS
RLWGDNF FDAKNKKWIKQE TNADGERVRRAFCQFCLDPIYQI FDAVMNEKKDKVOKMLKS
RLWGDNFFDAKNKKWIKQE TNADGERVRRAFCQFCLDPIYQI FDAVMNEKKDKVOKMLKS

LHVSLTAEEREQVPKKLLKTVMMRFLPAAETLLQMIVAHLPSPKRAQAYRAEMLYSGEAS
LHV+LTAEEREQVPKKLLKTVMM+FLPAAETLLQMIVAKLPSPK+AQAYRAEMLYSGEAS
LHVTLTAEEREQVPKKLLKTVMMKF LPAAETLLQMIVAHLPSPKKAQAYRAEMLYSGEAS

PEDKYFMGIKNCOPAAPLMLYISKMVPTADRGRFFAFGRIFSGKVRSGQKVRIMGNNYIY
PEDKYFMGIKNCOPAAPLMLYISKMVPTADRGRFFAFGRIFSGKVRSGQKVRIMGNNY+Y
PEDKYFMGIKNCOPAAPLMLYISKMVPTADRGRFFAFGRIFSGKVRSGQKVRIMGNNYVY

GKKQDLYDDKPVQRSVLMMGRYQEAVEDMPCGNVVGLVGVDKYIVKSATITDDGENPYPL
GKKQDLY+DKPVQRSVLMMGRYQEAVEDMPCGNVVGLVGVDKYIVKSATITODGE+P+PL
GKKQDLYEDKPVQRSVLMMGRYQEAVEDMPCGNVVGLVGVDKYIVKSATITDDGESPHPL

RDMKYSVSPVVRVAVEAKNPSDLPKLVEGLKRLAKSDPLVVCSIEESGEHIVAGAGELHL
RDMKYSVSPVVRVAVEAKNPSDLPKLVEGLKRLAKSDPLVVCSIEESGEHIVAGAGELHL
RDMKYSVSPVVRVAVEAKNPSDLPKLVEGLKRLAKSDPLVVCSIEESGEHIVAGAGELHL

EICLKDLQEDFMNGAPLKISEPVWSFRETVTDVSSQQCLSKSANKHNRLFCRGAPLTEEL
EICLKDLQEDFMNGAPLKISEPVVSFRETVTDVSSQQCLSKSANKHNRLFCRGAPLTEEL
EICLKDLQEDFMNGAPLKISEPVVSFRETVTDVSSQQCLSKSANKHNRLFCRGAPLTEEL

ALAMEEGTAGPEADPKVRARFLADNYEWDVQEARKIWCYGPONRGPNVWOVTKGVQNMG
ALAMEEGTAGPEADPKVRARFLADNYEWDVQEARK IHWCYGPDNRGPNVVWDVTKGVQNM
ALAMEEGTAGPEADPKVRARFLADNYEWDVQEARK IWCYGPDNRGPNVVVOVTKGVQNMA

EMKDSFVAAWQRATREGVLCDENMRGVRVNVEDVTMHADATHRGGGQIIPTARRVFYACC
EMKDSFVAAWQWATREGVLCDENMRGVRVNVEDVTMHADAIHRGGGQIIPTARRVFYACC
EMKDSFVARHQWATREGVLCDENMRGVRVNVE DVTMHADATHRGGGQIIPTARRVF YACC

LTASPRLMEPMFVVDIQTVEHAMGGIYGVLTRRRGVIIGEEHRPGTPIYNVRAYLPVAES
LTASPRLMEPMFVVDIQTVEHAMGGIYGVLTRRRGVIIGEENRPGTPIYNVRAYLPVAES
LTASPRLMEPMFVWDIQTVEHAMGGIYGVLTRRRGVI IGEENRPGTPIYNVRAYLPVAES

FGFTADLRAGTGGQAF PQCVFDHWQEYPGDPLETKSLANATTLAIRMRKGLKPEIPGLDQ
FGFTADLRAGTGGQAFPQCVFDHWQEYPGOPLE KSLAN TTLAIR RKGLKP+IPGLDQ
FGFTADLRAGTGGQAF PQCVFDHWQEYPGDPLEPKSLANTTTLAIRTRKGLKPDIPGLDQ

FMDKL 845
FMOKL
FMDKL 845

Expect = 2.8, Method: Compositional matrix adjust.
Identities = 829/845 (98%), Positives = 839/845 (99%), Gaps = 0/845 (@%)

60

60

128
129
182
182
249
249
3ee
309
360
360
420

420

549
542
600
600
660
660
720
720
780
780

839
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VIl — Alinhamento das sequéncias de aminoacidos da proteina NDKb de

mamifero e L. braziliensis

» LbrM.32.321@ | organism=Leishmania_braziliensis MHOM/BR/75/M2924
| product=nucleoside diphosphate kinase b | location=LbrM.32:1182666-1183121(-)
| 1length=151 | sequence SO=chromoscme
| SO=protein_coding

Length=151

Score
Identities

Query
Sbjct
Query
sbjct
Query

Sbjct

5

a

65

64

125

124

213 bits (542,

= 97/148 (66%), Positives = 121/148 (82%), Gaps = @/148 (@%)

ERTFIAIKPDGVQRGLVGEIIKRFEQKGFRLVAMKFLRASEEHLEQHYIDLKDRPFF PGL
ERTFIAIKPDGVQRGLVGEII RFE+KGF+LVWA+K L+ + E + HY DL +PFF GL
ERTFIAIKPDGVORGLVGEIISRFERKGFKLVALKMLOPTTEQAQGHYKDLASKPFFEGL

VEYMNSGPWVWAMVIWEG LNMVVE TGRVMLGE TNPADSKPGTIRGDFCIQVGRNI IHGSDSVE
VEY +5GP+V MVIWEG MVVE+GRY+LG THMPADS+PGTIRGD+ + VGRM+ HGSDSW+
VEYFSSGPIVCMVIWEGKMVVE SGRVLLGATMPADSQPGT IRGDYAVDVGRMYVCHGSDSVE

SAEKEISLWFKPEELVDYKSCAHDWNVYE 152
SA++E++ WFK EE+ + &5 + +¥E
SAQREVAFWFEVEEIASWTSHSACQIYE 151

Expect = Be-7@, Method: Compositional matrix adjust.

o4

63

124

123
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VIIl = Alinhamento das sequéncias de aminoacidos da proteina NDKb de

mamifero e L. infantum

» LinJ.32.311@ | crganism=Leishmania_infantum 1PCM3 | product=nuclecside
diphosphate kinase b | lecation=LinJ.32:1163891-1164346(-)
| length=151 | sequence_S0=chromcscome | SO=protein_coding
Length=151

Score
Identities

Query
Shict
Query
Sbict
Query

Shict

5

a

65

ad

125

124

216 bits (549),

= 97/148 (66%), Positives = 1217148 (82%), Gaps = B/148 (@%)

ERTFIAIKPDGVORGLVGEIIKRFEQKGFRLYVAMKFLRASEEHLKQHYIDLKDRPFFPGL
ERTFIA+KPDGVQRGLVGEILI RFE+KG++LWA+K L+ + E + HY DL +PFFP L
ERTFIAVKPDGVORGLVGEITARFERKGYKLVALKILQPTTEQAQGHYKDLSSKPFFPAL

VEYMNS GPVVAMVIWEG LNVVE TGRVMLGETNPADSKPGT IRGDFCIQVGRNI IHGSDSVE
VEY +5GP+V MWIWEG NVVE+GRV+LG TNPADS+PGTIRGDF + VGRM+ HGSDSW+
VEYFSSGPIVCMVIWEGKNVVE SGRVLLGATNPADSQPGT IRGDFAVDVGRMVCHGSDSVE

SAEKEISLWFKPEELVDYKSCAHDWVYE 152
SAE+EI+ WFK <+E+ =+ 5 + +%E
SAEREIAFWFKADEIASWTSHSVSQIYE 151

Expect = Be2-71, Method: Compositional matrix adjust.

G4

63

124

123
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IX — Alinhamento das sequéncias de aminoacidos da proteina EF2 de mamifero

e L. braziliensis

> LbrM.35.027@ | organismsLeishmania_braziliensis_MHOM/BR/75/M2984
| product=elongation factor 2 | location=LbrM.35:84057-86594(-)

| length=845 | sequence_SO=chromosome | SO=protein_coding
Length=845

Score = 1283 bits (28ee),

Expect = 2.9, Method: Compositional matrix adjust.

Identities = 530/863 (61%), Positives = 656/863 (76%), Gaps = 23/863 (3%)

Query
Sbict
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbict
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query

Sbjct

1

1
61
61
121
119
181
179
241
233
301
283
361
343
419
4e3
478
463
537
523
596
583
656
643
716
703
776
763
836

823

MVNFTVDQIRATMOKKANTRNMSVIAHVDHGKSTLTDSLVCKAGITASARAGETRFTDTR
MVNFTVDQ+R +MD IRNMSVIAHVDHGKSTL+DSLV  AGII AG+ R DTR
MVNFTVDQVRE LMDFPDQIRNMSVIAHVDHGK STLSDSLVGAAGI IKMEEAGDKRIMOTR

KDEQERCITIKSTAISLFYELSENDLNFIKQSKDGAGFLINLIDSPGHVDFSSEVTAALR
DE R ITIKSTAIS+ Y + + ++ + D  FLINLIDSPGHVOFSSEVTAALR
ADETARGITIKSTAISMHYHVPKEMISSL - -DDOKRDFLINLIDSPGHVDFSSEVTAALR

VTDGALVWVDCVSGVCVQTETVLRQATAERIKPVLMMNKMORALLELQLEPEELYQTFQR
VTDGALWVOCV GVCVQTETVLRQA+ ERI+PV+ +NK+DRA+LELQL+PEE YQ F +
VTDGALVWVDCVEGVCVQTETVLRQALTERIRPVVFINKVDRAILELQLDPEEAYQGFVK

IVENVNVIISTYGEGESGPMGNIMIDPVLGTVGFGSGLHGWAF TLKQFAEMYVAKFAAKG
+4+NVNV4++TY MG++ + P GTV GSGL WAF+L +FA MY «KF G
TLQNVNVVVATYNDPS - - -MGDVQVSPEKGTVAIGSGLQAWAF SLTRFANMYASKF - - -G

EGQLGPAERAKKVEDMMKKLWGDRYFDPANGK FSKSATSPEGKKLPRTFCQLILDPIFKY
L M ++LWGD +«FD N K+ K T+ +Ge++ R FCQ LDPI+++
VDEL--==-==~=4 KMRERLWGONF FDAKNKKWIKQE TNADGERVRRAFCQFCLOPIYQI

FOAIMNFKKEETAKLIEKLDIKLOSEDKDKEGKPLLKAVMRRIWLPAGDALLQMITIHLPS
FDA+MN KK++ Ke++ L + L #E++++ K LLK VM R+LPA + LLQMI HLPS
FDAVMNEKKDXVDKMLKSLHVSLTAEEREQVPKKLLKTVMMRFLPAAETLLQMIVAHLPS

PVTAQKYRCELLYEG- -PPDDEAAMGIKSCOPKGPLMMYISKMVPTSDKGRF YAFGRVFS
P AQ YR E+LY G P+D+ MGIK+CDP PLM+YISKMVPT+D+GRF+AFGR+FS
PKRAQAYRAEMLYSGEASPEDKYFMGIKNCOPAAPLMLYISKMVPTADRGRFFAFGRIFS

GLVSTGLKVRIMGPNYTPGKKEDLYL-KPIQRTILMMGRYVEPIEDVPCGNIVGLVGVDQ
G V +G KVRIMG NY GKK+DLY KP+QR++LMMGRY E +ED+PCGN+VGLVGVD+
GKVRSGQKVRIMGNNYIYGKKQDL YDDKPVQRSVLMMGRYQEAVEDMPCGNVVGLVGVDK

FLVKTGTITT-FEHARNMRVIMKFSVSPVVRVAVEAKNPADLPKLVEGLKRLAKSDOPMVQC
++VK+ TIT E+ + +R MK+SVSPVVRVAVEAKNP+DLPKLVEGLKRLAKSOP+V C
YIVKSATITODGENPYPLRDMKYSVSPVVRVAVEAKNPSOLPKLVEGLKRLAKSDPLWC

IIEESGEHITAGAGELHLEICLKDLEEDHAC- IPIKKSDPVVSYRETVSEESNVLCLSKS
IEESGEHI+AGAGELHLEICLKDL+ED P+K SePVWS+RETV++ S+ (LSKS
SIEESGEHIVAGAGELHLEICLKDLQEDFMNGAPLKISEPVVSFRETVTOVSSQQCLSKS

PNKHNRLYMKARPFPDGLAEDIDKGEVSARQE LKQRARYLAEKYEWDVAEARKIWCFGPD
NKHNRL+ « P« LA +44G + K RAR+LA+ YEWDV EARKIWC+GPD
ANKHNRLFCRGAPLTEELALAMEEGTAGPEADPKVRARF LADNYEWDVQEARKIWCYGPO

GTGPNILTDITKGVQYLNEIKDSVVAGFQWATKEGALCEENMRGVRFOVHDVTLHADAIH
GPN++ D+TKGVQ + E+KDS VA +QWAT+EG LC+ENMRGVR +V DVT+HADAIH
NRGPNVWOVTKGVQNMGEMKDSFVAARQWATREGVLCDENMRGVRVNVEDVTMHADATH

RGGGQIIPTARRCLYASVLTAQPRLMEPIYLVEIQCPEQVVGGIYGVLNRKRGHVFEESQ
RGGGQIIPTARR YA LTA PRLMEP+++V+IQ E +GGIYGVL R+RG + E
RGGGQIIPTARRVFYACCLTASPRLMEPMFWODIQTVEHAMGGIYGVLTRRRGVIIGEEN

VAGTPMFVVKAYLPVNESFGFTADLRSNTGGQAFPQCVFDHWQILPGDPFDNSSRPSQW
GTP++ V+AYLPV ESFGFTADLR+ TGGQAFPQCVFDHWQ PGDP + S +
RPGTPIYNVRAYLPVAESFGFTADLRAGTGGQAFPQCVFDHWQEYPGDPLETKSLANATT

AETRKRKGLKEGIPALDNFLDKL 858
R RKGLK IP LD F+DKL
LAIRMRKGLKPEIPGLDQFMDKL 845

6@

60

120
118
180
178
249
232
300
282
360
342
418
492
477
462
536
522
595
582
655
642
715
702
775
762
835

822
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X = Alinhamento das sequéncias de aminoacidos da proteina EF2 de mamifero

e L. infantum

> Linl.36.019¢ | organismsLeishmania_infantum_JPCMS | product=elongation
factor 2 (EF2-1) | location=LinJ.36:486108-51147(-)

| length=845 | sequence_SO=chromosome | SO=protein_coding

Length=845

Score = 1083 bits (2801),

Expect = 0.9, Method: Compositional matrix adjust.

Identities = 531/863 (62%), Positives = 654/863 (76%), Gaps = 23/863 (3%)

Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbict
Query
Sbjct
Query
Sbict
Query
Sbjct
Query
Sbjct
Query
Sbict
Query
Sbjct
Query
Sbjct
Query
Sbjct

Sbjct

1

1
61
61
121
119
181
179
241
233
3e1
283
361
343
419
4e3
478

463

537
523
596
583
656
643
716
703
776
763
836

823

MVNFTVDQIRAIMDKKANIRNMSVIAHVDHGKSTLTDSLVCKAGIIASARAGETRFTOTR
MVNFTVDQ+R +MD IRNMSVIAHVDHGKSTL+DSLY  AGII AG+ R DTR
MVNFTVDQVRE LMDYPDQIRNMSVIAHVDHGK STLSDSLVGAAGI IKMEEAGDKRIMDTR

KDEQERCITIKSTAISLFYELSENDLNFIKQSKDGAGFLINLIDSPGHVDFSSEVTAALR
DE R ITIKSTAIS+ Y + + + + D FLINLIDSPGHVOFSSEVTAALR
ADEIARGITIKSTAISMHYHVPKEMIGODL - -DDOKRDFLINLIDSPGHVDFSSEVTAALR

VTOGALVWVDCVSGVCVQTETVLRQATAERIKPVLMMNKMDRALLELQLEPEELYQTFQR
VTDGALWVDCV GVCVQTETVLRQA+ ERI+PV+ +NK+DRA+LELQL+PEE YQ F +
VTDGALVWOCVEGVCVQTETVLRQALTERIRPVVFINKVDRAILELQLDPEEAYQGFVK

IVENVNVIISTYGEGESGPMGNIMIDPVLGTVGFGSGLHGWAFTLKQFAEMYVAKFAAKG
++hVNV4++TY + MG++ + P GTV GSGL WAF+L +FA MY AKF G
TLONVNVVVATYNDPS - - -MGOVQVSPEKGTVAIGSGLQAWAFSLTRFANMYAAKF - - -G

EGQLGPAERAKKVEDMMKK LWGDRYFDPANGKFSKSATSPEGKKLPRTFCQLILDPIFKV
+L M ++LWGD +FD N K+ K T+ +G+++ R FCQ LDPI+++
VDEL-===sene== KMRERLWGDNFFDAKNKKWIKQE TNADGERVRRAFCQFCLDPIYQI

FDAIMNFKKEETAKLIEKLDIKLDSEDKDKEGKPLLKAVMRRWLPAGDALLQMITIHLPS
FDASMN KKe+ Kess L & L +Ese++ K LLK VM «+LPA +« LLQMI HLPS
FOAVMNEKKDKVOKMLKSLHVTLTAEEREQVPKKLLKTVMMKFLPAAETLLQMIVAHLPS

PVTAQKYRCELLYEG- - PPDDEAAMGIKSCOPKGPLMMYISKMVPTSDKGRFYAFGRVFS
P AQ YR E+LY G P+D+ MGIK+COP PLM+YISKMVPT+D+GRF+AFGR+FS
PKKAQAYRAEMLYSGEASPEDKYFMGIKNCOPAAPLMLYISKMVPTADRGRFFAFGRIFS

GLVSTGLKVRIMGPNYTPGKKEDLYL-KPIQRTILMMGRYVEPIEDVPCGNIVGLVGVDQ
G V +G KVRIMG NY GKK+DLY KP+QR++LMMGRY E +ED+PCGN+VGLVGVD+
GKVRSGQKVRIMGKNYVYGKKQOLYEDKPVQRSVLMMGRYQEAVEDMPCGNVVGLVGVDK

FLVKTGTITT - FEHAHNMRVMKFSVSPVVRVAVEAKNPADLPKLVEGLKRLAKSDPMVQC
++VK+ TIT E H +R MK+SVSPVVRVAVEAKNP+DLPKLVEGLKRLAKSOP+V C
YIVKSATITDOGESPHPLRDMKYSVSPVVRVAVEAKNPSDLPKLVEGLKRLAKSDPLVWC

ITEESGEHITAGAGELHLEICLKDLEEDHAC- IPIKKSDPVVSYRETVSEESNVLCLSKS
IEESGEHI+AGAGELHLEICLKDL+ED P+K S+PWS+RETV++ S+ (LSKS
SIEESGEHIVAGAGELHLEICLKDLQEDFMNGAPLKISEPVVSFRETVTOVSSQQCLSKS

PNKHNRLYMKARPFPOGLAEDIDKGEVSARQE LKQRARYLAEKYEWDVAEARKIWCFGPD
NKHNRL+ + P + LA +++G + K RAR+LA+ YEWOV EARKIWC+GPD
ANKHNRLFCRGAPLTEELALAMEEGTAGPEADPKVRARFLADNYEWDVQEARKIWCYGPD

GTGPNILTDITKGVQYLNEIKDSVVAGFQWATKEGALCEENMRGVRFDVHDVTLHADATH
GPN++ D+TKGVQ + E+KDS VA +QWAT+EG LC+ENMRGVR +V DVT+HADAIH
NRGPNVVVDVTKGVQNMAEMKDSFVAARQWATREGVL COENMRGVRVNVEDVTMHADATH

RGGGQIIPTARRCLYASVLTAQPRLMEPIYLVEIQCPEQVVGGIYGVLNRKRGHVFEESQ
RGGGQIIPTARR YA LTA PRLMEP+++V+IQ E +GGIYGVL ReRG + E
RGGGQIIPTARRVFYACCLTASPRUMEPMFVVDIQTVEHAMGGIYGVLTRRRGVIIGEEN

VAGTPMFVVKAYLPVNESFGF TADLRSNTGGQAFPQCVFDHWQILPGDPFONSSRPSQW
GTP++ V+AYLPV ESFGFTADLR+ TGGQAFPQCVFDHWQ PGDP + S +
RPGTPIYNVRAYLPVAESFGFTADLRAGTGGQAFPQCVFDHWQEYPGDPLEPKSLANTTT

AETRKRKGLKEGIPALDNFLDKL 858
R RKGLK IP LD F+DKL
LAIRTRKGLKPDIPGLDQFMOKL 845

60
60
120
118
180
178
242
232
3ee
232
360
342
418
402
a77
462
536
522
595
582
655
642
715
702
775
762
835

822



XI — Mapa do plasmideo pIR1BSD utilizado nos ensaios de transfeccéo
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Plasmideo pIR1-BSD. As regifes em azul indicam as regides intergénicas: CYS2, LPG1, 1.7K e
pBSIl SK. Indicado com as setas vermelhas estdo: gene que confere resisténcia a blasticidina (BSD),
as regibes da subunidade pequena do RNA ribossomal de L. major (L. major SSU) onde o plasmideo
se integrara no genoma de Leishmania spp. ap6s a transfeccdo, e o gene que confere resisténcia a
ampicilina (amp). Este plasmideo foi gentiimente cedido pelo Dr. Stephen Beverley (Washington

University — EUA).



135

XII — Producdes cientificas realizadas durante o Doutorado
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ATP-binding cassette (ABC) transporters have been associated with drug resistance in various diseases.
The MRPA gene, a transporter of ABCC subfamily, is involved in the resistance by sequestering metal-thiol
conjugates in intracellular vesicles of Leishmania parasite. In this study, we performed the molecular char-
acterization of the MRPA transporter, analysis of P-glycoprotein (Pgp) and aquaglyceroporin-1 (AQP1)
expression, and determination of antimony level in antimony-susceptible and -resistant lines of L. (V.)
guy is, L. (L.) amazonensis, L. (V.) braziliensis and L. (L.) infantum. PFGE analysis revealed an association
of chromosomal amplification of MRPA gene with the drug resistance phenotype in all Sbill-resistant Leish-
mania lines analyzed. Levels of mRNA from MRPA gene determined by real-time quantitative RT-PCR
showed an increased expression of two fold in Sblll-resistant lines of Leish ia guyanensis, Leis} i
amazonensis and Leishmania braziliensis. Western blot analysis revealed that Pgp is increased in the
Sblll-resistant L. guyanensis and L. amazonensis lines. The intracellular level of antimony quantified by
graphite furnace atomic absorption spectrometry showed a reduction in the accumulation of this element
in Sblll-resistant L. guyanensis, L. amazonensis and L. braziliensis lines when compared to their susceptible
counterparts. Interestingly, a down-regulation of AQP1 protein was observed in the Sblll-resistant L.
guyanensis and L. amazonensis lines, contributing for decreasing of Sblll entry in these lines. In addition,
efflux experiments revealed that the rates of Sblll efflux are higher in the Sblll-resistant lines of L. guyan-
ensis and L. braziliensis, that may explain also the low Sblll concentration within of these parasites. The
BSO, an inhibitor of y-glutamylcysteine synthetase enzyme, reversed the Sbill-resistance phenotype of
L. braziliensis and caused an increasing in the Sb intracellular level in the LbSbR line. Our data indicate that
the mechanisms of antimony-resistance are different among species of Leishmania analyzed in this study.
© 2013 The Authors. Published by Elsevier Ltd. All rights reserved.

Keywords:

Leishmania spp.

Drug resistance

Potassium antimonyl tartrate
MRPA transporter

1. Introduction neglected tropical disease comprises clinical manifestations that
range from self-healing cutaneous (CL) and mucocutaneous
(MCL) skin lesions to a visceral (VL) form, which is lethal if
untreated (Ashutosh et al., 2007). In the New World, L. (Leishmania)
infantum (syn. L. (L.) chagasi) (Kuhls et al., 2007) is the causative

agent of VL, whereas L. (L.) amazonensis and L. (Viannia) guyanensis

Leishmaniasis is a complex of diseases caused by different spe-
cies of protozoan parasites belonging to the genus Leishmania. This

Abbreviations: Sblll, potassium antimonyl tartrate; WTS, Wild-type susceptible;

SbR, Sblll-resistant; Lg, L. (V.) guyanensis; Lb, L. (V.) braziliensis; La, L. (L.)
amazonensis; Li, L. (L) infantum; MRPA, multidrug-resistance protein A; Pgp,
phosphoglycoprotein; AQP1, aquaglyceroporin-1.
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mits non-commercial use, distribution, and reproduction in any medium, provided
the original author and source are credited.
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+55 31 32953115.
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cause CL, and L. (V.) braziliensis causes CL and MCL (Marzochi and
Marzochi, 1994; Murray et al., 2005; Shaw, 2006). The disease is
endemic in 98 countries, especially in northern Africa, Asia, the
Mediterranean and Latin America, with more than 350 million
people at risk (Ashford et al., 1992; Alvar et al., 2012). There are
an estimated 12 million people infected worldwide (World Health
Organization, 2012). The estimated incidence of leishmaniasis is
approximately 0.2-0.4 million VL cases and 0.7-1.2 million CL
cases per year. More than 90% of global VL cases occur in six
countries: India, Bangladesh, Sudan, South Sudan, Ethiopia and

2211-3207/$ - see front matter © 2013 The Authors. Published by Elsevier Ltd. All rights reserved.
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Brazil. Whereas Afghanistan, Algeria, Colombia, Brazil, Iran, Syria,
Ethiopia, North Sudan, Costa Rica and Peru account for 70-75% of
global estimated CL incidence (Alvar et al., 2012).

The control of leishmaniasis relies mainly on chemotherapy.
The first line choice of treatment against all forms of the disease
is based on the administration of pentavalent antimony-containing
compounds, such as sodium stibogluconate (SSG) (Pentostam®)
and N-methyl-glucamine (Glucantime®). The mechanisms of
action of antimony are not fully elucidated. It is known that SbV
acts on the amastigote form, inhibiting enzyme activity and the
oxidative pathway of fatty acids (Herwaldt, 1999). It is generally
agreed that trivalent antimony (Sblll) is the active form of the drug
against Leishmania amastigote and promastigote forms (Frézard
et al, 2009). Murray and Nathan (1988) demonstrated that
macrophage activation has a significant effect on intracellular
parasite killing. It has been reported that SSG induces the
macrophage to produce leishmanicidal molecules like nitric oxide
(NO) and reactive oxygen species (ROS) by activation of signalling
pathways, leading to the elimination of intracellular Leishmania
donovani amastigotes (Basu et al., 2006). In an animal infection
model, the mode of action of SbV is dependent on a number of
factors including T cell subsets and cytokines (reviewed by Murray,
(2001)). Furthermore, SbV was found to be a potent inhibitor of
protein tyrosine phosphatases, leading to an increase in cytokine
responses (Pathak and Yi, 2001). Thus, these results suggest
that SSG may kill the parasites by both direct and indirect
mechanisms. Studies suggest that Sblll causes disturbances in the
thiol redox potential of the parasite by inducing the efflux of
intracellular thiols and by inhibiting trypanothione reductase,
leading the cell to death by oxidative stress (Wyllie et al., 2004;
Moreira et al,, 2011). It has been shown that antimony kills the
parasite by a process involving DNA fragmentation and external-
ization of phosphatidylserine on the outer surface of membrane
(Sereno et al., 2001; Lee et al., 2002; Sudhandiran and Shaha,
2003).

Drug resistance is one of the major clinical problems for the
treatment of various diseases ranging from bacteria and parasite
infections to cancer. Treatment failure with pentavalent antimoni-
als has been reported recently in several countries. In India, over
60% of patients with VL do not respond to treatment with pentava-
lent antimony drugs, due to acquired resistance (Sundar et al.,
2000). The mechanisms by which species of Leishmania acquire
resistance to antimonials have been subject of intensive research
for several decades. It has been described that resistance is an
interplay between uptake, efflux and sequestration of active mole-
cules (reviewed by Croft et al., 2006). A down-regulation of aqua-
glyceroporin-1 (AQP1) is correlated with lower Sblll uptake,
decreasing the drug concentration within the cell (Marquis et al.,
2005). On the other hand, amplification of DNA segments has been
observed in several Leishmania species selected for drug resistance
(Beverley, 1991; Ouellette and Borst, 1991).

ATP-binding cassette (ABC) transporters have been associated
with drug resistance in various diseases. These transporters com-
prise an ancient superfamily of evolutionarily conserved proteins
spanning from bacteria to humans (Dassa and Bouige, 2001). They
are integral membrane proteins involved in the energy-dependent
transport of a variety of molecules across biological membranes,
including amino acids, sugars, peptides, lipids, ions and chemo-
therapeutic drugs (Higgins, 1992). In mammals, these transporters
are associated with chemoresistance mainly through overexpres-
sion of the multidrug-resistance (MDR) proteins (Borst et al.,
2000). In Leishmania, the first ABC protein identified was MRPA
(PgpA) (Ouellette et al., 1990) which is a member of the ABCC sub-
family able to confer resistance to antimonials by sequestering me-
tal-thiol conjugates into an intracellular vesicle (Légaré et al.,
2001).

Different mechanisms of drug resistance have been identified in
Old Word Leishmania species (reviewed by Croft et al,, 2006).
Although there is considerable evidence showing variability in
the response to antimony chemotherapy in New World pathogenic
Leishmania species (Moreira et al., 1998; Romero et al., 2001), the
mechanisms of drug resistance in these species have not been
extensively analyzed. Therefore, understanding the biological
diversity and responses to chemotherapy of different New World
Leishmania species is necessary to ultimately overcome current
limitations in anti-parasitic drug treatment. Thus, in this study
we performed the molecular characterization of the MRPA trans-
porter and determination of antimony level in antimony-suscepti-
ble and -resistant lines, which were experimentally induced, in
four New World Leishmania species: Leishmania guyanensis, Leish-
mania amazonensis, Leishmania braziliensis and Leishmania infan-
tum. Promastigote forms were characterized for: chromosomal
location, analysis of amplification and mRNA levels of the MRPA
gene; Pgp and APQ1 protein expression; measurement of intracel-
lular antimony level, efflux rates of Sblll and susceptibility of L. bra-
ziliensis lines to BSO, an inhibitor of y-glutamylcysteine synthetase
(GCS) enzyme.

2. Materials and methods
2.1. Leishmania strains

In this study, we used promastigote forms of four different New
World Leishmania species: L. guyanensis, L. amazonensis, L. brazilien-
sis and L. infantum (Table 1). These lines were selected in vitro to
trivalent antimony (Sblll) by step-wise drug pressure and the resis-
tance index varied from 4 to 20-fold higher than of their wild-type
counterparts (Liarte and Murta, 2010). This previous study showed
that the Sblll-resistant lines of L. amazonensis, L. braziliensis and L.
infantum have cross-resistance to paromomycin. Parasites were
grown at 26 °C in M199 medium (Liarte and Murta, 2010).

2.2. Pulsed field gel electrophoresis (PFGE)

Chromosomal DNA from Leishmania lines (2.0 x 10° cells/mL)
was prepared in low-melting temperature agarose plugs as de-
scribed by Smith et al. (1988). The agarose blocks containing intact
Leishmania chromosomes were separated by PFGE in 1% agarose
gels in 0.5x TBE (45 mM Tris-HCl, 45 mM boric acid, 1 mM EDTA,
pH 8.3) using the Gene Navigator TM System (Amersham Pharma-
cia, Buckinghamshire, UK). The running buffer (0.5x TBE) was
maintained at 9 °C throughout the electrophoresis. Saccharomyces
cerevisiae chromosomes were used as size markers (Bio-Rad Inc.,
Hercules, CA, USA). Electrophoresis conditions were standardized
to allow the separation of the greatest number of parasite chromo-
somes in a single gel, as follows: 90 s for 18 h, 200 s for 18 h, 400 s
for 22 h and 600 s for 7 h at 90 V. A range from 365 to 2200 kb was
used for wide separation of Leishmania chromosomes. After elec-
trophoresis, gels were stained with ethidium bromide (10 pg/mL)
and bands were then transferred onto nylon membrane (Sambrook
et al., 1989). The MRPA gene was identified by incubation of the
membrane with the >2P-labelled MRPA gene probe. For this probe,
was used a 452 bp MRPA fragment (LbrM23_V2.0280) amplified
with the primers: forward 5'-TCGTGATTATTCCGTGCGCGTT-3" and
reverse 5'-ACGCTCCACGCTGTTCATGTTT-3".

2.3. Southern blot

Genomic DNA was isolated from the antimony-susceptible and
-resistant Leishmania species according to the protocol described
by Sambrook et al. (1989). Approximately 10 png total DNA of
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Table 1
Leishmania species used in this study’.

Species Strains 1Cso (UM) Resistance index
WTS SbR

L. (V.) guyanensis IUMB/BR/85/M9945 0.09 +0.04 1.64£0.14 19

L. (L.) amazonensis IFLA/BR/67/PH8 0.28 £0.15 1.71£0.11 6

L. (V.) braziliensis MHOM/BR/75/M2904 0.15+0.15 3.04+0.13 20

L. (L.) infantum MHOM/BR/74/PP75 0.33 £0.09 1.40 £0.04 4

IC5p is the concentration (M) of Sblll that decreases the rate of cell growth by 50%.The values represent the means + Cl (confidence interval) of three independent

experiments in triplicate.
* Reference: Liarte and Murta (2010).

Leishmania lines were digested with the restriction enzyme BamHI
(Invitrogen, Carlsbad, CA, USA). The fragments were separated by
electrophoresis on a 1% agarose gel and transferred to nylon mem-
brane (Sambrook et al., 1989). The blots were hybridized with
[0->2P]dCTP labeled MRPA gene probe as described above.
Leishmania DNA polymerase gene (LbrM.16.1600) was used as quan-
titative control. A fragment of 483 bp from this gene, after amplifi-
cation using primers: forward 5-GAAGACAGAGAAGGATGCGA-3'
and reverse 5'-GAGAGCGGGCACCAATCAC-3’, was used as probe.
The band intensities were analyzed using the software CP ATLAS
2.0 (http://lazarsoftware.com/download.html).

2.4. Quantitative real-time RT-PCR

Reverse transcription reactions for first strand complementary
DNA (cDNA) synthesis were carried out as described below. Each
reaction contained 2 pg total RNA, 0.5 pg oligo d(T), 1x first strand
buffer, 10 mM DTT, 0.5 mM dNTP, 40 U RNasin and 200 U Super-
script Il reverse transcriptase in a final volume of 20 pL. All the re-
agents used were obtained from Invitrogen (Life Technologies,
Carlsbad, CA, USA). All reactions were allowed to proceed for 1 h
at 42 °C before being stopped by incubation at 70 °C for 20 min.
The obtained cDNA was then diluted 15x in water and 5 pL of
the reaction product was amplified by real-time PCR using specific
primers. Amplification reaction was carried out using the 7000 Sys-
tem SDS Software (PE Applied Biosystems, Foster City, CA, USA).
The primers, MRPA forward: 5-AAGTGGGCAGCGACTCAAA-3' and
MRPA reverse: 5'-CCAGTTCAGCGTCTCCGTT-3’, were the same de-
scribed by Torres et al. (2010) and Adaui et al. (2011). The DNA
polymerase constitutive gene from L. braziliensis (LbrM.16.1600)
was used to normalize the amount of sample analyzed. A fragment
of 69 bp of the DNA polymerase gene was amplified with the prim-
ers forward: 5'-CGAGGGCAAGACATAC-3" and reverse: 5-GAGA-
GCGGGCACCAATCAC-3". Both pair of primers MRPA and DNA
polymerase amplified fragments of 81 and 69 bp respectively, in
all four Leishmania species analyzed (data not shown). PCR was
carried out in a final volume of 20 pL of reaction mixture contain-
ing 10 pmol of forward and reverse primers, 1x SYBR GREEN reac-
tion mix (Applied Biosystems, Life Technologies, Carlsbad, CA, USA)
and 5 pL of template DNA. The PCR conditions were as follows: an
initial denaturation step at 95 °C for 10 min followed by 40 cycles
of denaturation at 95 °C for 15 s and annealing/extension at 60 °C
for 1 min. Standard curves were prepared for each run using
known quantities of TOPO PCR 2.1 plasmids (Invitrogen, Life Tech-
nologies, Carlsbad, CA, USA) containing the MRPA and DNA poly-
merase genes. Estimates of DNA levels were obtained using the
Sequence Detection System data analysis software. Values were
normalized to those obtained for DNA polymerase for each sample.

2.5. Western blot analysis

Total proteins and membrane protein fractions from different
Leishmania lines were extracted according to the protocols

described by Gamarro et al. (1994) and Grogl et al. (1991), respec-
tively. Protein extracts were separated by electrophoresis on a 12%
SDS polyacrylamide gel and electrotransferred onto nitrocellulose
membranes (Bio-Rad, Hercules, CA, USA). The blots were blocked
by incubation with 5% instant non-fat dry milk in PBS supplemented
with 0.05% Tween 20 (PBS-T) for 1 h. The blots were then washed
twice in PBS-T and incubated for 16 h at 4 °C in the presence of anti-
bodies: monoclonal antibody C219 (1:100) (Abcam, Cambridge, UK)
or rabbit polyclonal antibody anti-AQP1 (1:5) (kindly provided by
Andrade et al. - in preparation). The blots were washed and incu-
bated with anti-IgG mouse HRP-conjugate (1:2,000) (GE Healthcare)
or HRP-conjugated anti-rabbit IgG (1:5,000) (GE Healthcare) for 1 h
at room temperature. After, the blots were exposed to Amersham
ECL Plus detection agent according to the manufacturer’s instruc-
tions and exposed to an X-ray film (Amersham, Buckinghamshire,
UK). The results were normalized using the anti-o-tubulin monoclo-
nal antibody (Sigma, St. Louis, USA). The intensity of the bands was
analyzed using the software CP ATLAS 2.0.

2.6. Antimony transport assays

2.6.1. Uptake assay

Before performing the uptake and efflux assays, the Sblll-resis-
tant lines are maintained at least two passages in M199 medium in
the absence of Sblll, in order to eliminate the residual drug. The
antimony uptake assay was based on two protocols previously de-
scribed (Roberts and Rainey, 1993; Wang et al., 2003). Log phase
Leishmania promastigotes were washed twice in a HEPES/Glucose
(HG) buffer (20 mM HEPES, 0.15 M NaCl, 10 mM glucose, pH 7.2)
and resuspended in this buffer at a density of 1.0 x 108 cells/mL.
The volume of 1 mL of this parasite suspension was aliquoted into
tubes in quadruplicate: tubes containing only parasites (blank) and
tubes with parasites in the presence of 540 uM SbllI (potassium
antimonyl tartrate) (Sigma, Saint Louis, MO, USA). Cells were then
incubated at 26 °C for 1 h under agitation. Subsequently, the cells
were centrifuged at 1816g for 5 min at 4 °C and washed three
times with HG buffer. Pellets were then resuspended with 100 pL
HG buffer. One aliquot of 10 pL of each tube was used for normal-
ization (parasite quantification) and the remaining volume (90 pL)
was submitted to digestion with nitric acid (65%). Antimony con-
centration was quantified by graphite furnace atomic absorption
spectrometry (Perkin Elmer AAnalyst 600). Each uptake assay
was performed three times and the signal from blanks was used
for background subtraction.

In addition, the antimony-susceptible and -resistant lines of the
species L. guyanensis and L. braziliensis were evaluated for the
kinetics of incorporation of Sb. The parasites were incubated with
540 puM SblII and, at different time intervals (0, 0.5, 1, 2 and 3 h),
1 mL aliquots of the parasite suspension were taken and they were
submitted to the protocol described above. This assay was also per-
formed to identify the time points at which the WTS and SbR lines
exhibit the same intracellular concentration of Sb, to be explored in
the efflux protocol.
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2.6.2. Efflux assay

Log phase antimony-susceptible and -resistant L. guyanensis
and L. braziliensis cells were washed twice with HG buffer and
resuspended in this buffer at a density of 1.0 x 10® cells/mL.
Aliquots of 1 mL containing only parasites (blank) were taken
and the remaining cells were incubated with 540 uM SbllI for each
1 mL (potassium antimonyl tartrate) (Sigma, Saint Louis, MO, USA)
at 26 °C under agitation. The WTS lines of L. guyanensis and L.
braziliensis were incubated during 2 min and 30 min, respectively.
Both SbR lines of these species were incubated for 70 min. After
incubation, the cells were centrifuged at 890g for 5 min at 4 °C
and washed two times with HG buffer. The pellets were then
resuspended with HG buffer at the original density and the
cells were incubated at 26 °C under agitation. Aliquots of 1 mL
were taken from the parasite suspension at the times 0, 1 and
2 h. Subsequently, these aliquots and the blanks were centrifuged
at 890g for 5 min at 4 °C and washed three times with HG buffer.
After the last centrifugation, the pellets were resuspended
with 100 pL HG buffer. One aliquot of 10 pL of each tube was used
for normalization (parasite quantification) and the remaining
volume (90 pL) was submitted to digestion with nitric acid (65%).
Antimony concentration was quantified by graphite furnace
atomic absorption spectrometry (Perkin Elmer AAnalyst 600).
Each efflux assay was performed three times in triplicate
and the Sblll dosage from blanks was used for background
subtraction.

2.6.3. Test of susceptibility to BSO and Sblll uptake in L. braziliensis
lines pre-treated with this inhibitor

Approximately 2.0 x 106 cells/mL of L. braziliensis were grown
in M199 medium containing various concentrations (2.5-30 mg/
mL) of buthionine-sulphoximine (BSO) (Sigma) during 48 h at
26 °C. BSO is an inhibitor of y-glutamylcysteine synthetase (y-
GCS), a rate-limiting enzyme in thiol biosynthesis (Griffith and
Meister, 1979). The drug concentration that decreases cell growth
by 50% (ICso) was determined by counting the parasites in the
presence and absence of the BSO. After pre-treatment with BSO,
the uptake of Sb was investigated in both susceptible and resistant
L. braziliensis lines. These parasites were first grown in M199
medium for 48 h in the presence BSO at their respective ICsq. Sub-
sequently, the cells were washed twice with HG buffer, resus-
pended in this buffer at a density of 1.0 x 10® cells/mL and
submitted to the uptake assay.

Mg

kb

2.7. Statistical analysis

Data were analyzed by Student’s t test performed using the soft-
ware GraphPad Prism 5.0. A p value of <0.05 was considered statis-
tically significant.

3. Results
3.1. MRPA amplification in SbR Leishmania parasites

The molecular karyotype of antimony-resistant and -suscepti-
ble Leishmania lines, obtained through PFGE is presented in
Fig. 1A. Overall, the pattern of the physical chromosomal map ob-
tained for Sb-resistant and -susceptible Leishmania parasites is
similar except for LgSbR, which, in comparison with its parental
WT strain, showed a supplementary band of approximately
1900 kb (Fig. 1A white arrow). The pattern of hybridization of
the chromosomes showed that the MRPA gene probe recognized
a chromosomal band of approximately 800 kb in all lines of Leish-
mania analyzed (Fig. 1B) which fits with the size of chromosome 23
(795 kb). In a preliminary analysis, the intensity of this band was
increased in the Sblll-resistant line of L. amazonensis. An interest-
ing observation in the antimony-resistant line of L. braziliensis
(LbSbR) is that the MRPA gene probe recognized in this sample a
DNA smear and two other bands of approximately 200 kb and
1500 kb (Fig. 1B). This result indicates an extrachromosomal
amplification of MRPA gene in LbSbR. In agreement with this obser-
vation, another band of approximately 700 kb was observed in the
resistant sample of L. infantum (Fig. 1B).

Southern blot assays were carried out using samples of genomic
DNA from different Leishmania lines previously digested with the
endonuclease BamHI, which has one restriction site within MRPA
gene (LbrM23_V2.0280) in a conserved region. Hybridization of ny-
lon membranes containing BamHI-digested DNA against a MRPA-
specific probe revealed a major band of 11.0 kb and other faint
band of 5.0 kb in all samples analyzed (Fig. 2A). Considering the
11 kb band, after normalization using a DNA polymerase gene probe
(Fig. 2B), the densitometry revealed an increased intensity of
three- and ten-fold in antimony-resistant L. amazonensis and L. bra-
ziliensis lines, respectively, when compared to their susceptible
counterparts. This data confirms MRPA gene amplification in these
antimony-resistant Leishmania lines. No difference was observed in
the other Leishmania lines analyzed.

kb
1500

<+ 800

< 700

200

Fig. 1. Chromosomal location of the MRPA gene in the antimony-susceptible (WTS) and -resistant (Sb-R) lines of Leishmania. (A) Chromosomal bands from the Leishmania
species were separated by PFGE and stained with ethidium bromide. (B) Profile of the chromosomal bands hybridized with a *2P-labelled MRPA-specific probe. Whole
chromosomes from Saccharomyces cerevisiae were used as molecular weight markers. The white arrow shows an additional band of approximately 1900 kb in the LgSbR line.
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Fig. 2. Southern blot analysis of the MRPA gene from antimony-susceptible (WTS) and -resistant (Sb-R) Leishmania lines. Total DNA were digested with the BamHI (A)
endonuclease, subject to electrophoresis on a 1% agarose gel. Southern blots were hybridized with a **P-labelled MRPA-specific probe. As control, the membrane was exposed

to a Leishmania DNA polymerase gene probe (B).

3.2. Increased MRPA transcripts in SbR Leishmania

MRPA mRNA levels in the Leishmania lines were evaluated by
real-time RT-PCR. Measurements of total RNA were normalized
by comparison with those obtained for the housekeeping gene
DNA polymerase (LbrM.16.1600). Then, a standard curve was ob-
tained using serial dilutions (107-10? molecules) of plasmids con-
taining the DNA polymerase and MRPA genes cloned into pCR2.1
TOPO vector. We obtained a standard curve with good linearity
for both genes (r?=0.998 to DNA polymerase and r*>=0.973 to
MRPA). Our data showed a slope of —3.78 and —3.60 for the DNA
polymerase and MRPA genes, respectively, indicating high efficiency
of PCR (results not shown). The specificity of PCR was analyzed by
plots of the temperature-dependent dissociation of the SYBR
GREEN dye from the MRPA and DNA polymerase PCR products.
The results revealed that fluorescence was only emitted at one
temperature, suggesting that only one PCR product was generated
in each reaction (results not shown).

The amount of cDNA amplified in the samples of Leishmania
spp. was determined by linear regression analysis using the Ct val-
ues obtained from the standard curve generated with known
amounts of the plasmids of the MRPA gene, normalized with DNA
polymerase values. The results showed that mRNA level from MRPA
gene is increased two-fold in the antimony-resistant L. guyanensis,
L. amazonensis and L. braziliensis lines compared with their respec-
tive susceptible pairs. No difference in the MRPA gene expression
between antimony-resistant and -susceptible lines of L. infantum
was observed (Fig. 3).

3.3. Expression level of Pgp

We also determined the levels of Pgp in the antimony-suscepti-
ble and -resistant Leishmania lines by Western blot analysis using a

monoclonal antibody (C219). According to manufacturer’s instruc-
tions (Abcam), this antibody recognizes an internal, highly
conserved amino acid sequence: VQEALD and VQAALD, corre-
sponding to the C-terminal and N-terminal regions, respectively,
found in both MDR1 and MDR3 isoforms of P-glycoprotein of
mammals. The results revealed that the C219 antibody recognized
a polypeptide of 170 kDa in some Leishmania samples analyzed
(Fig. 4B). According to literature data, this polypeptide corresponds
to the expected size of Pgp (Cornwell et al., 1987). Interestingly,
this antibody detected Pgp only in antimony-resistant L. guyanensis
and L. amazonensis lines, but not in the susceptible ones. This result
indicates that Pgp is more expressed in these antimony-resistant
Leishmania lines, whereas the Pgp levels in the susceptible lines
were not high enough for detection. On the other hand, this anti-
body recognized Pgp in both antimony-susceptible and -resistant
L. infantum lines. Densitometry using o-tubulin levels for
normalization showed the same level of Pgp expression between
both L. infantum lines (Fig. 4C). Additionally, we observed that
the C219 antibody also detected another polypeptide of about
48 kDa in all antimony-susceptible and -resistant Leishmania lines
analyzed. However, the intensity of this polypeptide was very faint
for both L. braziliensis lines (Fig. 4B). The presence of this 48 kDa
polypeptide can be due to antibody recognition of a common
epitope of another protein of Leishmania or an original fragment
of Pgp. It is described in the literature that this same anti-Pgp
C219 antibody recognizes smaller polypeptides named as “Pgp-
like” components (Grogl et al., 1991; Murta et al., 2001; Anacleto
et al.,, 2003).

It is important to emphasize that the anti-Pgp antibody did not
detect the protein of 170 kDa in any of the two L. braziliensis lines.
This result may be due to the absence of overexpression of Pgp in
the LbSbR line or changes may have occurred in the amino acid
sequence of the epitope region of the protein, preventing its
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Fig. 3. Levels of transcription of the MRPA gene in Leishmania spp. susceptible and resistant lines. Levels of MRPA mRNA as determined quantitatively (relative to the DNA
polymerase Leishmania gene) by real-time RT-PCR. Mean values of the transcript levels MRPA/DNA polymerase + standard deviations from three independent experiments are
indicated. The mean values for LgWTS and LgSbR, LaWTS and LaSbR and LbWTS versus LbSbR are significantly different (*p < 0.002, **p < 0.003 and ***p < 0.001, respectively),

whilst the LIWTS versus LiSbR mean values show no difference.
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Fig. 4. Pgp expression levels in Leishmania species. (A) Electrophoretic profile of proteins from antimony-susceptible (WTS) and -resistant (Sb-R) Leishmania lines. Proteins
were separated by SDS-PAGE on 12% gel and stained with Coomassie blue. (B) Western blot analysis using the monoclonal antibody C219. (C) The membrane was normalized

with the o-tubulin antibody.

recognition by the C219 antibody. We have also questioned
whether the protocol used for total protein extraction was
appropriate or not to investigate the Pgp expression that is a
transmembrane protein. Thus, a protocol described by Grogl
et al. (1991) was also used to obtain enriched fraction of
membrane proteins separate from soluble protein fraction. After
extraction, the membrane proteins fractions of all Leishmania lines
were submitted to western blot analysis using the C219 antibody.
However, the results obtained with this protocol (results not
shown) were similar from those previously obtained using total
protein (Fig. 4B).

3.4. Intracellular accumulation of antimony

In order to compare the level of antimony uptake between
antimony-susceptible and -resistant Leishmania lines, the parasites
were incubated for 1h in the presence of 540 uM antimony
and, after washing, the intracellular antimony level was quantified
by graphite furnace atomic absorption spectrometry. Fig. 5 shows
that the uptake of antimony in the resistant lines was significantly
reduced in three out of four species analyzed. The data indicate that
the antimony levels were approximately seven-, five- and two-fold
lower in the antimony-resistant L. guyanensis (Fig. 5A), L
amazonensis (Fig. 5B) and L. braziliensis (Fig. 5C) lines, when
compared to their susceptible pairs, respectively. However, the sus-
ceptible and resistant lines of L. infantum (Fig. 5D) showed no statis-
tically significant difference in the antimony incorporation. The
graphics also show marked differences in the level of antimony
incorporation between the different species studied.

In addition, these results of antimony intracellular accumula-
tion demonstrate that there is an inverse correlation between the
intrinsic antimony susceptibility of the Leishmania wild-type lines
used in this study and their ability to accumulate antimony. For
example, the LgWTS line, which is relatively more Sb sensitive
when compared to LIWTS (ICso 0.09 uM versus ICsq 0.33 puM,
respectively, a 3.7-fold difference), accumulated 14-fold less Sb.
The same remark can be made for other lines of Leishmania. The
LgWTS line accumulated 2.8-fold less Sb than the LaWTS line
(ICsp 0.28 uM, a 3-fold difference) and the LbWTS line (ICso
0.15 uM) accumulated 5-fold less Sb than the LiWTS line (a 2.2-
fold difference in ICsp).

3.5. Susceptibility of L. braziliensis lines to BSO and the effect of this
inhibitor in the Sblll uptake

We also investigated the effect of BSO, an inhibitor of y-glutam-
ylcysteine synthetase (GCS) enzyme, in the intracellular accumula-
tion of antimony by LbWTS and LbSbR lines pre-treated with this
inhibitor. Interestingly, the BSO susceptibility assay showed that
the LbSbR line is more susceptible to BSO than its susceptible coun-
terpart LbOWTS. The ICso obtained for LOWTS and LbSbR lines were
15 mM and 2.5 mM, respectively. Then, these lines were pre-trea-
ted with BSO during 48 h, incubated with Sblll by 1 h and then sub-
mitted to antimony uptake measurement (uptake assay). Our
results revealed that LbSbR line accumulated more Sblll compared
to its susceptible pair (LbWTS) (Fig. 5E). On the other hand, with-
out BSO, the LbSbR line accumulates less Sblll (Fig. 5C). These re-
sults suggest that BSO probably decreases the intracellular
concentration of thiols, interfering directly on the Sblll-thiol com-
plex formation and leading to the SbIIl accumulation. In addition,
we determined the Sblll ICso for the LbWTS and LbSbR lines in
the absence and presence of BSO. The LbWTS and LbSbR lines were
pre-treated with 15mM and 2.5 mM BSO, respectively, during
48 h. Subsequently, we incubated these parasites with different
Sblll concentrations for 48 h. The 1Csy obtained for the LbWTS line
in the absence of BSO was 0.025 mg/mL and in the presence of BSO
was 0.00625 mg/mL (4-fold lower). On the other hand, for the
LbSbR line the ICso was 2 mg/mL and after pre-treatment with
BSO it was 0.0625 mg/mL (32-fold lower), indicating that the BSO
reversed the Sblll resistance phenotype.

3.6. Influx and efflux of antimony

Initially, we performed influx kinetics analysis for the lines of L.
guyanensis and L. braziliensis. Our results showed that both SbR
lines exhibited lower rate of influx of SbIIl than their respective
susceptible counterparts, the difference being much more pro-
nounced in the case of L. guyanensis species (Figs. 6A and B). In or-
der to compare the efflux of Sb between susceptible and resistant
lines, cells were first loaded with about the same level of antimony.
Subsequently, the parasites were washed with HG buffer and ali-
quots were taken at the times 0, 1 and 2 h to analyze the efflux
of antimony by graphite furnace atomic absorption spectrometry.
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The results demonstrate that the rates of Sblll efflux were higher in
both antimony-resistant lines of L. guyanensis and L. braziliensis,
when compared their susceptible pairs (Fig. 6C and D, respec-
tively). This efflux data explains, at least in part, the lower Sblll
concentration found in both Sblll-resistant lines, as presented in
the Fig. 5A and C, respectively.

3.7. Decreased expression of AQP1 in SbR Leishmania

In order to investigate whether the lower level of intracellular
antimony in the Sblll-resistant lines was due to down-regulation
of AQP1 protein, we evaluated the expression level of this protein
in the four Leishmania species studied. Western blot analyses with
membrane proteins fractions were performed using a rabbit poly-
clonal antibody anti-AQP1. Our results showed that this antibody
recognized a polypeptide of approximately 35 kDa in all anti-

mony-susceptible and -resistant lines of Leishmania analyzed
(Fig. 7). After normalization using an o-tubulin antibody, quantifi-
cation of the band intensity demonstrated that AQP1 expression le-
vel is decreased 1.7 and 3-fold in Sblll-resistant lines of L.
amazonensis and L. guyanensis, respectively, when, compared to
their respective susceptible pairs (Fig. 7). These data are consistent
with the lowest Sblll accumulation presented by these two lines
among the species studied (Fig. 5). On the other hand, the expres-
sion level of AQP1 was similar between the Sblll-susceptible and
-resistant lines of L. braziliensis and L. infantum showing band inten-
sities ratio (WT/SbR) values of 0.9 and 0.8, respectively (Fig. 7).

4. Discussion

The phenomenon of resistance to antimonials in Leishmania is
complex, multifactorial and involves several pathways, which have
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similar features with other microorganisms. These pathways in-
clude the entry, metabolism, efflux and/or sequestration, as well
as cell death through the drug action (Jeddi et al,, 2011). MRPA is
one of the most studied ABC transporters in Leishmania and its role
in the resistance has been well established in vitro (Ouellette et al.,
1990). However, the majority of these studies were performed
using Old World drug-resistant Leishmania lines.

Our PFGE results showed that the MRPA gene is located in an
800 kb band corresponding to chromosome 23 (795 kb) of Leish-
mania, corroborating literature data (Leprohon et al., 2009; Monte
Neto et al., 2011). Interestingly, the MRPA gene probe also recog-
nized two other bands of different sizes, 200 and 1500 kb, only in
the antimony-resistant L. braziliensis line. These supplementary
bands indicate that MRPA is rearranged or present as an extrachro-
mosomal amplification in LbSbR (Fig. 1B). Additionally, the smear
observed exclusively in this resistant line, provide an evidence of
circular DNA amplification as indicated by this particular migration

in PFGE possibly corresponding to various topoisomers of the cir-
cles (White et al., 1988). According to Beverley (1988), large super-
coiled circular DNAs appear to exhibit unusual electrophoretic
mobility in PFGE, when compared to the large linear chromosomes.
Then, an explanation for the presence of approximately 1500 kb
chromosomal band in the antimony-resistant L. braziliensis line
may be related to the integration of this band into large linear
chromosomal DNA or the formation of large concatenated net-
works of circular DNA. Moreover, Grondin et al. (1998) demon-
strated the formation of extrachromosomal circular DNA
amplification derived from precursors linear amplicons in metho-
trexate-resistant L. tarentolae. This possibility could explain the
presence of additional bands concomitant with the smear detected
by MRPA gene probe in the same LbSbR line. It is also important to
note that the MRPA gene probe recognized a band of approximately
700 kb only in the antimony-resistant L. infantum line. It is de-
scribed in the literature that the variability in the chromosomal
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location can be due to the presence of homologous chromosomes
of different sizes, variation in the size of the telomeric regions,
small deletions or insertions (Henriksson et al., 1993). However,
the formation of a MRPA-containing linear extrachromosomal
DNA amplification in LiSbR is not discarded. Further studies could
confirm the presence of supernumerary chromosomes in these
New World Leishmania parasites as suggested by MRPA hybridiza-
tion as well as by the presence of a new band in LgSbR compared to
LgWTS (Fig. 1A, white arrow). Aneuploidy was a phenomenon pre-
viously described in drug-resistant Old World Leishmania parasites
(Ubeda et al., 2008; Leprohon et al., 2009; Downing et al., 2011)
and it supports the evidence of the genome structural plasticity
requirement to adapt and survive in the presence of the drug.

Literature data also show the presence of extrachromosomal
MRPA amplification in other Leishmania species. Anacleto et al.
(2003) reported the presence of extrachromosomal amplicon of
30 kb containing the PgpA gene in L. guyanensis with in vitro-in-
duced resistance to Glucantime. Mukherjee et al. (2007) observed
that the MRPA gene was amplified in clinical isolates of sodium anti-
mony gluconate (SAG)-resistant L. donovani lines studied. Recently,
Monte Neto et al. (2011) observed that the MRPA gene is present in
extrachromosomal linear amplicons in two independent mutants of
antimony-resistant L. amazonensis. Sampaio and Traub-Cseko
(2003) reported the presence of amplification of the biopterin trans-
porter in a linear and stable chromosome of 245 kb in L. braziliensis
(M2903 strain). However, the results obtained by Dias et al. (2007)
suggest that in L. braziliensis the generation of amplicons is not a
common phenomenon when this specie is subjected to drug pres-
sure. Nevertheless, our results in antimony-resistant L. braziliensis
line indicate that extrachromosomal amplification of the MRPA gene
may occur, corroborating the data of Sampaio and Traub-Cseko
(2003). A possible explanation for the lack of amplification in the
samples of L. braziliensis analyzed by Dias et al. (2007) may be due
to differences in the antimony-resistance level and the protocol
used to obtain the resistant parasites when compared to our study.

Our data showed that MRPA transcripts are twice as high in the
antimony-resistant L. guyanensis, L. amazonensis and L. braziliensis
lines, compared to their wild-type pairs. This data correlates with
the amplification of this gene in antimony-resistant lines, as shown
in PFGE and Southern blot assays. However, the MRPA gene ampli-
fication of Sblll-resistant L. braziliensis line (10-fold higher) does
not reflect in the level of mRNA that was only two-fold higher than
its susceptible counterpart. This could also be due to post-tran-
scriptional control that decreases the RNA levels of this gene
(Teixeira, 1998). It was shown by targeted DNA microarray that
the MRPA transporter is overexpressed in axenic amastigotes of
antimony-resistant L. infantum (El Fadili et al., 2005). Recently,
Monte Neto et al. (2011) reported an overexpression of this gene
in antimony-resistant L. amazonensis, using whole-genome DNA
microarrays. Transcriptome data of L. donovani from antimony-
resistant clinical isolates demonstrated that the MRPA gene is not
increased in these resistant parasites samples (Decuypere et al.,
2005). These differences could be explained by the diversity in
resistance indexes as well as in the resistance phenotype stability
from different species and genetic background (Decuypere et al.,
2012).

A multidrug resistance phenotype associated with the overex-
pression of Pgp was found in tumoral cell lines and in different
pathogenic protozoa (Ullman, 1995). In this study, we investigated
whether Pgp, which is a product of the MDR1 gene, was also over-
expressed in our antimony-resistant Leishmania lines. Our results
showed that the anti-Pgp antibody C219 detected a 170 kDa poly-
peptide corresponding to the expected size for Pgp. Interestingly,
this protein is more expressed in the antimony-resistant L. guyan-
ensis and L. amazonensis lines. However, no difference in Pgp
expression between antimony-susceptible and -resistant lines of

L. infantum was detected, suggesting that Pgp may be not involved
in drug resistance in this Leishmania species.

In this study, we used the technique of graphite furnace atomic
absorption spectrometry to measure the amount of antimony
accumulated in the Leishmania species. Our data show that the
incorporation of antimony was reduced in the antimony-resistant
L. guyanensis, L. amazonensis and L. braziliensis lines (Fig. 5). Litera-
ture data demonstrated that antimony-resistant L. infantum and L.
panamensis lines incorporated less antimony, when compared to
their susceptible pairs (Brochu et al, 2003). Maharjan et al.
(2008) also showed that the SAG-resistant clinical isolates of L.
donovani accumulated about three- to seven-fold less antimony
compared to clinical isolates susceptible to this drug. All these lit-
erature data corroborate our findings, showing that the resistant
parasites accumulate less antimony compared with the respective
susceptible pairs.

It has been reported that AQP1 is an important carrier for which
cells can accumulate Sblll in Leishmania (Borgnia et al., 1999; Gour-
bal et al., 2004; Marquis et al., 2005). Our results revealed reduced
expression of the AQP1 protein in the Sblll-resistant lines of L.
guyanensis and L. amazonensis. Thus, this result may explain, at
least in part, the reduced uptake of antimony in these resistant
lines of the parasite. In fact, previous studies have shown that
the reduced accumulation of Sblll in resistant mutants to this com-
pound could be due to decreased activity of AQP1 and that loss of
an allele of this gene can cause an increase in the resistance (Gour-
bal et al., 2004; Marquis et al., 2005; Mukherjee et al., 2013). It is
also possible that another transporter may be involved in the low
accumulation of antimony in resistant Leishmania lines. On the
other hand, no significant difference of antimony incorporation
was observed between the antimony-susceptible and -resistant
lines of L. infantum. This can be explained due to the low resistance
index of this antimony-resistant line. These data of antimony accu-
mulation suggest the presence of different antimony-resistance
mechanisms among these Leishmania species analyzed.

We investigated the Sblll efflux rates in lines of L. guyanensis
and L. braziliensis. The results revealed that the efflux rates are
higher in the antimony-resistant lines of these parasites, contribut-
ing to the lower accumulation of Sblll in these Leishmania species
studied. Although, the Sblll-resistant L. braziliensis line present
low antimony concentration, the level of expression of AQP1 was
similar between both Sblll-susceptible and -resistant lines, sug-
gesting that the AQP1 is not involved in the antimony-resistance
phenotype. However, the Sblll-resistant L. braziliensis line showed
an increased rate of antimony efflux, which could explain in part
the lower Sblll accumulation in this line.

Interestingly, susceptibility test to BSO, an inhibitor of y-glut-
amylcysteine synthetase (GCS), showed that this inhibitor reversed
the Sblll-resistance phenotype of L. braziliensis. The LbSbR line was
more susceptible to BSO than its susceptible counterpart LbWTS.
More importantly, with BSO pre-treatment, the resistant parasites
LbSbR became 32-fold more susceptible to SbIll than those without
treatment. Additionally, we analyzed the effect of the BSO in the
uptake of antimony in the lines of L. braziliensis pre-treated with
this inhibitor. Our results showed that the Sblll-resistant line accu-
mulated more antimony than its wild-type counterpart, suggesting
this inhibitor interferes in the polyamine metabolism, changing the
intracellular concentration of thiols and antimony. Indeed, in vitro
studies have shown that BSO, a specific inhibitor of GCS, an enzyme
involved in glutathione and trypanothione biosynthesis, can re-
verse resistance to trivalent antimony in the parasite L. tarentolae
(Grondin et al., 1997).

In conclusion, our data show that the antimony resistance mech-
anisms are different in the New World Leishmania species analyzed
in this study. Functional analysis studies will be performed to inves-
tigate the involvement of the MRPA gene in our Leishmania samples.
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In this work, we characterized the gene encoding iron superoxide dismutase-A (FeSOD-A) in wild-type (WTS)
and antimony-resistant (SbR) L. (Viannia) braziliensis and L. (Leishmania) infantum lines, which were selected
in vitro. FeSOD-A transcript and protein expression were similar in all tested lines; however, specific enzyme ac-
tivity analysis revealed higher superoxide dismutase activity in Sblll-resistant LbSbR and LiSbR lines than in the

corresponding WTS lines. These parasites were also more tolerant to oxidative stress generated by the herbicide
paraquat. Functional analysis showed that in comparison to non-transfected lines, wild-type LbWTS and LIWTS
clones overexpressing the FeSOD-A enzyme are 1.6- and 1.7-fold more resistant to Sblll, respectively. Our results
suggest that FeSOD-A is involved in the antimony resistance phenotype in L. (V.) braziliensis and L. (L.) infantum.

© 2014 Elsevier Ireland Ltd. All rights reserved.

Leishmaniasis is a complex of diseases caused by over 21 different spe-
cies of unicellular protozoan parasites belonging to the genus Leishmania.
It is classified by the World Health Organization (WHO) as neglected
tropical disease and is a public health problem in many developing coun-
tries, particularly in Africa, Latin America, South and Central Asia, the
Mediterranean basin, and the Middle East [1]. Leishmaniasis is character-
ized by a spectrum of clinical manifestations ranging from self-healing cu-
taneous (CL) and mucocutaneous (MCL) skin lesions to a visceral (VL)
form, which is lethal if left untreated. In the New World, L. (Leishmania)
infantum (syn. L. (L.) chagasi) is the causative agent of VL, whereas
L. (Viannia) braziliensis causes CL and MCL [2].

Pentavalent antimony-containing compounds (SbV) such as so-
dium stibogluconate (SSG) (Pentostam®) and N-methyl-glucamine
(Glucantime®) have been used as first-line therapies against all forms
of leishmaniasis for more than 60 years [3]. However, the mechanisms
of action of antimony are not entirely clear. It is generally agreed that tri-
valent antimony (Sblll) is the active form of the drug against amastigote
and promastigote forms of Leishmania [4]. Some studies have suggested
that SbV inhibits macromolecule biosynthesis in amastigotes, possibly
via inhibition of glycolysis and fatty acid oxidation [5].

It is well known that Leishmania possess an antioxidant defense sys-
tem for detoxification of reactive oxygen species (ROS) [6] and reactive

Abbreviations: Sblll, potassium antimonyl tartrate; WTS, wild-type susceptible; SbR,
Sblll-resistant; Lb, Leish ia (Viannia) braziliensis; Li, Leist ia (Leishmania) i A
FeSOD, iron superoxide dismutase; qRT-PCR, quantitative real time PCR; ROS, reactive oxy-
gen species; H,0,, hydrogen peroxide; EC, effective concentration.
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nitrogen species [7]. The metalloenzyme superoxide dismutase (SOD;
EC 1.15.1.1) is a central component in the antioxidant defense in most
organisms. It removes excess superoxide radicals (O ) by converting
them to oxygen (O;) and hydrogen peroxide (H20,) [8]. Eukaryotes in-
cluding mammals have a Cu/Mn/ZnSOD, whereas FeSODs have been
found in prokaryotes, protozoans, plants, and algae [8]. Since FeSOD is
absent in the human host, this enzyme must be considered as a poten-
tial target for chemotherapy against leishmaniasis [9]. Different FeSOD
isoforms (FeSOD-A and FeSOD-B) have been characterized in L. (L.)
chagasi, L. (L.) tropica, and L. (L.) donovani [10-13]. FeSOD protects the
parasite against oxidative stress. According to the TriTryp DataBase,
the L. (V.) braziliensis (M2904) genome encodes an iron superoxide dis-
mutase FeSOD-A gene (LbrM.08.0330) and five putative genes, a FeSOD-
B2 gene (LbrM.32.2010) and four other SOD genes (LbrM.30.2740,
LbrM.32.2000, LbrM.32.2860 and LbrM.32.2870). The L. (L.) infantum
(JPCM5) genome encodes a FeSOD-A gene (Lin].08.0300) and four
putative genes, a FeSOD-B1 gene (Lin].32.1910), a FeSOD-B2 gene
(Lin].32.1920) and two other SOD genes (Lin].30.2780 and Lin].32.2770).
The FeSOD-A isoform is localized in mitochondria, where occurs numer-
ous chemical reactions involved in cellular respiration producing numer-
ous superoxide radicals as a by-product [12]. The SOD-B1 and SOD-B2
isoforms are present in glycosome of parasite [11].

Several reports have evidenced that the phenomenon of resistance
to antimonials in Leishmania is complex, multifactorial and may vary
considerably between different surveys. It has been demonstrated that
resistance is an interplay between uptake, efflux and sequestration of
actives molecules [14]. In order to investigate the involvement of
FeSOD-A in the antimony-resistance mechanisms of Leishmania, we
characterized this enzyme in wild-type and antimony-resistant L. (V.)
braziliensis (MHOM/BR/75/M2904) and L. (L.) infantum lines (MHOM/
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BR/74/PP75). These lines were selected for in vitro resistance to trivalent
antimony (Sblll) by step-wise drug pressure; their resistance indices
were 20- and 4-fold higher than that of their wild-type counterparts, re-
spectively [15].

The polymorphism and the copy number of the FeSOD-A gene in
wild-type and Sblll-resistant Leishmania lines were analyzed by South-
ern blotting. The DNA samples were digested with Hinfl, which has a
single restriction site within FeSOD-A (LbrM.08.0330) (Fig. 1S-A Supple-
mentary Material). The FeSOD-A-specific probe recognized a major band
of 1000 bp in the L. (V.) braziliensis lines and a 700 bp band in L. (L.)
infantum lines. Other low-intensity bands were observed in both lines.
Southern blot of BamHI-digested DNA showed a single band of 12 kb
in all samples analyzed because there is no restriction site for this en-
zyme within the reference FeSOD-A sequence (Fig. 1S-B Supplementary
Material). Paramchuck et al. [10] observed that LiFeSOD-A in L. (L.)
infantum is present in a single copy, while LiFeSOD-B may be ar-
ranged in multiple copies in the parasite genome. In silico analysis
of FeSOD-A from L. (V.) braziliensis (LbrM.08.0330) and L. (L.) infantum
(Lin].08.0300) showed that this gene is present in a single copy on chro-
mosome 8 of both species. Southern blot analyses showed species-
specific polymorphisms between L. (V.) braziliensis and L. (L.) infantum.
No differences in FeSOD-A copy number were observed between wild-
type and Sblll-resistant lines of both species, indicating that this gene
is not amplified in the genome of Sblll-resistant lines.

Northern blotting and quantitative real time PCR (qQRT-PCR) analyses
were performed to investigate the levels of FeSOD-A mRNA in Leishmania
lines. Northern blotting with a gene-specific probe revealed the presence
of one FeSOD-A transcript of approximately 2 kb in all Leishmania lines an-
alyzed (Fig. 1A). Paramchuck et al. [10] observed a 1.7 kb transcript in
L (L) infantum. The presence of transcripts larger than the expected size
could be related to different levels of mRNA maturation, differences in
size of the non-translated 3’ and 5’ regions of the gene or on the size of
mRNA poly-A tail [16]. The levels of FeSOD-A mRNA in Leishmania lines
were determined more precisely by qRT-PCR. This procedure was re-
alized as previously described [17], using specific primers (Table 1S

&

W

*
S0
K2

. «—2.0Kb

B

S

%
£ < 89 {
: f t
525 ¢
£
&Y
EE:'
o r 2
"’81~

0 LbWTS LbSbR LIWTS LiSbR

Band intensity
FeSOD-A / a- tubulin

147

N.G. Tessarollo et al. / Parasitology International 64 (2015) 125-129

Supplementary Material). The amount of FeSOD-A ¢cDNA and 18S
SSU rRNA in different Leishmania lines was determined by linear re-
gression analysis using the PCR threshold cycle (Cr) values obtained
from the standard curve generated with known amounts of the plas-
mids containing these genes. The amount of FeSOD-A cDNA in each
line was normalized to that of the housekeeping gene 18 SSU rRNA
(LmjF.27.rRNA.01). The results confirmed that the levels of FeSOD-A
transcription were similar between wild-type and Sblll-resistant
L. (V.) braziliensis and L. (L.) infantum lines (Fig. 1B). Protein expres-
sion of FeSOD-A in Leishmania lines was evaluated by Western blot-
ting by using a polyclonal antibody raised against a recombinant
FeSOD-A protein of Trypanosoma cruzi (anti-TcFeSOD-A) [18]. This
antibody recognized a 26-kDa polypeptide in all tested Leishmania
lines (Fig. 1C). Densitometric analysis of this polypeptide compared
to the a-tubulin reference (band intensity FeSOD-A/a-tubulin) for
each species showed that protein expression was similar between
the paired wild-type and Sblll-resistant lines of L. (V.) braziliensis
and L. (L.) infantum (Fig. 1D). Interestingly, this analysis showed
also that FeSOD-A protein level was higher in L. (V.) braziliensis spe-
cies when compared with L. (L.) infantum (Fig. 1D).

The SOD activity was determined using a simple and rapid method
to measure the ability of the enzyme to inhibit the autoxidation of pyro-
gallol [18,19]. Pyrogallol readily autoxidizes at alkaline pH producing a
yellow-brown product detected at 405 nm. SOD activity can be indirect-
ly measured from its ability to inhibit pyrogallol autoxidation. SOD
extremely rapid dismutases the superoxide anion radical [20]. Specific
enzyme activity analysis of SOD showed significant differences in
enzyme activity between wild-type and Sblll-resistant lines of both
Leishmania species (Table 1). Extracts from Sblll-resistant L. (V.)
braziliensis (LbSbR) showed 70% SOD activity, whereas those from
its wild-type counterpart (LbWTS) showed only 13% SOD activity. Simi-
lar results were observed for L. (L.) infantum: extracts from Sblll-resistant
LiSbR line showed 46% SOD activity and its wild-type counterpart
(LiIWTS) showed only 1% SOD activity. These results show the impor-
tance of this enzyme in the metabolism of Sblll-resistant parasites.
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Fig. 1. FeSOD-A gene and protein expression in wild-type and Sblll-resistant L. (V.) braziliensis and L. (L) infantum. (A) Northern blot profiles of total RNA extracts obtained using a **P-labeled
FeSOD-A-specific probe [18]; as quantitative control the same membrane was exposed to a Leishmania 24S ribosomal RNA probe; and (B) levels of FeSOD-A mRNA relative to those of house-
keeping gene 18 SSU rRNA determined by real-time RT-PCR. Mean transcript levels for FeSOD-A/18 SSU rRNA + standard deviations from three independent experiments are shown. WT, wild-
type and SbR, Sblll-resistant. {C) Western blot of FeSOD-A. Proteins (20 pg) were separated on a 12% SDS-PAGE gel and blotted onto nitrocellulose membranes. The blots were probed with the
rabbit polyclonal antibody against a recombinant FeSOD-A protein of T. cruzi (anti-TcFeSOD-A; 1:500) [18] and HRP-conjugated anti-rabbit IgG (1:6000) (GE Healthcare) and developed using
ECLKit (GE Healthcare). The blots were normalized using the anti-oe-tubulin monoclonal antibody (1:10,000) (Sigma). (D) Quantification of bands was done by densitometric analysis using the
GelAnalyzer2010 software (www.gelanalyzer.com/download.html). The graph shows band intensity (pixels number) FeSOD-A/«-tubulin. Primers are described in Table 1S Supplementary

Material
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Table 1
FeSOD enzyme activity of protein extracts from wild-type and antimony-resistant L. (V.)
braziliensis and L. (L.) infantum lines.

Samples Absorbance (405 nm)? SOD activity (%)®
L. (V.) braziliensis

LbWTS 0.031 + 0.001 13
LbWTS + pIR1 0.032 + 0.002 10
LBWTS + pIR1-50D clone 4 0.003 =+ 0.002 83"
LbWTS + pIR1-50D-clone 5 0.002 + 0.002 84"
LbSbR 0.008 + 0.001 70
LbSbR + pIR1 0.005 + 0.001 60
LbSbR + pIR1-50D clone 1 0.003 + 0.001 83
LbSbR + pIR1-50D clone 2 0.001 =+ 0.002 86
L. (L) infantum

LIWTS 0.040 + 0.006 1
LIWTS + pIR1 0.041 + 0.003 1
LIWTS + pIR1-S0D clone 5 0.031 + 0.000 iy
LIWTS + pIR1-SOD clone 6 0.024 + 0.005 s i
LiSbR 0.017 + 0.001 46
LiSbR + pIR1 0.016 + 0.000 51
LiSbR + pIR1-SOD clone 1 0.011 + 0.001 62
LiSbR + pIR1-S0D clone 3 0.009 + 0.003 67
Controls®

Positive 0.004 + 0.002 90
Negative 0.041 £ 0.005 0

* p < 0.0001, when comparing SOD activity of LbWTS; - p <0.03and o

comparing SOD activity of LIWTS.

# Mean value of absorbance at time 5 min subtracted 0 min and the standard deviation
of three experiments in duplicate.

b Indirect SOD activity (%) was determined from its ability to inhibit pyrogallol auto-
oxidation.

© Controls — positive: purified bovine SOD enzyme (Sigma) 75 units/200 L of reaction;
negative: without enzyme or extract.

p < 0.01, when

These data are consistent with literature reports in which the T. cruzi
population having in vitro-induced resistance to benznidazole exhibits
higher SOD activity than its susceptible counterpart [18]. Interestingly,
we observed also differences in SOD activity between the Leishmania
species analyzed. Elevated SOD activity was detected in L. (V.) braziliensis
lines when compared to the L. (L.) infantum lines (Table 1). This differ-
ence can be due to FeSOD-A protein expression level that was higher in
L. (V.) braziliensis species than in L. (L.) infantum (Fig. 1C and D).

Although our Western blot analyses suggested that FeSOD-A expres-
sion was similar between Sblll-resistant and wild-type lines, we ob-
served higher SOD activity in both Sblll-resistant Leishmania lines. This
elevated activity can be due to post-translation modifications of this en-
zyme, as for example phosphorylation. In addition, in our study all SOD
isoforms were evaluated, while protein expression was evaluated only
for FeSOD-A, because the antibody used is specific for this isoform.

To investigate the role of FeSOD-A in protecting the parasite against
oxidative stress and to verify its possible involvement in the Sblll resis-
tance phenotype, wild-type and Sblll-resistant lines of L. (V.) braziliensis
and L. (L.) infantum were transfected with expression constructs con-
taining FeSOD-A (pIR1-BSD-FeSOD) and an empty vector (pIR1-BSD).
This procedure was realized as previously described [17]; for details,
see the Supplementary Material. The vectors were linearized and
electroporated into wild-type and Sblll-resistant L. (V.) braziliensis
and L. (L.) infantum lines. Linearization allows integration of the con-
struct into the ribosomal small subunit locus [21]. Clonal lines resistant
to blasticidin (BSD) were selected and analyzed by PCR and western
blotting to confirm the presence of the BSD gene and overexpression of
FeSOD-A. Western blotting with the polyclonal antibody anti-TcFeSOD-
A showed that the transfected parasites overexpressed FeSOD-A
(Fig. 2S-A Supplementary Material ). Densitometric analysis of the
FeSOD-A band, using anti-« tubulin as a reference, showed that the
level of FeSOD-A expression was 1.5- to 4-fold higher in transfected
clones of wild-type and Sblll-resistant L. (V.) braziliensis and L. (L.)
infantum lines than in the non-transfected or control-transfected de-
rivatives (Fig. 2S-B Supplementary Material).

SOD activity was also measured in the transfected parasites (Table 1).
Extracts of the FeSOD-A overexpressing clones 4 and 5 from the wild-type
L (V.) braziliensis line showed higher SOD activity (83% and 84%, respec-
tively) than the non-transfected (13%) or control-transfected lines
(10%). Extracts of clones 5 and 6 from the wild-type L. (L.) infantum
line also showed higher SOD activity (13% and 29%, respectively) than
the controls (1%). Our results corroborate with those of previous studies
showing higher SOD activity in L. (L.) infantum lines transfected with
SOD-A and SOD-B genes [10]. Interestingly, FeSOD-A overexpressing
clones from both Sblll-resistant L. (V.) braziliensis and L. (L.) infantum
lines showed no significant differences in SOD activity (83%-86% for
LbSbR and 62%-67% for LiSbR) when compared to non-transfected or
control-transfected lines (60%-70% and 46%-51%, respectively). Sbill-
resistant parasites showing high SOD activity did not exhibit an altered
expression in the presence of FeSOD-A overexpression. These parasites
have a very efficient metabolic control system that allows them to avoid
any imbalance that could be harmful to the parasite.

Wild-type and Sblll-resistant L. (V.) braziliensis and L. (L.) infantum
lines and FeSOD-A overexpressing clones were incubated with various
concentrations of Sblll. The concentration of Sblll required to inhibit
the growth by 50% (ECsq) was determined using a Z1 Coulter Counter.
ECs0 values were determined from three independent measurements,
each performed in triplicate, using the linear interpolation method
[22]. Comparative analysis of growth curves of both Leishmania species
(Fig. 2A and B), showed that those from the Viannia sub-genus are more
susceptible to Sblll than those from the Leishmania sub-genus, as previ-
ously demonstrated [15]. As shown in Fig. 24, increasing concentrations
of Sblll produced a decline in the percentage of live parasites from non-
transfected (LbWTS) and vector-transfected (LbWTS-pIR1-BSD) lines
versus FeSOD-A overexpressing clones, which were more resistant to
Sblll. The Sblll ECsq of the non-transfected wild-type LbWTS line was
0.044 mg/mL; in contrast, the Sblll ECsy of FeSOD-A overexpressing
clones 4 and 5 was 0.066 mg/mL and 0.069 mg/mL, respectively. These
data show a 1.5- and 1.6-fold increase in the Sblll resistance indices of
the FeSOD-A overexpressing clones 4 and 5, respectively (Fig. 2A). Similar
results were observed for the wild-type L. (L.) infantum line. Gene
overexpression increased Sblll resistance. The Sblll ECsq values for
FeSOD-A overexpressing clones 5 and 6 from LIWTS line were 0.170
and 0.160 mg/mL, respectively, with Sblll resistance indices 1.7- and
1.6-fold higher than that of the non-transfected LIWTS line, respectively
(Fig. 2B). No significant difference in Sblll-resistance was observed for
FeSOD-A overexpressing clones from both Sblll-resistant Leishmania
species (data not shown). Similar Sblll ECs was observed in clones
from Sblll-resistant FeSOD-A transfected and non-transfected parasites.
Itis likely that FeSOD-A overexpression did not alter the Sblll-resistance
phenotype because these Sblll-resistant parasites already express high
levels of SOD activity. We conclude that overexpression of FeSOD-A in
wild-type lines of L. (V.) braziliensis and L. (L.) infantum increased resis-
tance to Sblll. Getachew and Gedamu [23] reported the role of LdFeSOD-
Ain the protection of L. (L. ) donovani against oxidative stress and in the
control of events related to programmed cell death. The authors also
showed that overexpression of LdFeSOD-A protects the parasite against
cytotoxicity induced by miltefosine and reduces the production of super-
oxide anion. Recently, Mishra and Singh [24] showed that miltefosine-
resistant L. donovani lines present increased expression of FeSOD-A. The
authors suggest that these parasites have greater mitochondrial protec-
tion against oxidative stress, thus inhibiting programmed cell death in
the parasites.

The effect of FeSOD-A overexpression on protection against oxida-
tive stress induced by paraquat, a ROS inducer, was evaluated in L. (V.)
braziliensis and L. (L.) infantum. Compared to the controls, the FeSOD-
A overexpressing clone 5 from the wild-type L (V.) braziliensis line
showed 1.5-fold higher protection against paraquat (Fig. 2C). Statistical
analysis showed a significant difference (p < 0.05) in the response to
4 and 6 mM paraquat in comparison to non-transfected parasites
(LbWTS) (Fig. 2C). However, no difference in the response to 4 mM
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Fig. 2. Susceptibility to Sblll in wild-type L. (V.) braziliensis (A) and L. {L.) infantum (B) lines transfected with pIR1-BSD or pIR1-BSD-FeSOD-A. Parasites were incubated in the absence or presence
of Sblll (0.010-0.25 mg/mL) for 48 h and the percentages of live parasites were determined using amodel Z1 Coulter Counter (Beckman Coulter, Fullerton, CA, USA). In vitro paraquat tolerance of
wild-type (C) and Sblll-resistant (D) L. (V.) braziliensis lines and wild-type (E) and Sblll-resistant (F) L. (L.) infantum lines transfected with pIR1-BSD or pIR1-BSD-FeSOD-A. Parasites were
cultured for 3 or 4 days in the presence of paraquat and the percentages of live parasites were determined using a model Z1 Coulter Counter. Mean values + standard deviations from three
independent (triplicate) experiments are indicated. Data were analyzed by Student's ¢ test performed using the software GraphPad Prism 5.0. Statistically different values are denoted as follows:

*p<005and ** p < 0.001.

paraquat was observed between FeSOD-A overexpressing clone 2 from
Sblll-resistant L. (V.) braziliensis line and the controls (Fig. 2D). In L. (L.)
infantum, compared to the controls, both wild-type and Sblll-resistant
lines overexpressing FeSOD-A (clones 5 and 3) showed no difference
in terms of protection against oxidative stress generated by paraquat
(Fig. 2E and F).

Interestingly, we found that the Sblll-resistant lines exhibited greater
protection against ROS-induced oxidative stress than their wild-type
counterparts did. The percent survival of Sblll-resistant L. (V.) braziliensis
incubated with 4 mM paraquat was 80%; at the same concentration,
only 45% of the wild-type parasites survived (p < 0.001) (Fig. 2D and C).
Similar results were observed in the wild-type and Sblll-resistant L. (L)
infantum lines. At 2 mM paraquat, the percentage of live parasites was
100% for the Sblll-resistant LiSbR line and 77% for its wild-type counter-
part, LIWTS (p < 0.05) (Fig. 2F and E). This higher tolerance to paraquat
exhibited by both Sblll-resistant lines is in agreement with elevated
SOD activity in these parasites.

Our studies on the tolerance with oxidative stress induced by paraquat
showed that overexpression of FeSOD-A in wild-type L. (V.) braziliensis re-
sulted in stronger protection against oxidative stress. Paramchuck et al.
[10] observed that L. (L.) infantum transfected with isoforms SOD-A and
SOD-B were more resistant to paraquat. Ghosh et al. [13] also demonstrat-
ed the importance of SOD in protecting L. (L.) tropica lines against ROS.
Transfection of this gene in the antisense orientation reduced the levels
of SOD mRNA and enzymatic activity, thereby increasing sensitivity to
menadione (a superoxide anion generator) and hydrogen peroxide
[13]. Many studies have shown that there are differences between the
antimony-resistant Leishmania lines generated in laboratory and clinical
isolates, as well as differences intra- and inter-specific of the Leishmania
parasite. Our results showed elevated activity of superoxide dismutase
in Sblll-resistant L. (V.) braziliensis and L. (L.) infantum lines. Further stud-
ies should be performed using antimony-resistant Leishmania clinical iso-
lates in order to investigate the role of this enzyme in clinical resistance to
antimony.

Intracellular pathogens have developed several mechanisms for the
detoxification of ROS. Different enzymes participate in this antioxidant
defense: catalase, glutathione peroxidase, superoxide dismutase, and
peroxiredoxins. Our proteomic analysis of Sblll-resistant L. (V.) braziliensis
and L. (L.) infantum demonstrated an increased abundance of enzymes
involved in antioxidant defense, including pteridine reductase and
tryparedoxin peroxidase [25]. In Leishmania, FeSOD-A appears to be
the first line of defense against ROS. This enzyme is important for para-
site survival inside macrophages. Our study suggests that FeSOD-A is in-
volved in the antimony resistance phenotype in L. (V.) braziliensis and
L. (L.) infantum. As this enzyme is absent in humans, it can be considered
as a rational target for developing new leishmaniasis therapies.
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characterization of ptr1 gene in wild-type (WTS) and Sblll-resistant (SbR) lines from Leishmania guya-
nensis (Lg), Leishmania amazonensis (La), Leishmania braziliensis (Lb) and Leishmania infantum (Li),
evaluating the chromosomal location, mRNA levels of the ptr1 gene and PTR1 protein expression. PFGE
results showed that the ptrl gene is located in a 797 kb chromosomal band in all Leishmania lines
analyzed. Interestingly, an additional chromosomal band of 1070 kb was observed only in LbSbR line.

;fgl"/ivc?i::de&reduc[ase Northern blot results showed that the levels of ptr1 mRNA are increased in the LgSbR, LaSbR and LbSbR
Leishmania lines. Western blot assays using the polyclonal anti-LmPTR1 antibody demonstrated that PTR1 protein is
Drug resistance more expressed in the LgSbR, LaSbR and LbSbR lines compared to their respective WTS counterparts.
Sbill Nevertheless, no difference in the level of mRNA and protein was observed between the LIWTS and LiSbR
Antioxidant defense lines. Functional analysis of PTR1 enzyme was performed to determine whether the overexpression of

ptrl gene in the WTS L. braziliensis and L. infantum lines would change the Sblll-resistance phenotype of
transfected parasites. Western blot results showed that the expression level of PTR1 protein was
increased in the transfected parasites compared to the non-transfected ones. ICsp analysis revealed that
the overexpression of ptrl gene in the WTS L. braziliensis line increased 2-fold the Sblll-resistance
phenotype compared to the non-transfected counterpart. Furthermore, the overexpression of ptrl

Abbreviations: Sblll, potassium antimonyl tartrate; WTS, Wild-type susceptible;
SbR, Sbill-resistant; Lg, L. (V.) guyanensis; Lb, L. (V.) braziliensis; La, L. (L) ama-
zonensis; Li, L. (L.) infantum; PTR1, pteridine reductase 1.
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gene in the WTS L. infantum line did not change the Sblll-resistance phenotype. These results suggest
that the PTR1 enzyme may be implicated in the Sblll-resistance phenotype in L. braziliensis line.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Leishmaniasis is a disease complex with wide epidemiological
and clinical diversity caused by protozoan parasites belonging to
the genus Leishmania. They are classified as neglected tropical
diseases and responsible for a spectrum of clinical manifestations in
humans that include self-healing cutaneous (CL), mucocutaneous
(MCL) skin lesions and visceral (VL) form, which is lethal if un-
treated (Ashutosh et al,, 2007). In the New World, L. (Viannia)
guyanensis and L. (Leishmania) amazonensis are the aetiological
agents of CL, while L. (V.) braziliensis causes CL and MCL, and L. (L.)
infantum (syn. L. (L.) chagasi) is the causative agent of VL (Marzochi
and Marzochi, 1994; Murray et al.,, 2005). The disease is endemic in
98 countries, with an estimated population of 350 million at risk
and an incidence of 1.2 million new cases annually (Alvar et al.,
2012).

Despite high toxicity and cases of drug resistance, pentavalent
antimony-containing compounds (SbV) such as sodium stibogluc-
onate (Pentostam®) and N-methylglucamine (Glucantime®) have
been used as first line choice treatment against all leishmaniasis
forms for more than six decades (Herwaldt, 1999). The mode of
action of antimony is unknown, but it is generally accepted that SbV
needs to be reduced within the organism (macrophage or parasite)
into the trivalent form (SblIl), which is more toxic and active against
the amastigote and promastigote forms of the parasite (Frézard
et al., 2001). Earlier studies have been indicated that antimonials
probably act by inhibiting glycolysis and fatty acid oxidation
(Berman et al., 1987) or by a process of apoptosis involving DNA
fragmentation and externalization of phosphatidylserine on the
outer surface of membrane of the parasite (Sereno et al., 2001;
Sudhandiran and Shaha, 2003). Besides, it has been suggested
that SbllI causes disturbances in the thiol redox potential of Leish-
mania, which would lead the cell to death by oxidative stress
(Wyllie et al., 2004).

The emergence of resistance to antimonials has been reported,
representing a relevant problem in several countries. In India, more
than 60% of patients with VL were unresponsive to SbV treatment
(Sundar, 2001). The mechanisms of resistance to antimonials have
been studied in Leishmania species, which include a decrease in the
reduction rate from SbV to SbIIl and drug uptake, increase in the
level of intracellular thiols (cysteine, glutathione and trypano-
thione) and in the transport (sequestration or efflux) of thiol-metal
conjugates (reviewed by Croft et al., 2006).

The pteridine reductase (PTR1) enzyme is an NADPH-dependent
reductase that participates in the salvage of pteridines (folate and
biopterin), which are essential to maintain growth of Leishmania
(Nare et al., 2009). This enzyme catalyzes the reduction of folate
and biopterin into their biologically active forms tetrahydrofolate
and tetrahydrobiopterin, respectively, which act as co-factors (Nare
et al., 1997, 2009). Earlier study has been demonstrated that one
physiological role of reduced pteridines in Leishmania is to deal
with oxidative and nitrosative species, and a decreased ability to
provide reduced pteridines leads to decreased intracellular survival
(Moreira et al, 2009). Indeed, another study performed with
Leishmania major lines revealed that PTR1 contributes for resis-
tance to oxidative stress within the macrophage, suggesting that
the mechanism of action of antimonials might be related to the

production of reactive oxygen species (Nare et al., 2009). Thus, as
Leishmania is auxotrophic for pteridines, a disruption of their
salvage process represents a potential therapeutic strategy.

The mechanisms of resistance to antimonials have been exten-
sively studied in Old World Leishmania species (Frézard et al., 2014).
However, the mechanisms involved in drug resistance in Old and
New World pathogenic species are far from being fully elucidated,
demonstrating that they are multifactorial and involve different
pathways. As recently reported, our proteomic and phosphopro-
teomic analysis demonstrated that the abundance levels of PTR1
was increased in the Sblll-resistant Leishmania braziliensis line
compared to its susceptible counterpart (Matrangolo et al., 2013;
Moreira et al, 2015). Thus, in this study to investigate better the
involvement of this enzyme in the resistance phenotype to trivalent
antimony in Leishmania, we performed the molecular character-
ization of PTR1 in wild-type and Sblll-resistant lines of Leishmania
guyanensis, Leishmania amazonensis, L. braziliensis and Leishmania
infantum. Initially, the chromosomal location of ptr1 gene, mRNA
levels and PTR1 protein expression were investigated in these lines.
Subsequently, we generated parasites overexpressing this enzyme,
which were analyzed for the levels of PTR1 protein expression and
susceptibility to Sblll in L. braziliensis and L. infantum lines.

2. Material and methods
2.1. Leishmania spp. samples

Promastigote forms of L. guyanensis (IUMB/BR/85/M9945),
L. amazonensis (IFLA/BR/67/PH8), L. braziliensis (MHOM/BR/75/
M2904) and L. infantum (MHOM/BR/74/PP75) were used in our
analysis. The antimony-resistant lines were previously selected
in vitro to trivalent antimony (Sblll) by step-wise drug pressure and
the resistance index varied from 4 to 20-fold higher than of their
wild-type counterparts (Liarte and Murta, 2010). Parasites were
grown at 26 °C in M199 medium supplemented (Liarte and Murta,
2010). All assays were performed with parasites in the logarithmic
phase of growth.

2.2. Pulsed field gel electrophoresis (PFGE)

PFGE assays were performed as previously described (Moreira
et al,, 2013). Briefly, the agarose blocks containing intact chromo-
somal DNA from different Leishmania lines (2.0 x 10° cells/ml) were
separated by PFGE in 1% agarose gels in 0.5x TBE (45 mM Tris—HCl,
45 mM boric acid, 1 mM EDTA, pH 8.3) at 9 °C. The electrophoresis
conditions that allowed the separation of the greatest number of
parasite chromosomes were: 90 s for 15 h, 200 s for 24 h, 400 s for
15 h and 600 s for 15 h at 90 V. After electrophoresis, bands were
transferred onto nylon membrane that was incubated with a 32p-
labeled ptri gene probe for identification of the ptr1 gene. For this
probe, was used a 559 bp ptr1 fragment (LbrM.23.0300) amplified
with the primers: forward 5-TAGATCTCCACCATGACGTCCGTTGC-
GACAGT-3' and reverse 5'-GCTGGTTTGTCATGGCGTC-3'.

2.3. Northern blot assays

Total RNA from different Leishmania lines was extracted by
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RNAzol reagent as described by the manufacturer's instruction
(Invitrogen). About 20 pg of total RNA was loaded onto a
formaldehyde-agarose gel, stained with ethidium bromide, pho-
tographed and transferred onto nylon membrane. Blots were hy-
bridized with [a->2P] dCTP labeled ptr! gene probe as described
above. Leishmania 24S ribosomal RNA gene probe was used as
control. The band intensities were analyzed using the software CP
ATLAS 2.0 (http://lazarsoftware.com/download.html).

2.4. Western blot analysis

Total proteins from different Leishmania lines were obtained as
previously described (Gamarro et al., 1994). Protein extracts (40 ug)
were separated by electrophoresis on 12% SDS polyacrylamide gel
and electrotransferred onto nitrocellulose membranes (BioRad,
Hercules, CA, USA). The membranes were blocked by incubation
with 5% instant non-fat dry milk in PBS supplemented with 0.05%
Tween 20 (PBS-T) for 1 h. The membranes were probed for 12 h at
4 °C in the blocking solution with rabbit polyclonal L. major anti-
PTR1 antibody (1:100) (kindly provided by Dr. Stephen Beverley,
Washington University, USA). The blots were washed and then
incubated for 1 h with horseradish peroxidase-conjugated anti-
rabbit IgG (GE Healthcare) diluted 1:2,000 in blocking solution.
After, the blots were washed, incubated with ECL Plus chemilumi-
nescent substrate (GE Healthcare) and exposed to an X-ray film
(Amersham, Buckinghamshire, UK). To confirm equivalent loading,
SDS-PAGE containing the samples were stained with Coomassie
Blue. Furthermore, the anti-o-tubulin monoclonal antibody
(1:10,000) (Sigma, St. Louis, USA) was used as standard to
normalize the results. The intensity of the bands was analyzed
using the software CP ATLAS 2.0.

2.5. Generation of ptr1 overexpressors lines

An 867 bp fragment corresponding to ptrl encoding region
(LbrM.23.0300) was amplified with Pfx DNA polymerase (Invi-
trogen) from L. braziliensis genomic DNA using the forward primer:
5'-TAGATCTCCACCATGACGTCCGTTGCGACAGT-3' and the reverse
primer: 5’-TTAGATCTTCAGGCCCGGGTAAGGCTGTAGC-3' in which
the underlined sequences correspond to Bglll restriction site. The
PCR product encoding ptr1 was cloned into the pGEM T-Easy vector
(Invitrogen) and subsequently submitted to sequencing reaction for
confirmation of correct sequence. All constructs were sequenced in
an ABI 3130 (Applied Biosystems). The pGEM-PTR1 construct was
cut with Bglll and the fragment released was subcloned into the
dephosphorylated pIR1BSD expression vector (kindly provided by
Dr. Stephen Beverley, Washington University, USA). To confirm the
correct direction of cloning, the construct was then digested with
Smal releasing fragments that confirmed the sense direction of
gene. Thereafter, the constructs pIR1BSD (empty vector) and
pIR1BSD-PTR1 were linearized by Swal digestion and electro-
porated into wild-type L. braziliensis and L. infantum lines. This al-
lows integration of the vector into the ribosomal small subunit
locus. Parasite transfection was performed as previously described
(Robinson and Beverley, 2003) using a GenePulser XCell (BioRad).
Colonies were obtained following plating on semisolid M199 me-
dium containing blasticidin (BSD) (10 pg/ml). After 1-2 weeks,
clonal lines were generated and the presence of construct was
confirmed by PCR tests using genomic DNA with primers specific
for the BSD marker. In addition, Western blot assays were carried
out for investigating the level of expression of PTR1 protein in the
transfected parasites.

2.6. Susceptibility assay of L. braziliensis and L. infantum clonal
lines to Sbill

Promastigotes of wild-type L. braziliensis and L. infantum clonal
lines non-transfected or transfected with the constructs pIR1BSD
(empty vector) or pIR1BSD-PTR1 were submitted to Sblll suscep-
tibility assay. Parasites were seeded at 2 x 10° cells/ml into 24-well
plates in the absence or presence of various concentrations of Sblll
(0.025—1.0 mg/ml) for 48 h. The concentration of Sblll required to
decrease growth by 50% (inhibitory concentration ICsp) was
determined using a model Z1 Coulter Counter (Beckman Coulter,
Fullerton, CA, USA). ICsp values were determined from three inde-
pendent measurements, each performed in triplicate.

2.7. Statistical analysis

Data were analyzed by Student's t test performed using the
software GraphPad Prism 5.0. A p value less than 0.05 was
considered statistically significant.

3. Results

3.1. Chromosomal location and amplification of the ptr1 gene in
Leishmania lines

In this study, we used PFGE assays to evaluate the profile of
chromosomal distribution of the ptr1 gene in Leishmania lines
(Fig. 1A). The hybridization pattern of the chromosomes demon-
strated that the ptr1 gene probe recognized a 797 kb chromosomal
band in all Leishmania samples analyzed (Fig. 1B) which fits with
the size of chromosome 23 of Leishmania (795 kb) (TriTrypDB). In a
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Fig. 1. Chromosomal location of ptr1 gene in wild-type (WTS) and Sblll-resistant (SbR)
Leishmania lines. (A) Chromosomal bands from the Leishmania lines were separated by
PFGE and stained with ethidium bromide. (B) Chremosomal band profiles hybridized
with a *2P-labeled ptri-specific probe. Whole chromosomes from Saccharomyces cer-
evisiae were used as molecular weight markers.
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preliminary analysis, we observed that the intensity of this band
was increased in the Sblll-resistant lines of L. guyanensis,
L. amazonensis and L. infantum. Interestingly, we observed that the
ptrl gene probe also recognized another band of approximately
1070 kb only in the Sblll-resistant L. braziliensis line (Fig. 1B),
indicating an extrachromosomal amplification of the ptri gene in
this LbSbR line.

3.2. Levels of ptr1 mRNA in Leishmania lines

We performed Northern blot analysis to investigate the ptri
mRNA levels in Leishmania lines. Blots hybridized with ptr1 gene
probe showed the presence of one transcript of approximately
1.6 kb in all Leishmania samples analyzed (Fig. 2A). After normali-
zation using a Leishmania 24S ribosomal RNA gene probe (Fig. 2B),
the results revealed that the levels of ptr1 mRNA were 3.7-, 2.6- and
4.4-fold higher in the Sblll-resistant L. guyanensis, L. amazonensis
and L. braziliensis lines compared to their susceptible counterparts,
respectively. No difference was observed between the wild-type
and Sblll-resistant L. infantum lines (Fig. 2A).

3.3. Levels of PTR1 protein expression

We also determined the levels of PTR1 protein in Leishmania
lines by Western blot assays using a polyclonal L. major anti-PTR1
antibody. The results showed that this antibody recognized a
30.5 kDa polypeptide of expected size in all Leishmania samples
analyzed (Fig. 3B). Densitometric analysis of this polypeptide
compared to a-tubulin levels (Fig. 3C) revealed that the expression
level of PTR1 protein is 3- and 4-fold higher in the Sblll-resistant
L. guyanensis and L. amazonensis lines in comparison with their
susceptible counterparts, respectively (Fig. 3B). Recently, we
observed that PTR1 protein was increased 7-fold in the SbIll-
resistant L. braziliensis line, whilst the expression level of this
polypeptide was similar between the WTS and SbR lines of
L. infantum (Matrangolo et al., 2013).

3.4. Overexpression of PTR1 enzyme in Leishmania lines and
susceptibility assay to Sblll

The constructs containing the ptrl gene (pIR1BSD-PTR1) and
empty vector (pIR1BSD) were linearized and electroporated into
wild-type L. braziliensis and L. infantum lines. This vector linearized
allows integration of the construct into the ribosomal small subunit
locus (Robinson and Beverley, 2003). After, the parasite clonal lines
resistant to blasticidin (BSD) were selected and subjected to PCR
and Western blot assays in order to confirm the presence of the BSD
gene and overexpression of the PTR1 enzyme. Colonies of each
construct pIR1BSD (empty vector) or pIR1BSD-PTR1 from wild-type
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Fig. 2. Northern blot analysis of the ptr1 gene from wild-type (WTS) and Sblll-resistant
(SbR) Leishmania lines. (A) Northern blot profiles of total RNA extracts obtained using a
32p-Jabeled ptri-specific probe. (B) As quantitative control, the membrane was exposed
to a Leishmania 24S ribosomal RNA gene probe.

L. braziliensis and L. infantum lines were evaluated by PCR. The re-
sults showed that all colonies resistant to blasticidin analyzed,
showed a fragment of 399 bp, corresponding to BSD marker (data
not shown). Western blot analysis using a polyclonal antibody,
L. major anti-PTR1, showed that the transfectant parasites analyzed
are overexpressing PTR1 enzyme (Fig. 3D—G). We observed that the
level of PTR1 protein expression was 2.3—5.3-fold higher in the
transfected clones from wild-type L. braziliensis and L. infantum
lines than in the non-transfected or transfected with empty vector
(Fig. 3F=G).

The wild-type lines of L. braziliensis and L. infantum and ptri
overexpressors clones were incubated with different Sblll concen-
trations. The IC5p was determined by counting of parasite number
grown in the absence and presence of Sblll. The results demon-
strated that the Sblll ICsq of the non-transfected wild-type LbWTS
line was 0.04 mg/ml. In contrast the Sblll ICs5q of overexpressors
clones 3 and 20 was 0.07 mg/ml and 0.08 mg/ml, which shows an
increase of 1.75 and 2.0-fold in the SbII resistance index of these
clones, respectively (Fig. 4A). The SbllI IC5q of non-transfected wild-
type LIWTS line was 0.14 mg/ml, and the Sblll IC59 of over-
expressors clones 1 and 7 was 0.12 mg/ml and 0.13 mg/ml,
respectively (Fig. 4B). This result demonstrates that no difference in
Sblll-resistance phenotype was observed for both ptr1 over-
expressors clones from wild-type L. infantum line. In all analysis, we
also used parasites transfected with empty vector to verify the
interference of the vector in our assays. As demonstrated previ-
ously, no difference was observed between parasites non-
transfected and transfected with empty vector (Andrade and
Murta, 2014; Tessarollo et al., 2015).

4. Discussion

There are several hypotheses that may explain the possible
mechanism of action of antimonials and one of them is guided in
the induction mechanism to oxidative stress generated by Sblll
drug (Nare et al, 2009). Thus, the knowledge of the role of the
pteridine reductase (PTR1) enzyme in maintaining the levels of
tetrahydropteridine seems elucidate one possible mechanism of
action of antimonials. This enzyme is responsible for the reduction
of pteridines to their active form, tetrahydropteridine. This reduc-
tion allows decreasing of the damage caused by reactive oxygen
species either by the ability to repair oxidative damage to cellular
components or by the maintenance of cellular pathways that affect
the oxidative susceptibility (Nare et al., 2009). Moreover, tetrahy-
dropteridine can react rapidly with oxygen, superoxide, peroxyni-
trite and hydrogen peroxide, demonstrating its important function
in protecting of the cells against oxidative damage (Moreira et al.,
2009). Literature data emphasize the importance of biopterin as
an essential growth factor for Leishmania spp. in culture medium.
Roy et al. (2001) showed that the genes coding for the PTR1 or for
the biopterin transporter (BT1) were overexpressed in L. major and
Leishmania donovani culture-adapted cells in medium with low
pterin concentrations. Papadopoulou et al. (2002) demonstrated
that biopterin transport in Leishmania appears essential, since
growth of the L. donovani BT1 null mutant was observed only when
the medium was supplemented with biopterin. Interestingly, we
detected greater survival of L. braziliensis and L. infantum treated
with Sblll in the medium supplemented with biopterin when
compared to those parasites grown in the medium without bio-
pterin (data not shown). These results suggest that the biopterin
reduced may contribute to decrease the cellular damage caused by
action of the Sblll drug and consequently increasing the survival of
the parasites. Therefore, due to crucial role of PTR1 enzyme in the
antioxidant defense and to be a drug-target candidate for chemo-
therapy of leishmaniasis, we performed molecular characterization
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Fig. 3. Levels of PTR1 protein expression in wild-type (WTS) and Sblll-resistant (SbR) L. guyanensis and L. amazonensis lines, and in clonal lines from wild-type L. braziliensis and
L. infantum non-transfected or transfected with the constructs pIR1BSD-PTR1. Proteins (40 pg) were separated on 12% SDS-PAGE and blotted onto nitrocellulose membranes. (A, D
and E) Total protein profile stained with Coomassie blue. (B and F) Western blot analysis using the polyclonal L. major anti-PTR1 antibody (1:100) and developed using ECL. (C and G)
The membranes were normalized with the ¢-tubulin monoclonal antibedy (1:10,000). The intensity of the bands was analyzed using the software CP ATLAS 2.0.
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*p < 0.05 (LbWTS non-transfected line compared to transfected clones).

and functional analysis of this enzyme in wild-type and SbIIl-
resistant Leishmania lines.

Initially, we investigated the chromosomal location and ampli-
fication of ptr1 gene in Leishmania lines using PFGE assays. PFGE
analysis showed that this gene is located in chromosomal band of
approximately 797 kb in all samples analyzed. In LbSbR line, we
also observed that the ptr1 gene probe recognized another chro-
mosomal band of 1070 kb, demonstrating that the ptrl gene is
amplified in the genome of this Sblll-resistant L. braziliensis line.
This result indicates that the presence of two chromosomal bands
in the LbSbR line may be due to the presence of the ptrl gene in
homologous chromosomes of different sizes, variation in the size of
telomeric regions, small deletions or insertions (Henriksson et al.,
1993). Earlier studies have been reported the amplification of the
ptr1 gene in methotrexate-resistant L. major and L. infantum species
(Guimond, 2003; Ubeda et al., 2008), corroborating our data.

The MRPA (multidrug resistance protein A) gene is part of the H
locus, a region that also contains the ptr1 gene (Beverley et al., 1984;
Ouellette et al., 2002). Recently, our research group demonstrated

that the MRPA gene is amplified in the Sblll-resistant L. braziliensis
line (Moreira et al., 2013). This result supports the idea that the ptri1
gene is co-amplified with MRPA gene in our LbSbR line. Interest-
ingly, these both genes were found co-amplified in natural
antimony-resistant isolates of L. donovani (Mukherjee et al., 2007).

Northern blot data showed that ptri transcritps are higher in the
Sblll-resistant L. braziliensis line when compared to its susceptible
pair. This data is corroborated by earlier microarray results, which
demonstrated that the level of ptr1 mRNA is increased 3-fold in the
LbSbR line (Liarte et al. - in preparation). Literature data indicate
that the hybridization profile of the ptr1 mRNA in methotrexate-
resistant L. major reveals a transcript of 2.4 kb (Guimond, 2003).
However, our Northern blot results showed a 1.6 kb transcript in all
samples analyzed. One possible explanation for this difference in
transcript size may be due to differences in the levels of mRNA
maturation with recognition of small mature monocistronic and
other polycistronic groups which have not been undergone matu-
ration and processing. Northern blot results also showed that the
levels of ptr1 mRNA are higher in the Sblll-resistant L. guyanensis
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and L. amazonensis lines. Western blot assays demonstrated that
the expression level of PTR1 protein is also increased in these both
SbR lines. Study previously published by our group showed that the
expression level of this protein is higher in the LbSbR line compared
to its LbWTS counterpart, while no difference of PTR1 protein was
detected between the wild-type and Sblll-resistant lines of
L. infantum (Matrangolo et al,, 2013). Together, our results show
that the higher levels of ptrtmRNA reflect in the increase in the
expression level of PTR1 protein in the Sblll-resistant L. guyanensis,
L. amazonensis and L. braziliensis lines. On the other hand, this
enzyme is not increased in L. infantum, since the data demonstrated
similar level of PTR1 protein between the wild-type and Sblll-
resistant lines of this parasite. PTR1 protein was found overex-
pressed in L. major methotrexate-resistant mutant, corroborating
our results (Drummelsmith et al,, 2003).

Functional assays were performed to investigate the role of PTR1
enzyme in the antioxidant defense and to verify its possible
involvement in the Sblll-resistance phenotype. For this analysis, we
transfected wild-type L. braziliensis and L. infantum lines with the
construction pIR1BSD-PTR1. Western blot results showed that the
transfected parasites presented an increase in the expression level
of this enzyme compared to their non-transfected pairs. Our data
revealed that the wild-type L. braziliensis line transfected with the
ptrl gene increased 2-fold the Sblll-resistance phenotype
compared to its respective non-transfected pair. The wild-type
L. infantum line transfected with the ptr1 gene did not show dif-
ference in the Sblll-resistance phenotype in relation to its non-
transfected pair, demonstrating that the overexpression of this
gene is not associated with the resistance phenotype to Sblll in this
line analyzed. Literature data have been shown that the over-
expression of the ptr1 gene in Trypanosoma cruzi lines increases the
resistance level to methotrexate and inhibitor drugs of the dihy-
drofolate reductase enzyme in parasites transfected, when
compared to their non-transfected pairs (Robello et al., 1997). Other
studies also reported the essential role of PTR1 enzyme in the
protection of Leishmania against oxidative stress. Moreira et al.
(2009) observed an increase in intracellular oxidant molecules in
L. major, L. tarentolae and L. infantum PTR1~/~ mutants, demon-
strating that these parasites were more sensitive to hydrogen
peroxide (H20) and nitric oxide-induced stress. Interestingly, Nare
et al. (2009) also showed that ptr1~ null mutants of L. major were
18-fold more sensitive to H,0, than PTR1-overproducing lines, and
significant 3—5 fold differences were observed with a broad panel
of oxidant-inducing agents.

Recently, we have been shown the involvement of important
enzymes such as iron superoxide dismutase and tryparedoxin
peroxidase in the antioxidant defense of Leishmania parasites
(Tessarollo et al., 2015; Andrade and Murta, 2014; Matrangolo et al.,
2013). In this study, we can conclude that the PTR1 enzyme may be
implicated in the resistance phenotype to Sblll in L. braziliensis,
since it was demonstrated the protection ability of this protein
against oxidative stress in this parasite, supporting the hypothesis
that PTR1 can represent a rational target for chemotherapy of
leishmaniasis. On the other hand, we observed that this enzyme is
not associated to antimony resistance in L. infantum. Our previous
data demonstrated that Sblll-resistant L. braziliensis line present
increased expression from MRPA gene and reduction in the accu-
mulation of antimony, in contrast no difference was detected in the
Sblll-resistant L. infantum line compared to its respective Sblll-
susceptible line (Moreira et al., 2013). In addition, L. braziliensis is
more susceptible to Sblll than the L. infantum species (Liarte and
Murta, 2010) and both present different clinical manifestations
and they belong to different subgenus. All these data suggest that
different mechanisms of resistance to antimonials may be acting in
these Leishmania species.
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Lipoamide dehydrogenase (LipDH) is a flavin-containing disulfide oxidoreductase from the same group
of thioredoxin reductase, glutathione reductase and trypanothione reductase. This enzyme is found in
the mitochondria of all aerobic organisms where it takes part in at least three important multienzyme
complexes from the citric acid cycle. In this study, we performed a phylogenetic analysis comparing the
amino acid sequence of the LipDH from Trypanosoma cruzi (TcLipDH) with the LipDH from other or-
ganisms. Subsequently, the copy number of the TcLipDH gene, the mRNA and protein levels, and the
enzymatic activity of the LipDH were determined in populations and strains of T. cruzi that were either
resistant or susceptible to benznidazole (BZ). In silico analysis showed the presence of two TcLipDH alleles
in the T. cruzi genome. It also showed that TcLipDH protein has less than 55% of identity in comparison to
the human LipDH, but the active site is conserved in both of them. Southern blot results suggest that the
TcLipDH is a single copy gene in the genome of the T. cruzi samples analyzed. Northern blot assays
showed one transcript of 2.4 kb in all T. cruzi populations. Northern blot and Real Time RT-PCR data
revealed that the TcLipDH mRNA levels were 2-fold more expressed in the BZ-resistant T. cruzi population
(17LER) than in its susceptible pair (17WTS). Western blot results revealed that the TcLipDH protein level
is 2-fold higher in 17LER sample in comparison to 17WTS sample. In addition, LipDH activity was higher
in the 17LER population than in the 1T7WTS, Sequencing analysis revealed that the amino acid sequences
of the TcLipDH from 17WTS and 17LER populations are identical. Our findings show that one of the

Abbreviations: BZ, benznidazole; LipDH, lipoamide dehydrogenase; Tc, Trypa-

nosoma cruzi.
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mechanisms associated with in vitro-induced BZ resistance to T. cruzi correlates with upregulation of

LipDH enzyme.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

Chagas disease is caused by the pathogen Trypanosoma cruzi and
affects about 6—7 million people worldwide (WHO, 2016). Due to
intense immigration process this disease have been reported not
only in the endemic area, Latin America, but also in North America,
Europe and Asia (WHO, 2016) where they are responsible for a
global cost of 7 billion dollars annually (Lee et al., 2013).

Chagas disease treatment relies on drugs developed over 45
years ago, nifurtimox (NFX) (5-nitrofuran) and benznidazole (BZ)
(2-nitroimidazole) (Perez-Molina et al., 2009). NFX becomes active
after its nitro group is reduced to nitro anion radicals that react
with oxygen producing toxic oxygen metabolites such as superox-
ide anions and hydrogen peroxide (Maya et al., 2007). Differently
from NFX, BZ trypanocidal effect does not depend on oxygen rad-
icals and previous studies have shown that reduced BZ metabolites
bind covalently to macromolecules leading to deleterious effects
(Diaz de Toranzo et al., 1988). Metabolomic analysis showed that
the binding of BZ reduction products with thiols is responsible by
drug toxicity against T. cruzi (Trochine et al,, 2014). Although BZ and
NEX drugs can reach a 76% cure rate in acute cases of Chagas dis-
ease, their efficiency is dramatic lower in chronic infections where
the percentage of cure is around 8% (Cancado, 2002). This poor
efficiency is associated mostly to the existence of naturally resistant
T. cruzi strains (Filardi and Brener, 1987; Murta et al., 1998; Toledo
et al., 2004; Wilkinson et al., 2008) and emphasizes the impor-
tance of selecting new drugs and/or targets for Chagas disease
treatment.

Drug resistance mechanisms in T. cruzi remain poorly under-
stood and several studies have proposed the involvement of
different genes which could be associated with resistance to BZ and
NEX in this parasite. For instance, one of the mechanisms confer-
ring in vitro-induced BZ resistance to T. cruzi correlates with dele-
tion of copies of the TcOYE gene (Murta et al., 2006). Wilkinson et al.
(2008) showed that reduced levels of a type I nitroreductase in an
in vitro-selected BZ-resistant T. cruzi population contributed to the
resistance phenotype. In a previous study, we employed Differen-
tial Display and Representation of Differential Expression meth-
odologies and demonstrated that lipoamide dehydrogenase
(LipDH) was two-fold higher in an in vitro-induced BZ-resistant
population (17LER) than in its -susceptible counterpart (17WTS)
(Murta et al., 2008).

LipDH is a pyridine nucleotide-disulphide oxidoreductase of
class | that catalyzes the reaction Dihydrolipoamide + NAD" <
Lipoamide + NADH + H" using FAD as a cofactor (Portela and
Stoppani, 1991; Else et al,, 1993). This enzyme is a type II nitro-
reductase found in the mitochondria of all aerobic organisms
where it is the third component of the 2-oxo acid dehydrogenase
multienzyme complexes from the citric acid cycle.

There are three known 2-oxo acid dehydrogenase multien-
zyme complexes: (i) the pyruvate dehydrogenase complex, (ii) the
2-oxoglutarate dehydrogenase complex, and (iii) the branched-
chain 2-oxo acid dehydrogenase complex (Perham and
Packman, 1989; Williams, 1992). The pyruvate dehydrogenase
complex is the gateway between glycolysis and the citric acid
cycle in aerobic organisms. The 2-oxoglutarate dehydrogenase
complex participates in the citric acid cycle and lysine

degradation and the branched-chain 2-oxo acid dehydrogenase
complex has a role in the metabolism of the branched-chain
amino acids leucine, isoleucine and valine. LipDH also takes part
in the glycine cleavage system (Walker and Oliver, 1986; Douce
et al., 2001) and has an important role in the redox homeosta-
sis, since it is able to catalyze the oxidation of NADH to NAD™
using different electron acceptors such as oxygen, ferric iron
(Petrat et al., 2003), nitric oxide (Igamberdiev et al., 2004), and
ubiquinone (Olsson et al, 1999). Reduction of ubiquinone pro-
duces ubiquinol, a powerful antioxidant (Nordman et al., 2003).
Interestingly, Babady et al. (2007) evidenced that LipDH from
mice, pigs and humans also possess a serine protease activity in
its homodimer interface.

The studies mentioned above show the role of LipDH in energy
and redox metabolism and give evidence that this enzyme can
interfere in pathogen infection. Unlike other pathogens, T. cruzi
has only one isoform of this important enzyme making LipDH a
potential drug target. Besides, TcLipDH is part of a group of en-
zymes with antioxidant activity that is more expressed in an
in vitro-induced BZ-resistant population, 17LER (Murta et al,
2008). In this study, we performed a phylogenetic analysis
comparing the amino acid sequence of the TcLipDH protein with
those of LipDH from other organisms. Subsequently, the copy
number of the LipDH gene, the mRNA and protein levels, as well as
the enzymatic activity of the LipDH were determined in pop-
ulations and strains of T. cruzi that were either resistant or sus-
ceptible to BZ. We expect that the characterization of this gene in
these samples can contribute to elucidate the complex phenom-
enon of resistance to BZ in T. cruzi.

2. Material and methods
2.1. Trypanosoma cruzi populations and strains

In this study, we used a T. cruzi population with in vivo selected
BZ resistance (BZR) and its susceptible pair (BZS) and a pair of BZS
and BZR clones (clones 4S and 16R, respectively) (Murta and
Romanha, 1998). The BZR T. cruzi population was derived from
the Y strain, selected in vivo after 25 successive passages in mice
treated with a single high BZ dose (500 mg/kg of body weight)
(Murta and Romanha, 1998). Resistant parasites were maintained in
mice treated with this single high dose of BZ at the peak of para-
sitemia. The mice were bled 6 h after drug administration and the
blood was seeded in liver infusion tryptose (LIT) medium at 28 °C to
obtain parasite mass. A population with in vitro-induced BZ resis-
tance (17LER) and its susceptible pair (17WTS) (Nirdé et al., 1995)
were also included in this study. It is important to highlight that the
resistance index to BZ of the 17LER parasites (ICsp 220 uM) is 23-
fold higher than the 17WTS parasites (ICsg 9.8 uM). These para-
sites were kindly provided by Dr. Philippe Nirdé (Génétique
Moleculaire des Parasites et des Vecteurs, Montpellier, France).
Furthermore, we also used one naturally BZ-resistant strain
(Colombiana) and other susceptible strain (CL), previously charac-
terized by Filardi and Brener (1987) regarding their in vivo sus-
ceptibility to BZ. The epimastigote forms used here were
maintained in LIT medium at 28 °C.



160

PF dos Santos et al. / Experimental Parasitology 170 (2016) 1-9 3

2.2. In silico and phylogenetic analyses of the TcLipDH gene

A TcLipDH reference sequence (GenBank accession no. X89112)
was used in a similarity search against a local copy of the T. cruzi
database (El-Sayed et al., 2005). Copies of the T. cruzi Esmeraldo-
like haplotype, Non Esmeraldo-like haplotype and unassigned
contigs were downloaded from TriTrypDB (http://tritrypdb.org/
common/downloads/release-3.0/Tcruzi/). Search parameters did
notsinclude low complexity filters and had an E-value less than
le ™.

In order to corroborate our search, positive blast hits (Altschul
et al., 1997) were submitted to an in silico characterization using a
Perl script developed by Dr. Jerdnimo C. Ruiz (Ruiz, JC, personal
communication). This script scanned all TcLipDH protein sequences
in search for the motif G- G- x - C - [LIVA] - x(2) - G- C - [LIVM] — P.
This motif characterizes the active site of the pyridine nucleotide-
disulphide oxidoreductases of class I (PDOC00073, E.C 1.8.1.4). In
LipDH proteins, the two cysteines participate of the electron
transfer from FAD to the lipoamide substrate (Mande et al., 1996).
Every residue was confirmed by manual annotation using ARTEMIS
(Rutherford et al., 2000).

Phylogenetic analysis was performed as described in Santos
et al. (2012). The TcLipDH reference sequence (GenBank accession
no. X89112) from T. cruzi predicted proteome was compared against
the proteomes of Trypanosoma brucei, three Leishmania spp.
(L. braziliensis, L. infantum and L. major), one species of algae
(Euglena gracilis), two species of plants (Arabidopsis thaliana and
Lycopersicum esculentum), and four species of mammals (Homo
sapiens, Mus musculus, Mesocricetus auratus and Cricetulus griseus).
Briefly, the sequences were aligned using MAFFT software (Katoh
et al,, 2002) and the alignment generated was trimmed using Tri-
mAl (Capella-Gutierrez et al., 2009) to select block of conserved
regions. The model JTT was used in the analysis since it was the
model which best fitted with the alignment using ProtTest version
2.4 (Abascal et al., 2005). The PHYLIP package version 3.67 was used
to perform all other phylogenetic steps (Felsenstein, 2009), and the
phylogeny generated in NEXUS format was read in FigTree version
1.2.3 software (http://tree.bio.ed.ac.uk/software/figtree).

2.3. Extraction and preparation of DNA and RNA

T. cruzi genomic DNA and total RNA were extracted and prepared
as described previously by Nogueira et al. (2006). For TcLipDH gene
analysis, 14 pg of genomic DNA from different T. cruzi populations
and clones were digested with endonucleases Aval and EcoRI
(Invitrogen, Carlsbad, CA, USA). Southern and Northern blots were
hybridized with 32P-labeled TcLipDH probes according to Murta
et al. (2006).

2.4. Polymerase chain reaction (PCR)

Probes used in Northern and Southern blot assays were pre-
pared from PCR amplification of DNA from T. cruzi Y strain. A 500 bp
segment of the TcLipDH gene (GenBank accession no. X89112) was
amplified using the forward primer 5'-ATGTTCCGTCGTTGTGCAGT-
CAAG-3' and the reverse primer 5-TCATCAAACGGCAAGAAGGG-3'.
The amplification was carried out in a Perkin Elmer (Waltham, MA,
USA) GeneAmp 9600 thermocycler in a final volume of 10 pL con-
taining 0.5 Units of Tag DNA polymerase (Invitrogen), 200 pM of
each dNTP, 1.5 mM MgCl,, 1X specific Tag DNA polymerase buffer
together with 10 pmol of each primer. Each reaction was subjected
to an initial denaturation at 95 °C for 5 min, followed by 30 cycles of
three steps (denaturation at 95 °C for 1 min, annealing 65 °C for
1 min and extension at 72 °C for 1 min). After these cycles, a final
extension was performed at 72 °C for 5 min. PCR product was

subjected to electrophoresis through a 6% non-denaturing poly-
acrylamide gel.

2.5. Quantitative real-time RT-PCR

Real time RT-PCR assays were performed as previously
described (Nogueira et al., 2006), using the primers forward 5'-
CCAACTTTGCACGCTACGG-3' and reverse 5- TCATCAAACGGCAA-
GAAGGG-3' that amplified a 283 bp segment from the complete
nucleotide sequence of TcLipDH gene (GenBank accession no.
X89112). Standard curves were prepared for each run using known
quantities of pCR 2.1-TOPO plasmids (Invitrogen) containing the
TcLipDH or hypoxanthine-guanine phosphoribosyltransferase
(TcHGPRT) T. cruzi genes. Raw products were quantified using ABI
Prism 7000 - Sequence Detection System SDS (PE Applied Bio-
systems, Foster City, CA, USA). The housekeeping TcHGPRT gene, a
T cruzi single copy gene, was employed to normalize the amount of
each sample assayed (Allen and Ullman, 1994). It is expressed at
equivalent levels in all T. cruzi samples analyzed presenting a
quantitation cycle of 22 + 0.78.

2.6. Cloning of TcLipDH gene and purification of recombinant
protein

The TcLipDH complete sequence (GenBank accession no.
X89112) was amplified with the forward and reverse primers 5'-
CGCGGATCCCCATGTTCCGTCGTTGTGCAGTCAAG-3' and 5'-
CGGGAATTCTTAAAAGTTAATAGTCTTCGCGAC-3', respectively. The
underlined segments added to primers forward and reverse are
restriction sites for the enzymes BamHI and EcoRI, respectively.
These were used to insert the segment into the expression vector
pGEX-5X-3 (GE Healthcare). The recombinant vector was trans-
formed into E. coli BL-21(DE3)pLysS and the recombinant protein
was expressed using 2 mM IPTG (Promega) at 37 °C, under stirring,
for up to 6 h. After an SDS-PAGE of total protein from transformed
bacteria, the polyacrylamide gel was treated with 0.1 M KCl solution
at 4 °C to precipitate the proteins. Subsequently, the band corre-
sponding to the recombinant TcLipDH protein was excised and
submitted to electroelution using 3 mL of buffer (25 mM Tris-HCl,
192 mM glycine and 0.1% SDS at pH 8.3) at 100 V for 3 h.

2.7. Production of polyclonal antibody and Western blot assays

The electroeluted fraction containing TcLipDH was used for
production of polyclonal antibody. Protocols for immunization,
total protein extraction as well as Western blot were performed as
described previously (Nogueira et al., 2006). Briefly, total protein
from different T. cruzi populations and clones were extracted and
quantified using Bradford's Method (Bradford, 1976). Following
quantification, 20 pg of proteins from each sample were separated
by SDS-PAGE and transferred onto nitrocellulose membranes (Bio-
Rad, Hercules, CA, USA). The membranes were blocked, washed and
incubated with the polyclonal anti-TcLipDH antibody (1:200). The
blots were washed and probed with horseradish peroxidase-
conjugated anti-rabbit IgG (GE Healthcare) (1:6000). Subse-
quently, the membranes were washed, incubated with ECL Plus
chemiluminescent substrate (GE Healthcare) and exposed to an X-
ray film (Amersham, Buckinghamshire, UK). To normalize the re-
sults, the membranes were incubated with the polyclonal T. cruzi
anti-TcHSP70 antibody. The expression level of TcHSP70 protein has
been observed to be equal in both BZ-susceptible and -resistant
T. cruzi populations (Murta et al., 2008),
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2.8. TcLipDH enzymatic assay

Dihydrolipoamide dehydrogenase assay was performed ac-
cording to Portela and Stoppani (1991) with modifications. For
each reaction, 100 pL of a mixture containing 1 mM EDTA, 0.2 mM
NADH (Sigma), 1 mM Lipoamide (Sigma) and 50 mM K-phosphate
buffer pH 7.5 was submitted to a reading at 340 nm in a Beckman
DU 640 Spectrophotometer until a stable baseline was obtained.
Subsequently, 35 g of total protein from T. cruzi were added to the
cuvette and the absorbance at 340 nm was registered. K-Phos-
phate buffer and Diaphorase from Clostridium kluyveri (Sigma)
were used, respectively, as negative and positive controls. Statis-
tical analysis was performed using Mann-Whitney U test to
compare the results of NADH oxidation between susceptible and
resistant T. cruzi pairs.

2.9. DNA sequencing

The TcLipDH 1433 bp ORF from T. cruzi BZ-susceptible and
-resistant populations (17WTS and 17LER) was cloned into the
PGEM®-T Easy vector (Invitrogen) and amplified in E. coli TOP 10 F/
competent cells. Minipreparations of plasmid DNA were done using
the QIAprep Spin Miniprep kit (Qiagen). Aliquots of 500 ng DNA
were sequenced using the DYEnamic® ET Dye Terminator Kit (GE
Healthcare) in a MegaBACE 1000 DNA Analysis System (GE
Healthcare). Sequence analysis was performed according described
by Santos et al. (2012).

2.10. Densitometry analyses

All Southern, Northern and Western blot results were photo-
graphed and analyzed using ImageMaster VDS software (GE Life
Sciences, Little Chalfont, UK). Differences were considered signifi-
cant when the intensity band ratios were equal to or higher than
two-fold.

3. Results
3.1. In silico analyses of TcLipDH gene

Similarity search of the TcLipDH sequence (GenBank accession
no. X89112) showed one sequence (TcCLB.507089.270) within
T cruzi CL Brener Esmeraldo-like haplotype (TcChr35-S) and
another (TcCLB.511025.110) within the T. cruzi CL Brener Non
Esmeraldo-like haplotype (TcChr35-P). These sequences have an
identity of 99% between themselves and presented, respectively,
98% and 99% identity when compared to the reference sequence
characterized by Schoneck et al. (1997). Also, both of them pre-
sented the active site of the pyridine nucleotide-disulphide oxi-
doreductases of class 1 (Pyridine Redox I domain, PROSITE
documentation: PDOC00073, ExPASy enzyme entry: E.C 1.8.1.4).
This active site is identical to the one in human LipDH (Fig. 1S —
Supplementary Material). These analyses corroborate the pres-
ence of two TcLipDH alleles in the T. cruzi genome, as stated pre-
viously (Schoneck et al., 1997). In addition, to compare the amino
acid sequence of TcLipDH with sequences of LipDHs from different
organisms (trypanosomatids, plants and mammals), a maximum
likelihood phylogenetic tree was constructed (Fig. 1). As expected, it
indicated that LipDH from T cruzi grouped with LipDH from
T. brucei in a cluster near to Leishmania genus (average identity over
75%). Furthermore, the LipDH from T. cruzi is closer to the LipDHs
from the unicellular algae Euglena gracilis (60% identity) and plants
such as Arabidopsis thaliana and Lycopersicum esculentum (58%
identity) when compared to the homologue enzyme present in
mammals (average identity of 50%).

3.2. Copy number of the TcLipDH gene

Southern blot assays were used to analyze the copy number of
the TcLipDH gene in BZ-susceptible and -resistant T. cruzi samples.
Genomic DNA was digested with Aval, which has one restriction
site within the TcLipDH gene sequence, or with EcoRl, which has no
restriction site within that sequence (GenBank accession no.
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Fig. 1. Maximum likelihood phylogenetic tree based on sequences of lipoamide dehydrogenase of Trypanoesoma cruzi and other organisms. In the consensus bootstrap tree
(1000 replicates) shown, the numbers above each branch represent the bootstrap confidence percentage and the GenBank accession numbers are provided for each species included

in the tree.
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X89112). The Aval digestion blots showed two bands of 1.9 kb and
0.85 kb (Fig. 2A) while the EcoRI digestion blots showed a single
band of 5.0 kb (Fig. 2B). These profiles were observed in all of the
T. cruzi samples analyzed suggesting that the TcLipDH is a single
copy gene. In addition, densitometry analyses of the blots showed
that the intensity of the bands was the same for all T. cruzi samples
analyzed showing that TcLipDH gene is not amplified in the genome
of the BZ-resistant T. cruzi samples.

3.3. Levels of TcLipDH mRNA in T. cruzi populations

Northern blot profile of total RNA from T. cruzi samples hy-
bridized with a specific [*2P]dCTP labeled TcLipDH gene probe
revealed one transcript of 2.4 kb in all the T. cruzi samples analyzed
(Fig. 3A). Comparative densitometric analyses using a ribosomal
RNA (rRNA) probe as quantitative control (Fig. 3B) showed that the
TcLipDH mRNA levels were 2-fold more expressed in the BZ-
resistant T. cruzi population, 17LER, than in the susceptible pair,
17WTS. No differences in transcript levels were detected between
BZS and BZR populations and 4S and 16R clones.

These results were also corroborated by Real Time RT-PCR as-
says which indicated that the transcript levels of TcLipDH are 2-fold
higher in 17LER population than in its susceptible counterpart
17WTS (Fig. 3C). No significant differences were observed in the
TcLipDH mRNA levels between the susceptible and resistant pop-
ulations of BZS/BZR and CL/Colombiana.

3.4. Levels of TcLipDH protein in T. cruzi populations

In order to compare the levels of TcLipDH in different T. cruzi
populations, equal amounts of total protein from each population
were resolved by SDS-PAGE and transferred onto a nitrocellulose
membrane. The blots revealed that the anti-TcLipDH polyclonal
antibody recognized a 50 kDa polypeptide of expected size in all
T. cruzi samples evaluated (Fig. 4A). For normalization of the results,
the same membrane was incubated with polyclonal anti-TcHSP-70
antibody (Fig. 4B). Previous studies performed by our research
group have shown that HSP-70 protein is equally expressed in
different BZ-susceptible and -resistant samples (Murta et al., 2008)
and therefore it was used as quantitative control in densitometry
analyses. Densitometry results revealed that TcLipDH protein was
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2-fold more expressed in 17LER population in comparison to its
respective susceptible pair, 177WTS. No significant difference was
observed between the BZS versus BZR and CL versus Colombiana
populations of T. cruzi.

3.5. Activity of TcLipDH in T. cruzi populations

Enzymatic activity assay of TcLipDH was performed with the
addition of total protein extract from different T. cruzi populations
to a solution containing lipoamide and NADH. To start the assay,
absorbance at 340 nm of the solution containing only lipoamide
and NADH was read in average for 7 min until a stable baseline was
set. After protein addition, 340 nm absorbance of NADH immedi-
ately dropped to minimum indicating substrate exhaustion. The
same behavior was observed for the positive control, Diaphorase
from Clostridium kluyveri (Sigma). Fig. 5 shows the NADH oxidation
(A340) of T. cruzi extracts from 17WTS and 17 LER populations as
function of time. The results showed that LipDH activity of sample
17LER was higher than that of sample 17WTS (p < 0.05) during the
time period from 8 to 16 min of reaction (Fig. 5). After 16 min of
reaction, all samples presented similar profiles indicating that the
substrates required for the reaction were no longer available. No
difference was observed between the pairs BZS versus BZR and CL
versus Colombiana (data not shown). In addition, we calculated the
LipDH specific activity from 17WTS and 17LER extracts (LipDH U/
mg of total protein, where units are expressed as Mol product/min).
We observed that the LipDH specific activity of 177WTS and 17LER
extracts correspond to 4.74 U/mg and 5.31 U/mg, respectively.
Based on these results, the extract from 17LER population is 12%
more active than its susceptible counterpart 177WTS.

3.6. Sequencing data

DNA sequencing of TcLipDH gene from T. cruzi susceptible and
resistant populations was performed in order to investigate
whether point mutations could be causing difference in LipDH
activity. Our analysis revealed that the nucleotide and amino acid
sequences of TcLipDH from 17WTS and 17LER were identical
(Fig. 2S — Supplementary Material),

17 WTS
17 LER
BZS

BZR
Clone 4S
Clone 16R

«—50Kb

Fig. 2. Southern blot analyses of TcLipDH gene from BZ-susceptible and -resistant T. cruzi populations. Total DNA (14 pg) was digested with Aval (A) and EcoRI (B) endonu-
cleases, subjected to electrophoresis on a 1% agarose gel and hybridized with the 32P-labeled TcLipDH-specific probe. The molecular weight markers were derived from A phage DNA

digested with HindIll and ®X 174 DNA digested with Haelll.
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Fig. 3. Transcription levels of the TcLipDH gene in BZ-susceptible and -resistant T. cruzi populations. (A) Northern blot profiles of total RNA extracts obtained using a**P-labeled
TcLipDH-specific probe. (B) As quantitative control, the same membrane was exposed to a T. cruzi 24S ribosomal RNA gene probe. (C) Levels of TcLipDH mRNA as determined
quantitatively (relative to the single-copy housekeeping gene TcHGPRT) by quantitative real-time RT-PCR. Mean values of the copy number ratio TeLipDH/TcHGPRT + standard
deviations from three independent experiments are indicated. The mean values for 17WTS and 17LER are significantly different (*p < 0.05), whilst the BZR versus BZS and the CL

versus Colombiana mean values show no difference.
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Fig. 4. Levels of TcLipDH protein expression from BZ-susceptible and -resistant T.
cruzi populations. (A) Proteins (20 ug) were separated on 12% SDS-PAGE, transferred
onto nitrocellulose membrane and incubated with the polyclonal T. cruzi anti-LipDH
antibody. (B) The membrane was incubated with the anti-TcHSP-70 antibody for
normalization of the results.

4. Discussion

Lipoamide dehydrogenase (LipDH) is a protein involved in en-
ergy and redox metabolism and it is typically located in the mito-
chondria of aerobic eukaryotes, including the T. cruzi (Lohrer and
Krauth-Siegel, 1990) and T. brucei (Danson et al,, 1987; Else et al,,
1993). LipDH of T. brucei has been shown to play an indispensable
role in parasite thymidine biosynthesis, as part of the glycine
cleavage complex (Roldan et al., 2011). LipDH is also present in
Mycobacterium tuberculosis (Venugopal et al., 2011) and Strepto-
coccus pneumoniae (Smith et al, 2002), organisms that lack a
mitochondria, indicating that this enzyme has functions beyond
those related to the known multienzyme complexes. Murta et al.
(2008) found that LipDH is part of a group of genes that is more
expressed in an in vitro-induced BZ-resistant T. cruzi population
(17LER), using Differential Display and Representation of

Differential Expression. In this present study, we have character-
ized the LipDH gene in T. cruzi samples with different BZ-resistance
phenotypes using in silico analysis and molecular assays to inves-
tigate gene amplification, mRNA and protein levels.

Qur in silico analysis revealed that there are two TcLipDH se-
quences in the T. cruzi genome presenting the motif that charac-
terizes the active site of the pyridine nucleotide-disulphide
oxidoreductases of class I, the Pyridine Redox Domain I. This in-
formation is supported by the study of Schoneclk et al. (1997) that
described the presence of only two alleles of this gene in this
parasite. Other studies show evidences of organisms that present
more than one isoform of LipDH being this characteristic most
frequent in plants, since they express both mitochondrial and
plastidial LipDH gene (Conner et al., 1996; Lutziger and Oliver, 2000,
2001). In addition to plants, some bacteria (Sokatch, 1981; McCully
et al.,, 1986; Lowe et al., 1983), fungi (Fehrmann and Veeger, 1974;
Roy and Dawes, 1987; Kim and Kim, 2010) and the protozoan
parasite Plasmodium falciparum (McMillan et al., 2005) also present
more than one isoform of this enzyme. It is interesting to mention
that six other ORFs are annotated as lipoamide dehydrogenases
among the unassigned contigs of the T. cruzi database. However
they are poorly similar to the TcLipDH previously described by
Schoneck et al. (1997) and they also do not present the character-
istic Pyridine Redox Domain I. Other studies would have to be
performed to define if those ORFs code for a functional protein.

Considering the two alleles of LipDH from T. cruzi, a phylogenetic
analysis was performed using sequences from other trypanoso-
matids, mammals and plants. Our analysis showed that TcLipDH, as
expected, is related to sequences from other trypanosomatids
(>75% identity) but is considerably distinct of LipDH from Homo
sapiens (<55% identity). Thus, it is possible that a drug could be
designed against T. cruzi LipDH without interfering in the meta-
bolism of the mammalian host and that such drug could even be
used to treat other diseases caused by trypanosomatids. The chal-
lenge of this approach would be to rationally design a drug that did
not act via the active site of this enzyme since the active site in both
T. cruzi and Homo sapiens is identical. Another interesting feature of
this phylogenetic tree is that LipDH from T. cruzi is fairly similar to
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Fig. 5. Comparison of LipDH activity between BZ-resistant (17LER) and -susceptible T. cruzi (17WTS) populations showing the NADH oxidation (A340) as a function of time.
The results shown are representative of three independent experiments. The means values for 17WTS and 17LER are significantly different (p < 0.05) during the time interval from 8
to 16 min. Insert: graphical showing the linear regression of data obtained during the period 7—16 min (log;o [NADH oxidation]).

sequences of LipDH from the blue algae Euglena gracilis and from
the plants Arabidopsis thaliana and Lycopersicum esculentum (>58%
identity). Previous studies have reported the existence of several
trypanosomatid DNA sequences that are similar to sequences of
cyanobacteria and plants due to horizontal transfer among the
ancestors of organisms that lived in the same host (Hannaert et al.,
2003; Annoura et al., 2005; Opperdoes and Michels, 2007; Tyc
et al, 2010) and this could be one more example of this DNA
exchange.

The LipDH mRNA levels were investigated in BZ-resistant and
-susceptible samples of T. cruzi using Northern blot and Real Time
RT-PCR assays. Both methods showed that the TcLipDH mRNA levels
are two-fold higher in the BZ-resistant population 17LER when
compared to 17WTS, its susceptible counterpart. However, ac-
cording to Southern blot analysis, this gene is not amplified in the
genome of these parasites. In fact, all T. cruzi strains analyzed
revealed a profile compatible with the existence of one allele per
haploid genome (Schoneck et al., 1997).

Western blot assay showed that TcLipDH protein was two-fold
more expressed in the BZ-resistant population 17LER when
compared to its susceptible pair 17WTS. In accordance to our data, a
proteomic study conducted by Andrade et al. (2008) using BZ-
resistant and -susceptible T. cruzi populations and clones also
showed that TcLipDH is more abundant in a BZ-resistant clone from
a BZ-resistant T. cruzi population. In addition, our study showed
that the LipDH activity was higher in the 17LER population than in
its susceptible counterpart 177WTS. Sequencing analysis revealed
that the amino acid sequences of the TcLipDH from 17WTS and
17LER populations are identical. This result suggests that the dif-
ference in LipDH activity between 17WTS and 17LER populations is
not due to point mutations, but probably due to higher protein
expression level.

Literature data support the hypothesis that the overexpression
of TcLipDH could contribute to the drug resistance phenotype. Diaz
et al. (2011) showed that LipDH and tryparedoxin peroxidase were
more expressed in amastigotes and trypomastigotes T. cruzi forms
isolated from acute Chagas disease patients. According to the au-
thors, the overexpression of enzymes involved in the antioxidant

defense could favor the survival of the parasite against the oxida-
tive environment of the host. Benznidazole and nifurtimox also
produce an oxidative stress, therefore it is also possible that the
overexpression of antioxidant enzymes could favor the survival of
the parasite in the presence of the drugs (Maya et al., 2007). Pre-
vious studies from our group have showed that the in vitro-selected
BZ-resistant 17LER population overexpressed proteins from anti-
oxidant defense such as iron superoxide dismutase (Nogueira et al.,
2006), alcohol dehydrogenase (Campos et al., 2009), cytosolic and
mitochondrial tryparedoxin peroxidase (Nogueira et al., 2009) and
ascorbate peroxidase (Nogueira et al., 2012).

Villarreal et al. (2004, 2005) showed that there is no correlation
between T. cuzi groups and drug resistance phenotype, and that
different genes are expressed in an in vivo-selected and in an
in vitro-induced BZ-resistant T. cruzi strains. Considering that the
resistance mechanisms to drugs are complex and multifactorial,
LipDH and other antioxidant enzymes could confer resistance to the
parasite in the oxidative environment promoted by BZ in a resis-
tance model represented by the differentially expressed genes in
17LER population. Therefore, we expect that the characterization of
this gene can contribute to elucidate the complex phenomenon of
resistance to BZ in T. cruzi, and to drive the development of new
drugs for chemotherapy against Chagas disease.
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Trypanothione

Trypanosomatids present a unique mechanism for detoxification of peroxides that is dependent on
trypanothione (bisglutathionylspermidine). Ornithine decarboxylase (ODC) and y-glutamylcysteine
synthetase (GSH1) produce molecules that are direct precursors of trypanothione. In this study, Leish-
mania guyanensis odc and gsh1 overexpressor cell lines were generated to investigate the contribution of
these genes to the trivalent antimony (Sb™)-resistance phenotype. The ODC- or GSH1-overexpressors
parasites presented an increase of two and four-fold in Sb"-resistance index, respectively, when
compared with the wild-type line. Pharmacological inhibition of ODC and GSH1 with the specific in-
hibitors a-difluoromethylornithine (DFMO) and buthionine sulfoximine (BSO), respectively, increased
the antileishmanial effect of Sb™ in all cell lines. However, the ODC- and GSH1-overexpressor were still
more resistant to Sb'" than the parental cell line. Together, our data shows that modulation of ODC and
GSH1 levels and activity is sufficient to affect L. guyanensis susceptibility to Sb™, and confirms a role of
these genes in the Sb"-resistance phenotype.

© 2017 Elsevier Inc. All rights reserved.

1. Introduction

Abbreviations: Lg, Leishmania guyanensis; ODC, ornithine decarboxylase; GSH1,
gamma-glutamylcysteine synthetase; Sb'", trivalent antimony; DFMO, o-difluor-
omethylornithine; BSO, buthionine sulfoximine.

* Corresponding author.
E-mail address: silvane@cpqrr.fiocruz.br (S.M.F. Murta).

http://dx.doi.org/10.1016/j.exppara.2017.02.001
0014-4894/© 2017 Elsevier Inc. All rights reserved.

Leishmaniasis is a complex of diseases caused by 21-30
different species of protozoan parasites belonging to the genus
Leishmania. This neglected tropical disease is endemic in 98
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countries, especially in Central and South America, Southern
Europe, North and East Africa, Middle East, and in the Indian sub-
continent (Alvar et al, 2012). Annually, it has been estimated 1.3
million of new cases of the disease and about 30,000 deaths
worldwide (WHO, 2016). Leishmaniasis comprises three different
main clinical manifestations that range from self-healing cutaneous
(CL) and mucocutaneous (MCL) skin lesions to a visceral (VL) form
that is lethal if untreated (WHO, 2016). In the New World, Leish-
mania (Viannia) guyanensis causes both CL and MCL (Guerra et al.,
2011).

The control of leishmaniasis is based on chemotherapy and
there is no human vaccine available to date (Kumar and Engwerda,
2014). Pentavalent antimony-containing compounds such as N-
methyl-glucamine (Glucantime™) and sodium stibogluconate (SSG)
(Pentostam®) are the main drugs used to treat all forms of the
disease for almost eight decades (Mohapatra, 2014). The mecha-
nism of action of this drug is not fully understood. It is known that
the pentavalent (SbY) form needs to be reduced to the active
trivalent form (Sb'™), which has leishmanicidal effect against both
amastigote and promastigote forms of the parasite (Shaked-Mishan
et al., 2001). The antimony has been proposed to inhibit glycolysis,
fatty acid oxidation (Berman et al, 1987) and trypanothione
reductase, the enzyme responsible for sustaining the parasite’
redox homeostasis (Cunningham and Fairlamb, 1995). The cyto-
toxicity of Sb'"" has also been associated to alterations in the mito-
chondrial membrane potential that lead to an increase in the
production of reactive oxygen species (ROS) and in the influx of
Ca*t (Mukherjee et al., 2002; Sudhandiran and Shaha, 2003; Mehta
and Shaha, 2006).

In the last 25 years, many cases of treatment failure and resis-
tance to antimonials were reported in several countries including
Brazil (Oliveira-Neto et al., 1997), Bolivia (Bermtdez et al., 2006)
Colombia (Palacios et al., 2001), India (Sundar, 2001), Iran (Sarkari
et al., 2016) and Peru (Arevalo et al., 2007). The most extreme sit-
uation takes place in Bihar (India) where 50—65% of the patients are
unresponsive to SbY-treatment (Sundar, 2001). Parasites use a
range of mechanisms to acquire resistance to these drugs such as
increase in drug efflux/sequestration or decrease in drug uptake,
lower rate of drug activation/reduction and gene amplification
(Beverley, 1991; Haldar et al., 2011). Several reports link the level
and activity of enzymes from the thiol-redox metabolism of
Leishmania spp. to antimony resistance (Guimond et al, 2003;
Mukherjee et al., 2007; Rai et al., 2013). The central molecule of
this metabolism is based the low molecular mass dithiol trypano-
thione (bisglutathionylspermidine), which provides reducing po-
wer for several cellular functions including the protection against
reactive oxygen species (Olin-Sandoval et al., 2010; Manta et al.,
2013). The two building blocks of trypanothione, glutathione and
spermidine are provided by the glutathione- and polyamine-
biosynthetic pathway, respectively (Manta et al., 2013). y-Gluta-
mylcysteine synthetase (GSH1) is the first enzyme of the gluta-
thione pathway that produces vy-glutamylcysteine, a direct
precursor of glutathione (Meister and Anderson, 1983). An increase
of GSH1 mRNA levels have been reported in some L. tarentolae
samples with in vitro-induced resistance to antimony (Guimond
et al, 2003) and some ShV-resistant L donovani field isolates
(Mukherjee et al., 2007; Singh et al., 2014). Amplification of gsh1
gene was also observed in SbV-resistant L. donovani field isolates
(Mukherjee et al., 2007; Singh et al., 2014) and in L tarentolae
mutants selected for resistance to arsenite (As"') or Sb™ (Grondin
et al., 1997; Haimeur et al., 1999, 2000).

Ornithine decarboxylase (ODC) converts L-ornithine in putres-
cine that will be transformed in spermidine by spermidine syn-
thase (Miiller et al., 2001). Polyamines contribute to parasite
growth and in the As"!/antimony-resistance in Leishmania parasites

(Haimeur et al., 1999; Singh et al., 2007; Birkholtz et al., 2011). Gene
amplification and increase in the ODC levels were observed in SbV-
resistant L. donovani field isolates (Mukherjee et al., 2007; Rai et al.,
2013) and in L. tarentolae mutants selected for resistance to As'
(Haimeur et al., 1999).

Despite these evidences, the potential role of ODC and GSH1
enzymes in Sb"' resistance for the New World Leishmania species
has not yet been addressed in detail. In the present study we used a
genetic and pharmacological approach to dissect the contribution
of ODC and GSH1 enzymes from L. (V.) guyanensis (a New World
Leishmania species) to Sb"-resistance.

2. Material and methods
2.1. Parasites

Promastigotes forms of Leishmania (Viannia) guyanensis (IUMB/
BR/1985/M9945) were grown at 26 °C in M199 medium (Liarte and
Murta, 2010). All assays were performed using parasites in the
logarithmic growth phase.

2.2. Cloning, expression and purification of recombinant L.
guyanensis GSH1

A 2067 bp fragment corresponding to the complete open
reading frame (ORF) of the gsh1 gene (LbrM.18.1700) was amplified
from L. guyanensis genomic DNA using primers: GSH1pQE-31 for-
ward: 5'-CGCGGATCCGATGGGTCTCTTGACAACTGG-3' and
GSH1pQE-31 reverse: 5'-CGCAAGCTTTTATGCGCTGCTCTCCTGTT-3'.
The underlined sequences correspond to BamHI and Hindlll re-
striction sites, respectively, to facilitate cloning. PCR amplification
was carried as follows: 94 °C for 5 min, followed by 30 cycles of
94 °C for 1 min, 60 °C for 1 min, and 72 °C for 2 min. The PCR
amplicons of gsh1 were digested with restriction enzymes and then
inserted into the corresponding sites of the pQE-31 (Qiagen,
Valencia, CA, USA). Escherichia coli M15 strain transformed with the
pPQE31-GSH1 construct were cultured for 12 h in the presence of
1 mM isopropyl-p-d-thiogalactopyranoside (IPTG—Promega,
Madison, WI, U.S.A.) at 30 °C, harvested and lysed. The His-tagged
recombinant GSH1 was purified using nickel-nitrilotriacetic acid
(Ni-NTA) coupled to sepharose (Qiagen) columns. The recombinant
protein was used to generate polyclonal antiserum in New Zealand
white rabbits according to an immunization protocol previously
described (Murta et al., 2006).

2.3. Generation of ODC and GSH1 overexpressor cells from L.
guyanensis

Fragments of 1911 and 2067 bp corresponding to odc
(LbrM.12.0300) and gsh1 (LbrM.18.1700) encoding regions, respec-
tively, were amplified with Pfx DNA polymerase (Invitrogen) from
L. guyanensis genomic DNA using the forward primer: 5'-
TAGATCTCCACCATGATGAAGATGGTTACCGCC-3’ and the reverse
primer: 5'-TTAGATCTCTATAAGGCAATAGAGCTCACC-3' to amplify
odc and the forward primer 5'-TGGATCCCCACCATGGGTCTCTTGA-
CAACTGG-3' and the reverse primer: 5-ATGGATCCT-
TATGCGCTGCTCTCCTGTTTCTCAGC-3’ to amplify gshl. Bold letters
indicate the Kosak sequence and the underlined sequences corre-
spond to Bglll and BamHI restriction sites of odc and gsh1 genes,
respectively. The odc and gsh1 amplicons were cloned into pGEM T-
Easy™ vector (Invitrogen) and subsequently submitted to DNA
sequencing. The constructs containing odc or gsh1 were digested
with Bglll and BamHlI, respectively, and the fragments released
were introduced into the dephosphorylated pIR1-BSD expression
vector, kindly provided by Dr. Stephen Beverley (Washington




169

38 M.S. Fonseca et al. / Experimental Parasitology 175 (2017) 36—43

University in St. Louis — USA). To confirm the correct cloning,
constructs were digested with Sall and Smal for odc and gshi,
respectively. The constructs, pIR1-BSD (empty vector), pIR1-BSD-
ODC and pIR1-BSD-GSH1 were linearized upon Swal digestion,
precipitated and transfected into wild-type L. guyanensis using a
GenePulser XCell (BioRad) electroporator by electroporation as
described in Robinson and Beverley (2003). pIR1 vector allows
constructs integration into the 18S ribosomal small subunit (SSU)
DNA locus (Robinson and Beverley, 2003). Colonies were obtained
following plating on semisolid M199 medium containing 10 pg/mL
blasticidin (BSD). After 2—3 weeks, clonal lines were selected and
the integration of the ectopic genes was confirmed by PCR tests
using genomic DNA with specific primers for the BSD marker ac-
cording previously described (Tessarollo et al., 2015).

24. 0ODC and GSH1 levels

Protein extracts (40 pg) from L. guyanensis were obtained as
previously described (Gamarro et al., 1994). Proteins were sepa-
rated by electrophoresis on 12% SDS polyacrylamide gel and elec-
trotransferred onto nitrocellulose membrane (BioRad). The
membrane was blocked by incubation with 5% instant non-fat dried
milk in PBS with 0.05% Tween 20 (PBS-T) for 1 h. The blots were
then washed twice on PBS-T and incubated for 1 h at room tem-
perature in the presence of the antibodies: rabbit polyclonal
L. donovani anti-LdODC (1:200) (kindly provided by Dr. Buddy
Ulman — Oregon Health & Science University — USA) and for 2 h
with rabbit polyclonal L. guyanensis anti-LgGSH1 (1:200) (obtained
according to item 2.2). The blots were washed with PBS-T and
incubated with horseradish peroxidase-conjugated anti-rabbit IgG
(1:5000) (GE Healthcare) for 1 h at room temperature. The blots
were exposed to Amersham™ ECL Prime Western Blotting Detec-
tion Reagent (GE Healthcare) according to the manufacturer's in-
structions and revealed in ImageQuant LAS 4000 (GE Healthcare).
The results were normalized using the anti-z-tubulin monoclonal
antibody (Sigma, St. Louis, USA). The intensity of the bands was
analyzed using the software CP ATLAS 2.0.

2.5. Susceptibility of L. guyanensis cell lines to Sb™

Promastigotes of L. guyanensis wild-type, ghsi-or odc-over-
expressor cell lines, were seeded at 2 x 108 cells mL~! into 24-wells
plates in absence (control) or presence of several concentrations
(9.3—374.2 uM) of potassium antimonyl tartrate/trivalent antimony
(Sb™) (Sigma Aldrich) for 48 h. The Sb'™ effective concentration
required to decrease growth by 50% (ECso) was determined using
Z1 Coulter Counter (Beckman Coulter, Fullerton, CA, USA).

2.6. Pharmacological inhibition tests of ODC and GSH1

Initially, the ECsg of the selective ODC and GSH1 inhibitors DL-o-
difluoromethylornithine (DFMO) and L-buthionine-sulfoximine
(BSO) (both from Sigma Aldrich), respectively, was determined for
each Leishmania cell line as described above. Then 2 x 106 parasites
mL~! from each cell line (wild-type, ODC-overexpressor clone 10
and GSH1-overexpressor clone 3) were pre-incubated for 24 h with
the corresponding inhibitors added at their ECso values for the
wild-type L. guyanensis line: 50 uM for DFMO and 10 mM BSO. Next,
these same pre-treated cells were seeded in a 24-well plate and
added of Sb'™ at different concentrations (4.7—74.9 uM), incubated
for additional 24 h and finally the percentage of relative growth
determined by automated cell counting using a Z1 Coulter Counter.

In addition, WT and GSH1-overexpressor (clone 3) cells were
seeded at 2 x 108 parasites mL~! (24-wells plate) in culture me-
dium containing BSO (5 mM for the WT line and 5 or 15 mM for the

GSH1-overexpressor). After 5 min, Sb""' was added at 9.3 pM (Sb"!
concentration required to decrease growth by 15 a 20% of both
lines) to all wells and incubation extended for 48 h. Cell density was
assessed as described above.

2.7. Statistical analysis

The ECsp values were determined using the dose-response in-
hibition equation provided with GraphPad Prism 5.0. Statistical
analysis of the data from the susceptibility assays were performed
with the ANOVA one-way test using Tukey post-test. Student t-test
was used for independent samples in assays with the inhibitors. All
analyses were performed using GraphPad Prism 5.0 software. A p
value of less than 0.05 was considered statistically significant.

3. Results
3.1. ODC and GSH1 overexpression in L. guyanensis

We transfected the wild-type L. guyanensis line with the con-
structs pIR1-LgODC or pIR1-LgGSH1 to generate transfectants
overexpressing ODC or GSH1. In order to confirm the integration of
the vectors, clonal cell lines resistant to blasticidin were subjected
to PCR using genomic DNA as template and with specific primers
for the BSD marker. Five colonies transfected with the construct
pIR1-BSD and ten with pIR1-LgODC or pIR1-LgGSH1 were evalu-
ated. All 25 analyzed colonies presented a fragment of 399 bp,
corresponding to the BSD marker (data not shown). These clones
were subjected to western blot analysis to evaluate the levels of
ODC and GSH1. The polyclonal antibodies anti-LdODC and anti-
LgGSH1 recognized respectively polypeptides of 69 and 77 kDa in
all Leishmania cell lines analyzed (Fig. 1A and B). Densitometry
analysis of the ODC and GSH1 bands using anti-o-tubulin mono-
clonal antibody as a reference showed that the levels of ODC and
GSH1 were about 2-fold higher in the transfected clones than in
cells from the wild-type line or transfected with the empty vector
(Fig. 1A and B).

3.2. ODC and GSH1 protect L. guyanensis against the inhibitory
effect of DFMO and BSO

In order to determine whether the transgenic cell lines from
L. guyanensis express the active forms of ODC and GSH1, the
untransfected and transfected parasites were treated with the
corresponding enzyme-specific inhibitors DFMO and BSO, respec-
tively. The ECsp of DFMO was 2.2-fold higher for the ODC-
overexpressor clones (110 pM) compared to the LgWT (50 uM)
whereas the ECsp of BSO was at least 3-fold higher for the GSH1-
overexpressor clones (>30 mM) than for the LgWT cells (10 mM).
The level of resistance towards DFMO and BSO displayed by the
overexpressor cell lines that present increased content on ODC and
GSH1, confirms that the transgenic parasites express the active
form of these enzymes and the selectivity of the inhibitors.

3.3. ODC or GSH1-overexpressing parasites are less susceptible to
spll

In order to investigate whether overexpression of ODC or GSH1
contributes to the antimony-resistance phenotype, cell lines over-
expressing ODC or GSH1, and the parental wild-type line trans-
fected or not with the empty vector (controls) were exposed to
different concentrations of Sb™ (9.3—374.2 uM) during 48 h. The
LgWT and LgBSD cell lines displayed an identical susceptibility to-
wards Sb'!! (Fig. 2A), presenting ECso of 25.9 and 26.4 M, respec-
tively. In contrast, the clones overexpressing LgODC and LgGSH1
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rabbit IgG (dilution 1:5000). The signals for ODC and GSH1 were normalized using the anti-a-tubulin monoclonal antibody (dilution 1:5000). The L guyanensis cell lines tested are
LgWT: wild-type, LgBSD: LgWT transfected with the empty vector, LgODC c10 or ¢23: clone 10 or 23 from ODC overexpressor, LgGSH1 ¢3 or ¢19: clone 3 and 19 from GSH1
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and (B) GSH1. Parasites were incubated in M199 medium in the absence or presence of
various concentrations of Sb" (9.3—374.2 uM) for 48 h and the percentage of relative
growth determined using Z1 Coulter Counter. Mean values and standard deviations
from four independent experiments are shown. Statistically different values (ANOVA
one-way test, GraphPad Prism 5.0) are indicated as follows: *p < 0.05, **p < 0.01 and
***p < 0.0001. [gWT: wild-type, [gBSD: [gWT transfected with the empty vector,
LgODC c10 or ¢23: clone 10 or 23 from ODC overexpressor, LgGSH1 ¢3 or ¢19: clone 3
and 19 from GSH1 overexpressor.

showed a higher resistance against Sb™ (Fig. 2A and B). The Sb™
resistance indexes determined for the clones 10 and 23 from the
LgODC cell line are about 2-fold higher than that of the LgWT cell

line (Table 1), showing ECsg of 58.7 and 55.2 uM, respectively. This
result is in agreement with the expression level obtained for the
ODC transgenic parasites. Interestingly, the LgGSH1 overexpressors
clones 3 and 19 presented resistance indexes 3.4—4.3-fold than the
LgWT line, presenting ECso of 87.7 and 111.2 pM, respectively
(Table 1).

In the pharmacological inhibition tests, the different
L. guyanensis cell lines were pre-treated during 24 h with 50 uM
DFMO or 10 mM BSO (ECsp concentration corresponding to the
LgWT cell line) and subsequently exposed to different Sb" con-
centrations for additional 24 h. The results show that treatment
with DFMO or BSO reduced drastically parasite growth of LgWT in
the presence of Sb'". In contrast, cells overexpressing ODC or GSH1
were significantly more resistant to an identical treatment with the
selective inhibitors and Sb" (Fig. 3A and B). For instance, the sus-
ceptibility to Sb"" increased 648-fold for LgWT and only 1.5-fold for
LgODC (clone 10) when parasites were pre-treated with DFMO
(Table 1). Although to a minor extent, BSO treatment increased 20-
and 4.1-fold the sensitivity towards Sb" of LgWT and LgGSH1 (clone
3) parasites, respectively (Table 1). These data clearly demonstrate
that inhibition of ODC and GSH1 sensitize parasites against anti-
mony and, the opposite, overexpression of these enzymes confers
resistance towards this drug.

In addition, the effect of a 48 h-combined treatment with BSO
and Sb" on LgWT and LgGSH1 (clone 3) lines was evaluated (Fig. 4).
No difference on cell proliferation between LgWT and LgGSH1 lines
was observed when 9.3 uM Sb'" was added alone (15—22% growth
inhibition). We observed a reduction of 20% on cell proliferation of
LgWT line and no change in the growth of LgGSH1 line when 5 mM
BSO was added individually. On the other hand, an inhibition of
approximately 6% was detected on cell proliferation of LgGSH1 line
at concentration of 15 mM BSO. Interestingly, for the LgWT para-
sites, co-incubation with both 9.3 tM Sb"™ and 5 mM BSO impaired
cell growth to a significant extent (88% growth inhibition). In
contrast, an identical treatment only halved the proliferation of
LgGSH1 cells (45% growth inhibition) and it was necessary to in-
crease 3 times the concentration of BSO (15 mM) to produce an
inhibition of cell growth 73%. These results points to an important
involvement of this enzyme in the Sb"'-resistance phenotype of
L. guyanensis.

4. Discussion

Trypanosomatids present a unique thiol-based redox system
that depends on a low molecular mass thiol, trypanothione, absent
in mammals and indispensable for parasite survival, hence, being a
promising target for chemotherapy. Besides of its central role in
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Effective concentration (ECso) of Sb'" of L. guyanensis lines in the absence or presence of DMFO or BSO.

171

Leishmmania lines S EC5o (95% CI)

Sb" susceptibility assay

Pharmacological inhibition tests

Sb'™ (uM) 48 h RI Sb'" (uM) 24 h Pre-treated 50 tM DFMO - 24 h St Pre-treated 10 mM BSO - 24 h SI
Sb'" (uM) - 24 h Sb" (uM) - 24 h
LgWT 25.9 (24.45-27.51) - 32.4(30.53—-344) 0.05 (0.0054-0.49) 648 1.6 (0.946-2.8) 20
LgBSD 26.4 (25.08—27.86) - - - - - -
LgODC c10 58.7 (53.99-63.95) 22 78.4 (63.3-97.05) 50.9 (42.33-61.42) 15 - -
LgODC 23 55.2 (52.16—58.44) 2.1 - = = = =
LgGSH1 c3 87.7 (75.64-101.8) 34 99.3 (68.08—145) - - 24.06 (19.62—29.5) 4.1
LgGSH1 c19 111.2 (92.9—-133.1) 4.3 = = = = =
95% CI: Confidence Interval.
LgWT: L. guyanensis wild-type.
LgBSD: L. guyanensis transfected with pIR1-BSD empty vector.
LgODC: L. guyanensis transfected with pIR1-LgODC.
LgGSH1: L. guyanensis transfected with pIR1-LgGSH1.
c: clones.
RI: Resistance Index = Sb" ECso from LgODC or LgGSH1 clones/Sb™ ECsq from LgWT.
SI: Susceptibility Index = Sb™ ECsp from LgWT, LgODC or LgGSH1 clones without inhibitor/Sb" ECsq from each line in the presence of the specific inhibitor.
antioxidant metabolism, trypanothione is a target of antimony A - ﬁgWT —
since this compound has been shown to alter the parasite's intra- 100 nggc 30
% : A %
cellular redox homeostasis by depleting trypanothione and gluta- &5 LgODC c10 + DFMO

thione and by inhibiting trypanothione reductase (Wyllie et al.,
2004). Moreover, several studies have demonstrated an associa-
tion between high trypanothione levels and antimony-resistant in
Leishmania spp. (Mukhopadhyay et al., 1996, 2011; Mandal et al.,
2007), which was ascribed to the overexpression of enzymes
from its biosynthetic pathway such as: ODC and GSH1. However the
majority of these studies were carried out in Leishmania species
from Old World. Thus, understanding the role of ODC and GSH1
enzymes in antimony-resistance in New World Leishmania species
can help to identify new targets and design appropriate combina-
tion therapies for disease treatment.

Leishmania species are capable to produce de novo and obtain
polyamines from the host (Jiang et al., 1999; Boitz et al., 2009).
Ornithine decarboxylase, the rate limiting enzyme of the spermi-
dine biosynthetic pathway, has been shown to play an important
role in parasite growth and virulence. A L. donovani strain knockout
for odc was unable to sustain an efficient in vitro growth and
infection of macrophages or mice except that intracellular poly-
amine levels were restored in the parasite by genetic or metabolic
(Boitz et al., 2009; Olenyik et al., 2011). The biological relevance of
ODC for parasite survival in vitro and in vivo was further confirmed
in these studies by pharmacological inhibition of the enzyme with
DFMO, a specific and irreversible inhibitor of ODC (Bacchi et al.,
1980; Kaur et al., 1986). Moreover, several studies reported a link
between polyamine levels and drug resistance. For instance,
transfection of odc in L. donovani increased the mRNA, protein and
enzymatic activity levels of ODC, which yielded parasites resistant
to antimony (Singh et al., 2007). The ODC mRNA levels, enzymatic
activity, as well as putrescine and spermidine levels were increased
in in vitro selected As'"'-resistant L. tarentolae (Haimeur et al., 1999).
However, Sb"-resistant L. tarentolae showed no difference in ODC
mRNA levels when compared to the parental cell line (Haimeur
et al,, 2000). L. donovani field isolates resistant to sodium anti-
mony gluconate (SAG) presented gene amplification and an
increased content and activity of ODC, as well as of putrescine and
spermidine (Mukherjee et al., 2007; Singh et al., 2007; Rai et al.,
2013). On the other hand, isolates of L. donovani resistant to Sb¥
from Nepal presented lower ODC expression level compared to a
sensitive isolate (Decuypere et al., 2005). Altogether, these data
show differences in the expression and regulation of odc gene
among antimony-resistant Leishmania species isolated from field or
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Fig. 3. Susceptibility to Sb™ of L (V) guyanensis cell lines treated with a specific
inhibitor of (A) ODC (DFMO) and (B) GSH1 (BSO). (A) LgWT and LgODC c10 parasites
were pre-incubated with 50 yM DFMO (ECs for LgWT) for 24 h (B) LgWT and LgGSH1
c3 were pre-treated with 10 mM BSO (ECso for LgWT) for 24 h. Subsequently the
parasites were platted and incubated additional 24 h with different Sb" concentrations
(4.7-74.9 pM). Cells were counted using a Z1 Coulter Counter and the relative cell
growth with respect to non-treated parasites was estimated. The values shown
represent the mean and standard deviations from three independent experiments.
LgWT: wild-type, LgODC c10: clone 10 from ODC overexpressor, LgGSH1 c3: clone 3
from GSH1 overexpressor.
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obtained by in vitro selection.

As shown here, overexpression of ODC in the New World species
Leishmania guyanensis conferred a higher resistant towards DFMO
and Sb", added alone or in combination. The degree of resistance to
Sb'"" of the transgenic cell line was proportional to its ODC content,
where against the combination DFMO/Sb!"! the ODC-overexpressor
displayed a 600-fold lower susceptibility than wild-type parasites.
At this point it is important to recall that DFMO is an irreversible
inhibitor and that the half-life of L. mexicana ODC (76% protein
sequence identity with LgODC) was estimated in >6 h (Carrillo
et al, 2000). Thus, the striking difference in sensitive towards
DFMO/Sb"! between both cell lines can be ascribed to the fact that
under the assay conditions (DFMO added at the ECsq for wild-type
cells, 50 uM, for 24 h) a higher fraction of the endogenous ODC
remains inhibited in the parental cell line with respect to that
expressed by the transgenic cell line. Studies carried out with
several L. (V.) panamensis laboratory- or field-strains resistant to
SbY revealed that except for SbY-resistant amastigotes, which pre-
sented a 21% lower antimony-resistance upon treatment with
DFMO, the sensitivity towards Sb'' of most strains was not
enhanced in the presence of high DFMO concentrations (6 mM
(Goyeneche-Patino et al., 2008)). Probably L. panamensis, at vari-
ance with L. guyanensis, have efficient mechanisms to import
exogenous polyamines (Basselin et al., 2000) and, thus, succeed in
circumventing the effects of ODC inhibition.

v-Glutamylcysteine synthetase is the first and rate limiting step
enzyme from the glutathione biosynthetic pathway that in related
Trypanosoma species has been shown to exert kinetic control on the
trypanothione pool (Lueder and Phillips, 1996; Olin-Sandoval et al.,
2012). GSH1 has been shown to be essential for L. infantum, where it
confers protection against oxidative stress and SbY (Mukherjee
et al., 2009). Several reports have identified gsh1 as a marker of
resistance to (Arana et al., 1998; Mukherjee et al., 2007; Goyeneche-
Patino et al., 2008; Moreira et al., 2013; Rai et al., 2013; Singh et al.,
2014) and to therapeutic failure (Torres et al, 2010) in different
pathogenic  Leishmania species. For the non-pathogenic
L. tarentolae, the co-amplification of a region containing the mrpa
and gsh1 genes was observed in As"'— and Sb'-resistant cells,
which was associated with high levels of their transcripts, gluta-
thione and trypanothione (Grondin et al., 1997; Haimeur et al.,
2000; Guimond et al., 2003). However, the overexpression of gsh1
alone or in combination with mrpa did not confer L. tarentolae with
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resistance to Sb'" but, only the latter, to As" (Grondin et al., 1997;
Haimeur et al., 2000), suggesting the participation of additional
molecules in the resistant mechanism towards these drugs.
Different Sb'"!/As"-resistant Leishmania species reduced their
resistance index to these drugs when treated with BSO (3—5 mM)
(Grondin et al., 1997; Arana et al., 1998; Goyeneche-Patino et al.,
2008). Here we show that overexpression or pharmacological in-
hibition of GSH1 in L. guyanensis de- or sensitize, respectively, the
parasites against the detrimental effect of Sb''’.

The mode of action of Sb'! in Leishmania parasites is not
completely understood, but it has been shown that the drug alters
the mitochondrial membrane potential, leading to an increase in
ROS production with concomitant fragmentation of DNA (Mehta
and Shaha, 2006). On the other hand, Sb" forms conjugates with
glutathione and/or trypanothione, which are extruded from the cell
by membrane pumps or sequestered into vesicles (Rai et al., 2013),
hence contributing to deplete the pool of free thiols required to
counteract the cytotoxic effect of ROS. Although our data indicate
that ODC and GSH1 protects against the cytotoxic effects of anti-
mony, the degree of contribution of each protein differs signifi-
cantly. For instance, the susceptibility index of WT cells towards
sb""" was two orders of magnitude higher in parasites treated with
DFMO than in those exposed to BSO. While ODC inhibition should
only deplete trypanothione but not glutathione, the inhibition of
GSH1 should lower the content of both thiols. A possible explana-
tion for such discrepancy between this hypothetical metabolic
scenario and our susceptibility data lies on a protective effect
exerted by free polyamines. Cumulative evidence shows that
polyamines are able to scavenge ROS and present a high affinity to
bind, in particular spermidine, at varied sites of the DNA, where
they not only regulate gene expression (e.g. stress-related genes)
but also provide protection against ROS damage in vitro and in vivo
(Bryson and Greenall, 2000; Rhee et al., 2007). Thus, it is tempting
to speculate that upon ODC inhibition, the concomitant depletion
of polyamines and trypanothione, will render the WTcells far more
sensitive to Sb"' than those with a low thiol content. Future studies
determining the polyamines or trypanothione levels of over-
expressors lines and analyzing the reversion of growth inhibition
by adding exogenous products of the GSH1 and ODC enzymes ac-
tivities using theirs specific inhibitors will address all these issues
and dissect the contribution to the antimony-resistance phenotype
of other components from the parasite redox-system.
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Fig. 4. Effect of BSO on the growth of L. (V.) guyanensis wild-type and GSH1-overexpressor treated with a sublethal concentration of Sb™. Parasites (2 x 10° cells mL ') were
seeded into 24-well plates containing M199 medium. Parasites were exposed or not to Sbill (9.3 uM) alone or with 5 mM (for LgWT and LgGSH1 ¢3) or 15 mM (only for LgGSH1 ¢3)
BSO. The incubation was extended for 48 h and parasite number was assessed using a Z1 Coulter Counter. The values represent mean and standard deviations from three inde-
pendent experiments. Statistically different values (Student t-test, GraphPad Prism 5.0) are indicated as follows: *p < 0.05; **p < 0.01 and ***p < 0.0001.
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In conclusion, our data showed the direct involvement of ODC
and GSH1 in Sb'"-resistance in L. guyanensis and provided evidence
that a combined therapy with inhibitors of polyamine and/or
glutathione/trypanothione biosynthesis may be a valuable strategy
to minimize emergence of drug resistance, reduce drug toxicity and
increase Sb'-treatment efficacy for the disease caused by this
parasite species.
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