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Resumo

L-asparaginases (ASNases) bacterianas sdo importantes biofarmacos utilizados no tratamento
de leucemia linfoide aguda (LLA), uma vez que este tipo tumoral € dependente da
disponibilidade de asparagina (Asn) extracelular. As ASNases bacterianas sdo capazes de
hidrolisar eficientemente Asn em acido aspartico (Asp) e amdnia (NHs), diminuindo a
disponibilidade de Asn para células tumorais e induzindo apoptose. Comercialmente,
industrias farmacéuticas internacionais produzem ASNases de Escherichia coli e Erwinia
chrysanthemi, entretanto, ASNase de nenhuma origem € produzida pelas inddstrias
farmacéuticas brasileiras. Adicionalmente, o tratamento com estas enzimas produz efeitos
colaterais, entre eles imunogénicos, que estdo relacionados com a alta massa molecular da
enzima (140kDa) e neurologicos, atribuidos a atividade secundaria de glutaminase (GLNase).
Neste contexto, fontes alternativas destas enzimas e também a auto-suficiéncia em suas
producdes sdo importantes para mitigar os efeitos colaterais e evitar falhas no tratamento
devido a flutuagbes internacionais de sua fabricacdo. Neste trabalho, realizamos a
caracterizagdo de uma ASNase de levedura, denominada de ASNaseM que compartilha
elevada homologia (maior que 30% de identidade e 40% de similaridade) com as enzimas
bacterianas utilizadas no tratamento da LLA e que possui todos os aminoacidos envolvidos na
catalise conservados, sugerindo uma fonte alternativa potencial para o tratamento da LLA.
Experimentos de cromatografia de exclusdo molecular revelaram uma enzima com tempo de
retencdo referente a um mondmero (~45 kDa), e através de espectroscopia de dicroismo
circular, foi possivel observar que ASNaseM ¢é termorresistente, mantendo sua estrutura
secundaria em temperaturas maiores que 40°C, apresentando Tm = 54,35 £ 0,37°C, 0 que pode
ser resultado das 4 pontes de dissulfetos formados por 8 de 10 cisteinas, como observado pelo
ensaio de quantificacdo de grupos sulfidrilas livres utilizando o reagente DTNB. Os
parametros cinéticos foram determinados por ensaio espectrofotométrico acoplado a
glutamato desidrogenase e a enzima apresentou comportamento alostérico com coeficiente de
Hill = 2,125 e Sos ~ 0,35 mM e a eficiéncia catalitica foi na ordem de 10! Ms e atividade
especifica de aproximadamente 108 Ul/mg. Adicionalmente, uma caracteristica que esta
relacionada com diversos efeitos colaterais, observada nas enzimas comerciais, que é a
atividade secundaria de GLNase, ndo foi detectada para ASNaseM. Através de ensaios de
citotoxicidade utilizando as linhagens ReH e Molt-4 (células neoplésicas), foi possivel
detectar atividade citotoxica. Também foram realizadas mutacdes sitio dirigidas visando
conferir & ASNaseM a atividade de GLNase. Também buscamos o ganho de atividade de
GLNase por meio de substituicGes pontuais de amnioacidos que conferem ou abolem em
bactérias esta atividade, entretanto, nossos resultados revelaram que as enzimas mutadas ndo
apresentaram ganho de atividade de GLNase, o que indica que apesar das semelhancas
existentes com as enzimas bacterianas, 0 ganho de atividade de GLNase ¢ um fendmeno
complexo e necessita de investigacfes adicionais. Também realizamos andlises in silico de
sequéncias primarias de ASNases, em conjunto com a avaliacdo de estruturas tridimensionais,
para ampliar o conhecimento de aspectos evolutivos destas enzimas e propor uma
classificagdo criteriosa de ASNases. Os resultados da andlise revelam que a ASNase de
levedura, se posiciona evolutivamente distinta de outras enzimas e também auxiliaram na
identificacdo de ASNases que podem possuir propriedades importantes como biofarmacos
alternativos apresentando alta atividade de ASNase ou auséncia de atividade de GLNase.

Palavras-chave: Leucemia linfoblastica aguda, Asparaginase, Biofarmacéutico
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Abstract

Bacterial L-asparaginases (ASNases) are important biopharmaceuticals used in the treatment
of acute lymphoid leukemia (ALL), since this tumor type is dependent on the availability of
extracellular asparagine (Asn). Bacterial ASNases are able to efficiently hydrolyze Asn in
aspartic acid (Asp) and ammonia (NHz), decreasing the availability of Asn to tumor cells and
inducing apoptosis. Commercially, international pharmaceutical industries produce ASNases
from Escherichia coli and Erwinia chrysanthemi, however none ASNase is produced by the
Brazilian pharmaceutical companies. Additionally, the treatment with these enzymes can
produce side effects, among them immunogenic ones, that are related to the high molecular
weight of the enzyme (140kDa) and neurological, attributed to the glutaminase secondary
activity (GLNase), being glutamine (GIn) the most abundant amino acid in the bloodstream.
In this context, alternative sources of these enzymes as also the self-sufficiency of the
production are important to mitigate side effects and avoid treatment failures due to
international fluctuations in their manufacture. In this work, we performed the
characterization of a yeast ASNase, called ASNaseM, which shares high homology (higher
than 30% identity and 40% similarity) with the bacterial enzymes used in the treatment of
ALL, and which has all the amino acids involved in the catalysis conserved, suggesting a
potential alternative source for the treatment of ALL. Molecular exclusion chromatography
experiments revealed an enzyme with retention time for a monomer (~ 45 kDa), and through
circular dichroism spectroscopy, it was possible to observe that ASNaseM is heat-resistant,
maintaining its secondary structure at temperatures higher than 40°C, presenting Tm = 54.35
+ 0.37 °C, which may be the result of 4 disulfide bonds formed by 8 of 10 cysteines, as
indicated by the free sulfhydryl group quantification assay using the DTNB reagent. The
kinetic parameters were determined by spectrophotometric assay coupled to glutamate
dehydrogenase, the enzyme presented allosteric behavior with Hill coefficient of 2.125 and
Sos of ~ 0.35 mM and the catalytic efficiency was in the order of 10* MS™ and activity
specific of approximately 108 Ul/mg. Additionally, a characteristic that is related to several
side effects of the bacterial ASNases, observed in the commercial enzymes, the secondary
GLNase activity was not detected to ASNaseM. Through cytotoxicity assays using ReH and
Molt-4 (neoplastic cells) strains, it was possible to observe cytotoxic activity to neoplastic
cells. Site-directed mutations were also performed to confer GLNase activity to ASNaseM
based in known substitutions that confers or abolish this kind of activity to the bacterial
enzymes. Our results revealed that the mutated enzymes showed no gain in GLNase activity,
indicating that despite the similarities to the bacterial enzymes, gain of GLNase activity is a
complex phenomenon and requires further investigation. In addition, we performed "in silico”
analyzes of ASNase primary sequences, together with the evaluation of three-dimensional
structures, to increase the knowledge of evolutionary aspects of these enzymes and propose a
careful classification of ASNases. The results of the analysis reveal that yeast ASNase is
evolutionarily distinct from other enzymes and also aided in the identification of ASNases
that may possess important properties as alternative biopharmaceuticals having high ASNase
activity or absence of GLNase activity.

Keywords: Acute Lymphoblastic Leukemia, Asparaginase, Biopharmaceutical
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1. Introducéo

1.1. Leucemia Linfoblastica Aguda

Células neoplasicas se diferem das céelulas normais do organismo por apresentarem
mutacdes em seu genoma, 0 que pode gerar alteracbes em diversas funcdes celulares (Ertel et
al., 2006; Ghaffari et al., 2015; lacobucci; Mullighan, 2017; Malouf; Ottersbach, 2017).
Fatores distintos podem levar a translocagdo e mutacGes cromossomais, como alteracdes no
microambiente celular devido a fatores externos, obesidade, aumento no nivel de expressdo de
fatores de crescimento e mutacdes ao acaso, gerando células tumorais (Ertel et al., 2006;
Ghaffari et al., 2015; Iacobucci; Mullighan, 2017; “Instituto Nacional do Cancer - INCA”,
2018; Malouf; Ottersbach, 2017).

Nas leucemias, as células neoplasicas sdo as sanguineas, com intensa multiplicacao de
células das linhagens linfoide ou mieloide imaturas na corrente sanguinea. A Leucemia
Linfoblastica/Linfoide Aguda (LLA) tem como principal caracteristica o acimulo de células
imaturas (linfoblastica) anormais na medula 6ssea, que substituem as células sanguineas
sadias como hemécias e linfécitos, podendo se espalhar para os ganglios linfaticos, baco,
figado e outros 6rgdos (Larson, 2014; Ustwani et al., 2015). A LLA é uma doenca
heterogénea e consequentemente, necessita de mdaltiplas e especificas drogas para um
tratamento eficiente, ainda, apresenta variabilidade clinica em razdo de diferentes
backgrounds genéticos das células leucémicas (Avramis, 2012; Man et al., 2017; Rytting et
al., 2017; Ustwani et al., 2015). Segundo o Instituto Nacional do Céancer (INCA, 2018), a
cada ano sdo registrados no Brasil ~10.800 novos casos de leucemia, sendo 5.940 homens e
4.860 mulheres. Dentre os casos de leucemia, a LLA é a neoplasia mais frequente na infancia,
correspondendo a ~26% dos casos na faixa etaria até os 18 anos, com pico de incidéncia entre
1 e 4 anos de idade, sendo quatro vezes mais frequente que a leucemia mieloide aguda (LMA)
(“Instituto Nacional do Cancer - INCA”, 2018).

1.2. L-Asparaginase no tratamento da LLA

O aminoacido L-asparagina (Asnh ou N) é conhecido como ndo essencial, pois muitas
células sdo capazes de sintetiza-lo através da Asparagina sintetase (ASNS), no entanto,
algumas células (ex.: células do timo) dependem de fontes extracelulares de Asnh para as suas

atividades metabolicas, uma vez que este aminoadcido é fundamental para a sintese de
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proteinas e, consequentemente, de DNA e RNA, sendo absolutamente necessario na fase G1
da divisdo celular (Ellem et al., 1970; Gong; Basilico, 1990). Adicionalmente, ja foi
demonstrado que alguns tipos de células tumorais, dentre elas as células leucémicas, também
sdo dependentes da disponibilidade de Asn extracelular, por possuirem baixa ou nula
expressdo da enzima Asparaginase Sintetase (ASNS), responsdvel pela sintese de Asn
intracelular (Offman et al, 2011). Desta forma, a administracdo de L-asparaginases (ASNases)
bacterianas, uma enzima que esgota a Asn do soro sanguineo convertendo-a em aspartato
(Asp) e amonia (NHz), em pacientes com LLA, resulta em uma queda acentuada nos niveis
séricos de Asn (Figura 1) (Ali et al., 2016; Barba et al., 2017; Jarrar et al., 2006; Lopes et al.,
2017; Miller et al.,, 1969; Ollenschlager et al., 1988), comprometendo a sintese de proteinas
em células linfoblasticas malignas, o que inviabiliza severamente as funcgdes celulares,
resultando em apoptose (Figura 1) (Lopes et al., 2017; Mehta et al., 2014; Story et al., 1993).
Desde 1970, a ASNase tornou-se um componente essencial na quimioterapia para o
tratamento de LLA infantil. Em adultos, embora a ASNase esteja incluida na maioria dos
protocolos para o tratamento de linfomas, a sua utilizacdo tem sido mais limitada e menos
estudada, principalmente devido a aspectos relacionados com a toxicidade (Couturier et al.,
2015; Douer, 2008). Adicionalmente a atividade de asparaginase, as ASNases bacterianas
apresentam atividade secundaria de glutaminase (GLNase), hidrolisando o aminoacido
glutamina (GIn) em glutamato (Glu) e NHs (Offman et al. 2011).

L-Aspartic acid L-Aspartic acid

AXS * ASNS l
L-Asparagine L-Asparagine

X |

Protein Bsynthesis Protein Biosynthesis
ALL cell Healthy cell

Figura 1: Mecanismo de acdo das Asparaginases no tratamento de LLA. Atividade de asparaginase depleta
a fonte de Asn para células de LLA, que possuem baixa ou nula expressdo da enzima Asparagina Sintetase
(ASNS), responsavel pela biossintese de Asn intracelular (Adaptado de Cachumba et al., 2016).

Além de sua utilizacdo no tratamento da LLA, as ASNases bacterianas também sdo
utilizadas terapeuticamente para outros tipos de céncer do sistema linfatico, doenca de

Hodgkin, Leucemia Mieloide Aguda (LMA), Leucemia Linfocitica Crénica (LLC),
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reticulossarcoma e melanossarcoma (Avramis; Tiwari, 2006; Mehta et al., 2014; Pui; Evans,
2006; Verma et al., 2007). Adicionalmente, estudos recentes tém demonstrado que as
ASNases possuem potencial terapéutico em canceres ovarianos e pancreaticos (Dufour et al.,
2012; Yu et al., 2012). De fato, ja se sabe que o alto peso molecular das ASNases bacterianas
(~ 140kDa) limita sua utilizacdo para o tratamento de determinados tipos de céncer
(McCredie et al.,1953). Estudos indicam que, no fluido cerebrospinal, a atividade de ASNase
é somente na faixa de 0,1 a 0,8% da encontrada na corrente sanguinea (Asselin et al., 1993;
Riccardi et al., 1981). Também, ja foi demonstrado que o uso de ASNase potencializa 0s
efeitos citotoxicos de agentes quimioterapicos em células de tumores cerebrais (Panosyan et
al., 2014). Portanto uma ASNase de menor massa molecular, em relagdo as ASNases
bacterianas, seria altamente desejavel para o tratamento de outros tipos de canceres. Também,
se postula que moléculas menores seriam menos imunogénicas e consequentemente poderiam
apresentar menores efeitos colaterais (Akash et al., 2015; McCredie et al., 1953).

Cabe salientar que adicionalmente ao uso de ASNases, 0s protocolos de tratamento
incluem drogas de baixa massa molar como antraciclinas, alcaldides e oxazoforinas os quais
interferem de diferentes formas na proliferacdo celular, impedindo a montagem dos
microttbulos (Vincristina), intercalando com o DNA e interferindo na atividade da
topoisomerase Il (Daunorrubicina) ou promovem a alquilacdo de bases do DNA impedindo a
acdo da DNA polimerase (Ciclofosfamida) (Balendiran, 2009; Carta et al., 2014; Colvin,
1999; Man et al., 2017). Neste contexto, as ASNases sdo consideradas as drogas mais seguras
dentre as utilizadas no tratamento (Douer et al., 2007; Voller et al., 2018).

Existem no mercado trés formas de ASNases bacterianas terapeuticamente utilizadas:
a ASNase nativa (ECA2) e a ASNase conjugada com polietilenoglicol (PEG-ASNase), ambas
obtidas de Escherichia coli, e a ASNase obtida de Erwinia chrysanthemi (ErA2 ou
Crisantaspase) (Cortijo-Cascajares et al., 2012). Os trés tipos possuem 0 mesmo mecanismo
de acdo, mas diferem nas suas propriedades farmacocinéticas, portanto, ndo é possivel a
intercambiabilidade com a mesma dose e frequéncia entre os trés agentes (Rizzari et al.,
2013). A ASNase pode induzir resposta imune, produzindo anticorpos anti-asparaginase
sendo a principal causa de resisténcia ao medicamento, resultando na reducdo de sua atividade
(Armstrong et al., 2007; Avramis; Panosyan, 2005; Avramis, 2012; Lopes et al., 2017). As
reacOes de hipersensibilidade, devido a producéo de anticorpos, tém sido observadas em até
60% dos pacientes que fazem uso da enzima nativa derivada de E. coli (Panosyan et al., 2004;

Pui et al., 2018). A alternativa, quando ha reacGes a alguma das formulacGes de E. coli, é a
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substituicdo por Crisantaspase, que causa reduzida estimulagdo do sistema imune, mas
apresenta meia vida biolégica menor que as de E. coli. Entretanto, 33% dos pacientes ainda
apresentam reac0Oes alérgicas a formulacdo (Pieters et al., 2011; Pui et al., 2018; Rizzari et al.,
2013).

A fim de reduzir as reacdes imunologicas causadas pela terapia, desenvolveu-se a
PEG-ASNase, a qual utiliza a enzima de E. coli modificada quimicamente através da ligacéo
de moléculas de PEG que apresenta vantagem de ter um periodo de meia-vida biologico
maior que ASNase nativa (Pieters et al., 2011; Rau et al., 2018; Veronese, 2001). A
administracdo da forma peguilada de ECA2 resulta em apenas 11% de reacdes alérgicas, o que
demonstra que a peguilacdo também é uma alternativa para diminuicdo da resposta
imunolodgica aos tratamentos com ASNase (Pieters et al., 2011; Shrivastava et al., 2015).
Entretanto, é importante salientar que pacientes tratados com as enzimas peguiladas também
podem desenvolver anticorpos anti-PEG, o que revela a necessidade da busca de novas
enzimas terapéuticas (Armstrong et al., 2007).

Muitas ASNases derivadas de outros micro-organismos foram caracterizadas, mas a
escolha da ASNase mais adequada para o tratamento tem sido um dilema para a comunidade
meédica (Kavitha; Vijayalakshmi, 2012; Lebedeva; Berezov, 1997; Lubkowski et al., 1996;
Peterson; Ciegler, 1969). Diferencas na farmacocinética, hipersensibilidade imunoldgica,
doses, precos, farmacodinamica entre outros fatores sdo levados em consideracdo para a
enzima ser utilizada (Kloos et al., 2017; Raetz; Salzer, 2010; Rizzari et al., 2013). Porém, 0s
principais fatores que influenciam na atividade antileucémica de uma ASNase s&o
bioquimicos (menor Kn sobre Asn da enzima, atividade reduzida de glutaminase, dentre
outros) e farmacoldgicos (depuracdo sérica da enzima, desenvolvimento de resisténcia a
ASNase, etc.) (Avramis, 2012; Lanvers-Kaminsky, 2017).

1.3. Aspectos da LLA e utilizacdo da L-asparaginase no Brasil

As ASNases certificadas pela ANVISA para o tratamento de neoplasias no Brasil séo
totalmente importadas e em 2013 se instalou uma crise devido a interrupgdo da producéao pelo
fabricante no exterior (Metck Sharp & Dohme). Neste contexto, visando evitar o
desabastecimento do medicamento, foram feitos esfor¢cos no intuito de iniciar a producdo do
medicamento no Brasil através do Ministério da Salde por meio de Parceria para 0
Desenvolvimento Produtivo (PDP) (Stumm, 2014) entre a FIOCRUZ e os laboratérios
privados NT Pharma e Unitec Biotec para que, a partir de 2015, a ASNase de E. coli fosse
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produzida nacionalmente. Entretanto em razdo de diversas adversidades técnicas e
burocréaticas, a ASNase foi retirada da lista (INCA, 2015). Atualmente toda a ASNase
utilizada no tratamento de neoplasias no Brasil era fornecida pela farmacéutica Bagd que a

importava dos Estados Unidos da América (https://www.bago.com.br/web/media/). No

entanto, em janeiro de 2017, o Ministério da Saude gastou R$ 3.841.851,30 para a compra de
aproximadamente 30.000 frascos de asparaginase, 10.000 Ul, de origem chinesa, importada
pela empresa Xetley S.A.. Contudo, este medicamento gerou preocupacdo na comunidade
médica brasileira, uma vez que o medicamento nédo era certificado pela ANVISA e existem
suspeitas de efeitos colaterais adicionais
(http://gl.globo.com/fantastico/noticia/2017/03/ministerio-troca-laboratorio-de-remedio-de-

leucemia-e-preocupa-especialistas.html).

O quadro descrito acima demonstra a grande fragilidade no setor produtivo de
biofarmacos no Brasil. Cabe ressaltar que a ASNase distribuida no pais é somente a de E. coli
(AGINASA/Medac) e recentemente a PEG-ASNase (Oncaspar®) teve registro liberado pela
ANVISA (http://pesquisa.in.gov.br/imprensa/jsp/visualiza/index.jsp?jornal=1010
&pagina=59&data=12%2F06%2F2017). Neste contexto, a intercambialidade com a enzima
de E. chrysanthemi ndo é possivel, pois ndo possui registro da ANVISA e ndo pode ser
comercializada no pais. Entretanto, cabe ressaltar que o custo do tratamento com PEG-
ASNase ou Crisantaspase é significativamente maior (entre 15-60 x). Adicionalmente, casos
reportados na midia revelam a morte de pacientes em razdo da falta de alternativas de
medicamento, o que aumenta a judicializacdo para obtencdo dos medicamentos no Brasil
(https://www.tlnoticias.com.br/estado/saude-de-sophia-quinta-se-agrava-e-familia-pede-ajuda
-para-conseguir-medicamento/78532/; http://gl.globo.com/to/tocantins/noticia/2016/09/mae-

comove-nas-redes-sociais -apos-morte-de-menina-com-cancer.html).

Pelo exposto acima, a producdo do biofarmaco EcA2 no Brasil seria de grande
importancia, mas ndo seria suficiente para garantir os tratamentos oncologicos pediatricos,
uma vez que ndo haveria a possibilidade de intercambialidade com a ASNase de E.
chrysanthemi. De fato, mesmo se a producdo da enzima de E. coli por meio da parceria com
empresas privadas se concretizar, fica uma grande lacuna por medicamentos que permitam a
intercambialidade com outras enzimas, a qual, no contexto atual, sdo de alto custo e todas
importadas. Portanto a busca por novas fontes desta enzima, visando novos biofarmacos mais

eficazes, é de fundamental importancia estratégica ndo so para a saude publica, mas também
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para inserir o Brasil na classe dos paises que possuem produtos biotecnolédgicos proprios e,
também, podem auxiliar na intercambialidade das ASNases, 0 que pode ter impacto global.

1.4. Caracteristicas bioguimicas e estruturais de L-asparaginases

O ideal para se evitar respostas imunes seria a utilizacdo de ASNases enddgenas
humanas. Neste sentido, ja foram identificadas trés enzimas de humano capazes de hidrolisar
Asn, que apresentam baixa identidade na sequéncia de aminoécidos com seus representantes
em bactérias: aspartil-glucosaminidase (hAGA), L-asparaginase humana 3 (hASNase3)
(Figura 2A e 2B) e lisofosfolipase de 60kDa (LPD60kDa) (Avramis; Tiwari, 2006; Crowther,
1971; Mononen et al., 1993; Nomme et al., 2013; Oininen et al., 1995; Sugimoto et al.,
1998). No entanto, elas ndo apresentam potencial terapéutico uma vez que o Kn reside na
faixa de milimolar, muito alto quando comparada com as enzimas bacterianas (~ 7,5 x 10
M) (Avramis; Tiwari, 2006; Mehta et al., 2014; Nomme et al., 2013; Verma et al., 2014).

Figura 2. Estruturas cristalogréficas de ASNases humanas e bacterianas. A) Estrutura tetramérica da enzima
hAGA (cddigo de pdb: 1APY) onde cada mondmero apresenta cores distintas para uma melhor visualizagao (A
= azul, B = vermelho, C = marrom e D = laranja). B) Estrutura dimérica da enzima hASNase3 (4GDU). Os
mondmeros estdo representados em laranja e em roxo. C) Estrutura tetramérica da L-asparaginase 2 de E. coli
(3ECA). A estrutura quaternaria da enzima é representada por um tetramero e cada mondmero esta representado
por uma cor diferente (A = azul, B= amarelo, C = branco e D = vermelho). D) Sobreposi¢do das estruturas
cristalograficas de ASNase2 de E. coli (azul, 3ECA) e de E. chrysanthemi (verde, 107J). Todas as representacdes
estdo em cartoon e as representaces graficas foram geradas com o auxilio do programa Pymol
(www.pymol.org).
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Uma vez que o sucesso clinico da terapia utilizando ASNase bacteriana é atribuido a
baixa quantidade administrada aliada ao esgotamento rapido do aminoécido Asn no plasma,
as caracteristicas cinéticas das ASNases humanas as tornam inviaveis como op¢éo terapéutica
(Nomme et al., 2013). Adicionalmente, a analise da estrutura de hASNase3 revelou que além
da baixa afinidade por Asn, esta enzima necessita sofrer uma autoclivagem, ainda, ha residuos
de treonina que estdo envolvidos tanto no processo de autoclivagem quanto na atividade de
ASNase da enzima, 0 que torna seu engenheiramento ainda mais complexo (Nomme et al.,
2014).

As diferencas existentes na eficiéncia catalitica residem, em ultima instancia, em
diferencas estruturais entre as enzimas de humanos e de bactérias. Neste sentido, a anélise de
estruturas cristalogréaficas revela que as enzimas humanas hAGA e hASNase3 (Figuras 2A e
1B) ndo exibem similaridade estrutural com os representantes de bactéria (Figuras 2C e 2D).
De fato, a L-asparaginase 2 de E. coli é um tetrdmero (Figura 2C) que compartilha grande
similaridade estrutural com a ASNase 2 de E. chrysanthemi, apresentando r.m.s.d. de 0,891 A
(Figura 2D). Adicionalmente, estruturas cristalograficas revelam que a maioria dos
aminoacidos envolvidos na catalise da enzima de E. coli sdo conservados na enzima de E.
chrysanthemi (Figura 3A e B, respectivamente). Em adi¢do aos residuos do ciclo catalitico,
analises estruturais ressaltam a importancia de um loop préximo ao sitio ativo no qual é
mantido em uma posicdo produtiva para catalise por um residuo de Tyr (Tyr25 em E. coli)
(Offman et al., 2011).

O mecanismo proposto para catalise das ASNases bacterianas é baseado em estruturas
cristalogréficas onde estdo envolvidas duas triades cataliticas: Thr12-Tyr25-Glu283* (o
asterisco denota mondmero distinto) e Thr89-Asp90-Lys162 em E. coli (Figura 3A) e Thrl5-
Tyr29-Glu63 e Thr95-Asp96-Lys168 em E. chrysanthemi (Figura 3B) (Lopes et al., 2017;
Nguyen et al., 2016b). Neste contexto, com base nos residuos do sitio catalitico da ASNase de
E. coli, a nucleofilicidade do residuo de Thrl2 é aumentada pela formagédo de uma ligacdo de
hidrogénio com o residuo de Tyr25, uma vez que o hidrogénio do grupo OH da cadeia lateral
é doado ao O da cadeia lateral do residuo de Glu283* do monémero adjacente (Figura 3C 1).
E importante salientar que em E. chrysanthemi, o residuo Glu63, que realiza a interagio com
o residuo de tirosina, € proveniente do mesmo mondmero. Adicionalmente, ao mesmo tempo
em que a triade Thr12-Tyr25-Glu283* ¢é formada, o posicionamento da treonina 89 no sitio
ativo permite a interagédo com o substrato, aumentando a eletrofilicidade da cadeia lateral do

substrato (Figura 3C I) e também estabiliza o oxianion formado no intermediario tetraédrico
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(Figura 3C Il). Posteriormente, um complexo enzima-B-aspartil é formado através da
regeneracdo do grupo carbonila (CO) do substrato, liberando uma molécula de NHs,
intermediada por uma molécula de H2O e pela Tyr25 (Figura 3C Ill). Apos a liberagdo do
grupo NHeg, inicia-se o processo de desacetilacdo da enzima com o ataque nucleofilico de uma
molécula de H2O, que possui nucleofilicidade aumentada devido a interagdo com a segunda
triade catalitica formada pelos residuos Thr89-Asp90-Lys162, ao carbono do grupo CO do
intermediario fB-aspartil-enzima (Figura 3C 1V). Por fim, a regeneracdo da ligacdo dupla do
atomo de O do grupo carbonila elimina o substrato (Asp), regenerando a enzima (Figura 3C
V) (Lopes et al., 2017; Sanches et al., 2007). Cabe ressaltar que recentemente foi determinada
a estrutura da L-asparaginase 1 de Cavia porcellus (porquinho-da-india) e o mecanismo
catalitico proposto pelos autores refor¢ca 0 modelo proposto a E. coli uma vez que é idéntico
(Schalk et al., 2016; Schalk; Lavie, 2015).
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Figura 3. Residuos do sitio ativo de ASNases bacterianas e ciclo catalitico. Regido do sitio ativo de L-
asparaginases de E. coli (PDB: 3ECA) (A) e E. chrysanthemi (PDB: 107J) (B) revela grande similaridade
estrutural nas posigdes dos aminoacidos que compde as duas triades cataliticas. As representagdes estdo em
cartoon e 0s aminoacidos estdo representados em balls and sticks colorizados por CPK (O = vermelho e N =
azul) (www.pymol.org). C) Diagrama do mecanismo de reacdo das ASNases bacterianas (Adaptado de Sanches
et al., 2007).
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1.5. Engenheiramento proteico

Através de estudos abrangendo dindmica molecular e mutagénese sitio dirigidas,
foram demonstrados que a substituicdo de determinados aminoacidos auxilia na resisténcia da
ASNases de E. coli a danos proteoliticos (Chen et al., 1997; Offman et al., 2011; Sanches et
al., 2003). A substituicdo dos aminodcidos volumosos Tyr250 e Argl95, o primeiro na
interface entre os mondmeros que formam o dimero, e o0 segundo residuo localizado na
interface dos dimeros do tetrdmero, por aminoacidos com menor volume (Leu e Ser,
respectivamente) tornam a enzima mais resistente ao ataque proteolitico, provavelmente em
razdo de um maior empacotamento e/ou devido a ocluséo de sitios de clivagem (Offman et
al., 2011).

Pacientes tratados com ASNases também exibem niveis baixos de glutamina (GIn) na
corrente sanguinea e alguns trabalhos destacam a relacdo entre o esgotamento de GIn a
toxicidade das ASNases (Offman et al., 2011). Apesar de 0 K para atividade de asparaginase
ser significativamente menor (30 x menor em ASNase de E. coli) (Avramis; Tiwari, 2006),
residuos de GIn representam até 50% de todos os aminoacidos livres na corrente sanguinea
humana, sendo uma fonte importante de nitrogénio para o organismo (Ollenschlager et al.,
1988; Ramya et al., 2012). Postula-se que a principal consequéncia da atividade GLNase das
ASNases é a diminuigdo da sintese de proteinas, sendo assim, associadas a varios efeitos
colaterais como imunossupressdo, tromboembolia e doencas neuroldgicas (Kafkewitz;
Bendich, 1983; Ramya et al., 2012; Villa et al, 1986).

Chan e colaboradores (2014), utilizando abordagens de dindmica molecular e mutacéao
sitio dirigida, identificou um residuo de glutamina (GIn59) na ASNase de E. coli, encontrada
na cavidade do sitio ativo, que ndo esta diretamente relacionado com a atividade catalitica, no
entanto realiza interagdes com o ligante. Os autores demonstraram que a enzima mutante que
carreia a substituicdo GIn59 por uma leucina (Leu) (ASNase®*) leva a um decréscimo da
atividade enzimatica sobre asparagina de ~60% em relacdo ao tipo selvagem, entretanto,
atividade de GLNase é apenas residual (Chan et al., 2014). Posteriormente, Mehta e
colaboradores (2014) demonstraram que a substitui¢do do residuo Tyrl76 por uma Phe resulta
em uma enzima de atividade de ASNase inalterada, mas a atividade de GLNase indetectavel.
Os autores também demonstraram que a enzima mutante possui atividade citotoxica
(antitumoral) superior a da enzima selvagem e também apresenta reduzida imunogenicidade.

Entretanto, vale salientar que alguns autores postulam que a atividade secundéaria de GLNase
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também é importante para a atividade citotoxica das ASNases bacterianas (Offman et al.,
2011).

Como demonstrado acima, abordagens envolvendo mutagénese sitio dirigida sdo de
grande importancia na modulacao da atividade ou estabilidade das enzimas. De fato, j& foram
demonstradas para um outro grupo de enzimas, as peroxirredoxinas (Prx), peroxidases
capazes de decompor diferentes peroxidos como H.O. e peroxidos organicos, onde ocorre um
residuo de Thr que compde a triade catalitica, que as enzimas selvagens tém menor afinidade
por perdxidos organicos, entretanto, quando ha a substituicdo do residuo de Thr por Ser nas
Prxs, ha um aumento da eficiéncia na decomposicdo de perdxido organico (Flohé et al., 2002;
Netto et al., 2015; Tairum-Jr et al., 2016; Tairum-Jr et al., 2012). Em ASNase de E. coli, ja
foi demonstrado que a substituicdo de Thrl2 por Ser, afeta 0 Ky da ASNase sobre Asn (Derst
et al., 1992). Sendo assim, a presenca dos residuos de Thr entre os residuos cataliticos de
ASNases (Thrl2 ou Thr89 em E. coli) sdo alvos potenciais para mutacdes sitio dirigidas por
residuos de serina, que podem alterar sua eficiéncia catalitica sobre substratos, diminuindo

sua afinidade por glutamina ou aumentando sua afinidade por asparagina.

1.6. L-Asparaginases de Saccharomyces cerevisiae

Uma vez que a utilizacdo de ASNases bacterianas no tratamento de LLA estd
relacionada com diversos efeitos colaterais, uma alternativa terapéutica promissora € a
utilizacdo de enzimas de outros organismos com caracteristicas superiores as de ASNases
bacterianas, como maior eficiéncia catalitica, maior permanéncia no organismo e menores
efeitos colaterais. A revisdo da literatura revela que duas isoformas de ASNases de S.
cerevisiae (Aspl e Asp3, seguindo a nomenclatura do Saccharomyces Genome Database:
http://lwww.yeastgenome.org) tiveram sua caracterizacdo bioquimica efetuada na década de
1970 (Dunlop; Roon, 1975; Dunlop et al., 1978; Jones, 1977). Entretanto, nos trabalhos
mencionados acima, 0s autores trabalharam com isoformas purificadas diretamente de
culturas de S. cerevisiae, e a analise dos trabalhos revela que as enzimas purificadas
continham diversos contaminantes, o que torna questionavel os resultados obtidos. Portanto,
até o inicio desta investigacdo nenhum trabalho tinha efetuado uma caracterizacao funcional
acurada destas ASNases e trabalhos referentes a caracterizagdo estrutural das enzimas séo
inexistentes (Dunlop et al., 1978). Adicionalmente, trabalhos recentes que envolvem a
caracterizacdo das enzimas Aspl e Asp3, dois deles desenvolvidos pelo projeto Tematico

“Produgdo de L-asparaginase extracelular: da bioprospeccdo a engenharia de um biofarmaco
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antileucémico”, do qual nosso grupo de pesquisa faz parte, foram publicados (Costa et al.,
2016 - Apéndice A; Girdo et al., 2016; Santos et al., 2017).

Neste trabalho, centramos nossa atencdo na isoforma Aspl, por motivos que serdo
expostos a seguir. Quando a sequéncia proteica de Aspl de levedura é comparada com as
isoformas bacterianas de E. coli e E. chrysanthemi, sdo detectadas semelhangas na estrutura
priméria (~ 38% de identidade e ~ 54% de similaridade) (Figura 4A). Também é possivel
constatar que os aminoacidos envolvidos na atividade sobre Asn das ASNases se encontram
estritamente conservados em Aspl de S. cerevisiae (Figura 4A). Cabe ressaltar que, no
alinhamento apresentado na figura 3, os primeiros 20-25 aminoacidos N-terminais (N-T) das
enzimas bacterianas representam um peptideo sinal para o periplasma bacteriano o qual é
ausente na proteina madura. Outra diferenca marcante recai nos residuos de GIn59 e Tyrl76
(Figura 4 A — indicadas por setas pretas) da ASNase de E. coli, que quando mutados por Leu
e Phe, respectivamente, resultam em uma atividade de glutaminase reduzida ou ausente (Chan
et al., 2014; Mehta et al., 2014). Em Aspl de S. cerevisiae, estes residuos sdo naturalmente
substituidos por lisina (111) e glutamina (228), respectivamente, o que indicaria uma

atividade reduzida sobre glutamina.
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Figura 4. Alinhamento de sequéncias proteicas de ASNases. As sequéncias das proteinas foram obtidas junto
aos bancos de dados SGD (http://www.yeastgenome.org) e Uniprot (http://www.uniprot.org), alinhadas
utilizando o programa Clustal Q (Sievers et al., 2011) e a representagdo grafica foi obtida com o auxilio do
programa Jalview (Clamp et al., 2004). A) Alinhamento de sequéncias proteicas de ASNases bacterianas e Aspl
de levedura. Em cinza escuro estdo realcados os aminoécidos estritamente conservados e em cinza claro
aminoacidos que apresentam propriedades fisico-quimicas ou espaciais semelhantes. As caixas pretas verticais
representam aminoacidos que compde as triades cataliticas em E. coli (Thr12, Tyr25, Thr89, Asp90, Lys162 e
Glu283), em E. chrysanthemi (Thrl5, Tyr29, Glu63, Thr95, Asp96 e Lys168) e Aspl (Thr64, Tyr78, Lys111,
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Thrl4l, Aspl42 e Lys215). As setas denotam o residuo de GIn e Tyr de ASNase de E. coli, que quando
substituido, resulta em uma baixa atividade sobre L-glutamina e os asteriscos laranjas indicam os residuos de
cisteinas em Aspl. As abreviagOes para as enzimas bacterianas sdo: EcA2 = L-asparaginase 2 de Escherichia
coli (nGmero de acesso Uniprot = P0O0805), ErA2 = L-asparaginase 2 de Erwinia chrysanthemi (P06608) e Aspl
= L-asparaginase 1 de Saccharomyces cerevisiae (P38986). B) Alinhamento da regido N-terminal (~50 a.a.) de
sequéncias proteicas de ASNases de levedura e bacterianas. Em cinza escuro estdo realcados os aminoacidos
estritamente conservados entre as asparaginases e em cinza claro aminoacidos que apresentam propriedades
fisico-quimicas ou espaciais semelhantes. As abreviacdes sdo: Aspl_S. cerevisiae = L-asparaginase 1 de
Saccharomyces cerevisiae (nimero de acesso Uniprot = P38986), AspKM_K.marxianus = L-asparaginase de
Kluyveromyces marxianus (Acesso = BA040999.1), AspKD_K.dobzhanskii = unnamed protein product de
Kluyveromyces dobzhanskii (Acesso = CD093849.1), AspA.gossyppi = Ashbya gossypii (Acesso GenBank =
NC_005788), AspZR_Z.rouxii = uncharacterized Glutaminase/Asparaginase de Zygosaccharomyces rouxii
(Acesso GenBank = XP_002496902.1), AspKN_K.naganishii = Uncharacterized Glutaminase/Asparaginase de
Kazachstania naganishii (Acesso GeneBank = 403215145), AspKA_K.africana = Kazachstania africana
(Acesso GenBank = XP_003956310.1), AspND_N.dairenensis = hypothetical protein de Naumovozyma
dairenensis (Acesso GenBank = NDAIOC04340), EcA_E.coli = L-asparaginase 2 de Escherichia coli (nimero
de acesso Uniprot = PO0805) e ErA_E.chrysanthemi = L-asparaginase 2 de Erwinia chrysanthemi (P06608).

Por outro lado, uma vez que autores ressaltam que atividade de glutaminase é
importante para citotoxicidade (Chan et al., 2014; Offman et al., 2011), uma abordagem
interessante seria substituir os residuos de Lys111 e GIn228 por Gln e Tyr, respectivamente.
Adicionalmente, a sequéncia primaria de Aspl revela a presenca de residuos de cisteinas
(dez), uma caracteristica bastante importante, pois a formacao de um dissulfeto na ASNase de
E. coli estd relacionado com a estabilidade da enzima (Papageorgiou et al., 2008). Neste
sentido, as cisteinas em Aspl podem resultar na formacao de dissulfetos, o que pode conferir
maior estabilidade a enzima.

No entanto, apesar das semelhancas estruturais e funcionais de Aspl com as ASNases
bacterianas comerciais, em Aspl é possivel observar uma regido N-terminal contendo
aproximadamente 50 aminoacidos, com funcdo ndo conhecida, que é conservada em apenas
um pequeno grupo de leveduras (<30 espécies) (Figura 4B) e ausente nas isoformas
bacterianas (Figura 4 A e B). Andlises in silico utilizando os softwares SignalP 4.1 Server
(http://www.cbs.dtu.dk/services/SignalP/), PredisSi (http://www.predisi.de) ou Signal-BLAST

(http://sigpep.services.came.sbg.ac.at/signalblast.html) ndo indicaram representar um peptideo

sinal semelhante aos presentes nos bancos de dados. Nossos experimentos de cromatografia
de exclusdo molecular, em condicBes especificas de expressdo, possibilitaram obter uma
enzima em estado oligomérico monomérico, caracteristica nunca descrita na literatura para
uma ASNase. Sabe-se que o sitio ativo das enzimas bacterianas estd localizado na interface
entre dimeros intimos (Sanches et al., 2007; Offman et al., 2011), e uma diferenca na cadeia
primaria de aminoacidos de aproximadamente 50 aminoacidos poderia ocasionar em

alteracdes estruturais ASNase significativas.
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Estudos relativos a localizacdo de Aspl datam da década de 1970 e estudos mais
recentes de proteinas em S. cerevisiae falham em detectar Aspl quando fusionada com green

fluorescent protein (GFP) (https://yeastgfp.yeastgenome.org) (Huh et al., 2003). Logo,

estudos envolvendo analises da cauda N-terminal da enzima Aspl poderiam elucidar a funcéo
e a importancia destes aminodcidos presentes na regido N-terminal. Os dados apresentados
neste trabalho sugerem que Aspl apresenta grande semelhanga com seus representantes de
bactérias e que a tornam uma alternativa importante para o tratamento da LLA e também
apresenta caracteristicas diferentes das enzimas caracterizadas, como a presenca da cauda N-
terminal observada em um pequeno grupo de leveduras (~30 espécies), que sao classificadas
em 3 familias diferentes de asparaginases, revelando uma maior biodiversidade.

1.7 Classificacdo das asparaginases

Atualmente, as enzimas que possuem atividade de asparaginase sao subdivididas em
trés familias, com base em alinhamentos de sequéncias, propriedades bioquimicas e dados
cristalogréaficos: asparaginases do tipo planta, asparaginase do tipo Rhizobium etli e
asparaginases de tipo bacteriano (Borek; Jaskolski, 2001; Michalska; Jaskolski, 2006). As
asparaginases de tipo bacteriano sdo divididas em tipo I, enzimas citosélicas que sao
expressas constitutivamente e com baixa afinidade para Asn; e enzimas do tipo Il, com
expressao induzida durante a anaerobiose e com alta afinidade por Asn (Michalska; Jaskolski,
2006; Schalk et al., 2014). No entanto, a classificacdo atual é um fator limitante para a selecéo

de enzimas potenciais para uso biotecnologico.

Como apontado por Michalska e Jaskolski em 2006, a terminologia utilizada para
classificar as ASNases é muito confusa, uma vez que na familia bacteriana estdo incluidas
algumas enzimas de arquea e eucariotos, e na familia do tipo planta h4 enzimas mais ativas
sobre B-aspartil peptideos (um dos danos em ligacGes peptidicas ndo enzimaticos mais
comuns em condicdes fisioldgicas), mas que apresenta Km sob Asn muito elevado para
finalidades terapéuticas (3,4 mM) (Cantor et al., 2009). Além disso, a diversidade de
ASNases pode ser muito maior do que a considerada em estudos evolutivos e filogenéticos e
caracteristicas peculiares, como, por exemplo, a presenca de uma cauda N-terminal de ~50

aminoéacidos, presente em um grupo de leveduras (~30 espécies) ndo sdo consideradas.

Contudo, estudos evolutivos /filogenéticos poderiam auxiliar a propor uma

classificacdo mais robusta e identificacdo de novos grupos de ASNases com potenciais
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caracteristicas terapéuticas. Como exemplo, as ASNases 2 de E. coli (EcA2) e E.
chrysanthemi (ErA2), apesar de compartilhar grande similaridade e apresentarem K similar
(15 e 50 uM, respectivamente) (Nguyen et al., 2016a), em uma das duas triades cataliticas
pode ter a participacdo de um residuo do mondmero adjacente ou nao (Aghaiypour et al.,
2001), além de possuir ou ndo dissulfetos estruturais (Swain et al., 1993). Ainda, 0 Kn de
enzimas de micro-organismos muito similares a ECA2 e ErA2 pode se apresentar muito mais
elevado, como as de Bacillus subtillis (0,43 mM) (Jia et al., 2013), Bacillus megaterium (0,2
mM) (Pal Roy et al., 2018), Bacillus tequilensis (0,07 mM) (Shakambari et al., 2018),
Cylindrocarpon obtusisporum (1 mM) (Raha et al., 1990), Helicobacter pylori (0,29 mM)
(Maggi et al., 2015), Pseudomonas stutzeri (14 mM) (Manna et al., 1995), Streptomyces
fradiae (1 mM) (EI-Naggar et al., 2016) entre outros. Entretanto, as razGes que levam a estas

diferencas permanecem elusivas.

Adicionalmente, apesar de ter sido descoberta na década de 50 (Kidd, 1953), somente
em 2014 foi identificada e caracterizada a ASNase de Cavia porcellus (porquinho-da-india)
que possui atividade antineoplésica (Schalk et al., 2014). E com isto, mais recentemente foi
possivel identificar inequivocamente a enzima homdéloga de humanos hASNasel (69,8% de
identidade e 88,6% de similaridade) (Rigouin et al., 2017). Entretanto a caracterizacéo
cinética revela que enquanto a enzima de C. porcellus possui comportamento Michaeliano e
Km de 50 uM, a enzima de humanos possui comportamento alostérico e Sos (fator similar ao
Km) na faixa de milimolar. Os autores demonstraram que as diferencas de afinidade pelo
substrato estdo localizadas em 2 regides presentes da enzima, e que mutacdes nestas regides
sdo capazes de acentuar a atividade de hASNasel (Rigouin et al., 2017). De forma geral, 0s
dados apresentados acima indicam que as asparaginases possuem alta diversidade e
carateristicas estruturais distintas que estdo relacionadas com sua atividade e afinidade pelos
substratos. No entanto, até o presente momento, nenhum trabalho atentou para uma

identificacdo acurada dos fatores que governam estas diferencas.
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2 Objetivos
2.1 Objetivos gerais:

Os objetivos deste trabalho foram de caracterizar estruturalmente e funcionalmente
Aspl de S. cerevisiae, utilizando ferramentas como expressdo recombinante, andlises
mutacionais e computacionais envolvendo a estrutura priméria, terciaria e aspectos evolutivos
da enzima.

2.2 Obijetivos especificos:

1) Caracterizacdo estrutural e funcional da enzima recombinante Aspl de S.
cerevisiae.

2) Investigacédo da variabilidade funcional e estrutural das Asparaginases.
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3 Materiais e Métodos

3.1. Reagentes:

Para o desenvolvimento do projeto, foram utilizados reagentes adquiridos junto a

Sigma, Merck, Thermo Scientific e GE Healthcare.

3.2. Meios de cultura:

No processo de expressdo das proteinas, foram utilizados os seguintes meios de
cultura para bactérias: Meio LB (1% triptona; 0,5% Extrato de Levedura; 0,5% NaCl) e meio
SOC (2% triptona; 0,5% Extrato de Levedura; 0,058% NaCl; 0,018% KCI; [glicose] final de
20mM; pH7) que foi utilizado apds o processo de eletroporacéo das bactérias. Quando o meio
teve como finalidade a sele¢do, foram adicionados 50 pg/ml de canamicina. Os meios sélidos

foram obtidos com a adicéo de 2% de Agar.

3.3. Linhagens e plasmideos:

Linhagens de E. coli para clonagem e manipulagéo de DNA:

DH5o.: Linhagem de clonagem com multiplas mutacdes que permitem transformacdes
de alta eficiéncia. Uma caracteristica importante € uma mutacdo endA que inativa uma
endonuclease que degrada o plasmideo intracelular e mutacdo em recA que inibe a
recombinacdo homologa. Genoétipo: F-p80d lacZAMI1S5 A(lacZYA-argF) U169 end Al recAl
hsdR17 (rk-, mk+) supE44A- thi-1 gyrA96relAl phoA.

XL1-Blue: Também possui mutacdo em endA e recA evitando que a endonuclease
degrade o plasmideo e que haja recombinacdo. A mutacdo hsdR impede a clivagem do DNA
clonado pelo sistema endonuclease EcoK. Gendtipo: recAl endAl gyrA96 thi-1 hsdR17
supE44 relAl lac [F proAB laclqZAM15 Tn10 (Tetr)].

Linhagens de E. coli para expressao:

BL21 (DE3) C43: Efetiva na expressao de proteinas tdxicas e de membrana de todas as
classes de organismos. Esta linhagem possui mutagfes ndo caracterizadas que a torna
resistente a expressdo de diversas proteinas recombinantes toxicas. Genotipo: F~ ompT gal
dem hsdSg (rs” ms”)(DE3).

32



yoo- UNIVERSIDADE ESTADUAL PAULISTA ‘ unes p

u n esp av “JULIO DE I'VIESQUITA. FILHO” &V‘ﬁ IB-CLP

Campus do Litoral Paulista (CLP)

Origami (DE3) (EMD Millipore): Séo derivados de K-12 e apresentam mutag0es na
tiorredoxina redutase (trxB) e glutationa redutase (gor), genes envolvidos em pathways
redutores e cujas mutacGes favorecem fortemente a formacdo de ligagdes dissulfeto no
citoplasma da bactéria. Genotipo: F-omp ThsdSg (rs” mg’) galdcm lacY1 ahpC gor522: Tn10
trxB (Kan®R, TetR).

Para os procedimentos envolvendo clonagem foram utilizados os plasmideos p-GEM-
T (Promega) ou pTZ-rt (Fermentas) e para expressao em bactérias, os vetores pET15b
(gentilmente cedido pela Prof?. Dr2. Gisele Monteiro de Souza e Ms? Iris Costa — Faculdade de
Ciéncias Farmacéuticas da USP) (Novagen-Sigma Aldrich), pET28-PP-MBP (gentilmente
cedido pelo Dr. Javier Medrano CIB -Madrid).

3.4. Mutagénese sitio dirigida:

As mutacBes foram efetuadas utilizando o kit QuickChange Il (Stratagene), seguindo
as orientacbes do fabricante. A confirmacdo das mutacGes foi efetuada em sequenciador
automético ABI 3730 DNA Analyser (Thermoscientific), utilizando o kit BigDye®

Terminator v3.1 CycleSequencing (Thermoscientific).

3.5. Preparacao e transformacédo de bactérias eletrocompetentes:

Os procedimentos para a preparacao e transformacdo de bactérias eletrocompetentes
foram realizados de acordo (Ausubel et al., 2003).

3.6. Oligonucleotideos:

Aspl™4S F - 5°’ACC GGT GGT TCT ATT GCA TCG3’; Asp1™ R - 5°CGA TGC
AAT AGA ACC ACC GGT3%;Aspl ™S F - 5°’ACC CAT GGG TCT GAT ACG CTA3’;
Aspl™4S R - 5°TAG CGT ATC AGA CCC ATG GGT3’; AsplK™Q F - 5°GTG GAT TCT
CAG GAC ATA AAC3’; Aspl®Q R - 5°GTT TAT GTC CTG AGA ATC CAC3’;
Asp1?2Y F - 5>’ AAT GTT AGA TATGGC TAT TTA3’; Asp19%®Y R - 5°TAA ATA GCC
ATA TCT AAC ATT3".

3.7. Expressao e purificacdo em bactérias de proteinas selvagens e mutantes:

Inicialmente, as diferentes linhagens de E. coli contendo o plasmideo pET15B/aspl ou
pET28PP-MBP/aspl foram inoculadas em 20 ml de meio LB contendo 100 pg/ml de
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ampicilina (pET15B) ou 30 pg/ml de canamicina (pET28PP-MBP), e cultivadas por
16h/37°C/250rpm em agitador orbital. Posteriormente, a cultura foi transferida para 500ml de
meio LB com o antibidtico apropriado, e cultivadas até ODsgo= 0,6 e, neste momento,
adicionado IPTG para concentracdo final de 0,3 mM. Apds 16 horas/16°C de expressdo, as
células foram decantadas por meio de centrifugacdo 30 min/4 °C/4.000 rpm e ressuspendidas
em tampédo Tris 50mM, pH=7,4, NaCl 0,2 M. O rompimento das células foi por sonicacéo
(30% amplitude) e os acidos nucléicos foram removidos por meio de tratamento com sulfato
de estreptomicina (concentracao final = 1%) por 20 minutos. Apds este periodo, o extrato foi
centrifugado por 45 min/4 °C/18.500g, e os extratos proteicos livres de acidos nucléicos foram
coletados. Uma vez que as proteinas foram expressas em vetores que adicionam cauda de
histidina, foi realizada a purificacdo por cromatografia de afinidade por metais em colunas
His-trap (GE Healthcare) em gradiente de Imidazol. A qualidade da purificacdo foi constatada
por SDS-PAGE em condigdes redutoras. ApOs estes procedimentos, as proteinas foram
dessalinizadas através de cromatografia de filtracdo em gel utilizando a coluna PD10 (GE
Healthcare) e quantificadas para posterior remocéo da cauda de histidina, e quando utilizamos
0 pET28PP-MBP, para remocdo da MBP e cauda de histidina.

3.8. Remocdo da cauda de histidinas:

Uma vez que adjacente a cauda de histidinas das proteinas recombinantes € inserido
um sitio para trombina (pET15b) ou sitio para HRV3C protease (pET28PP-MBP), as caudas
foram removidas utilizando, respectivamente, o kit Thrombin Clean Cleave (Sigma) seguindo
as orientacbes do fabricante, ou utilizando a enzima HRV3C protease recombinante,
produzida em nosso laboratério, sendo o tratamento realizado na propor¢do de 1:100 de
protease durante 16 horas, a 4°C, e posteriormente, realizada nova purificacdo por
cromatografia de afinidade por metais em colunas His-trap (GE Healthcare) em gradiente de
imidazol, sendo que a enzima sem cauda e sem MBP é recuperada nas fracbes 5 e 20 mM de
imidazol. A qualidade da purificagdo foi constatada por SDS-PAGE em condigdes redutoras.
Apos estes procedimentos, as proteinas foram dessalinizadas através de cromatografia de
filtracdo em gel utilizando a coluna PD10 (GE Healthcare) e concentradas por centrifugagéo
(4.000 rpm/4 °C) utilizando concentradores Ultracel YM-30 (Millipore) por periodo variavel

até uma concentracéo final de ~1 — 10 mg/ml.
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3.9. Quantificacdo de proteinas:

As proteinas purificadas neste trabalho foram quantificadas atraves do coeficiente de

extincao (http://www.expasy.org/tools/protparam).

3.10. Determinacao da atividade enzimatica:

Os parédmetros cinéticos sobre Asn e GlIn de Aspl foram avaliados através do ensaio
espectrofotométrico acoplado a Glutamato desidrogenase, que acompanha o consumo de
NADH a 340 nm, adaptado de Balcéo et al. (2001). A atividade especifica de Aspl para Asn
foi determinado através do ensaio colorimétrico utilizando o reagente Nessler, de acordo com

o0 protocolo desenvolvido pelo fabricante (Sigma).

3.11. Cromatografia de exclusdo molecular (SEC):

O estado oligomérico das enzimas foi analisado por HPLC analitico utilizando sistema
Jasco série vp. equipado com bomba PU 2880 Plus, forno de coluna CO 2065, detector PDA
MD 2018 e detectores de fluorescéncia FP 2020 Plus. Foram utilizadas colunas Phenomenex
BioSep-SEC-S3000 (7.8 x 300 mm, 5 cm, faixa de separacdo 5 a 700 kDa), equilibradas com
Tris-Cl 100 mM pH 7,4 contendo 100 mM de NaCl. A eluicdo dos componentes foi
monitorada por UV (A = 280 nm) e por fluorescéncia (Aex=280 ¢ Aem=330 nm). Os padrdes de
massa molecular utilizados foram: tiroglobulina (bovina) (670 kDa), y-globulina (bovina)
(158 kDa), ovalbumina (frango) (44 kDa), mioglobina (cavalo) (17 kDa) e vitamina B1> (14,2
kDa) (BioRad).

3.12. Espectroscopia de dicroismo circular:

A determinacdo da temperatura de desnaturacdo das enzimas (Tm = Thermal Melting)
foi realizada através do monitoramento da dissociag¢do de a-hélices a 220 nm em gradiente de
temperatura 20 — 90 °C, com um incremento de 2 °C x min*. O Tm foi calculado foi
calculado ajustando a curva sigmoidal de fusdo a equagdo de Boltzmann usando GraphPad

Prism, com valores de R?> 0,98.

3.13. Quantificacao de cisteinas livres pelo ensaio do DTNB:

O produto resultante da reacdo de tiol (R-SH) ou tiolato (R-S—) com DTNB, acido

5,5’-ditiobis (2-nitrobenzdico) gera o composto tionitrobenzonato (TNB), que pode ser
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quantificado por espectrofotometria a 412 nm. Neste contexto, o teor de grupos sulfidrilas
livres foi avaliado, utilizando 20 uM de enzima, em volume final de 100 pL em tampdao Tris-
HCI 30 mM pH 7.0, EDTA 1 mM (tampdo ndo desnaturante), ou tampéo Tris-HCI 30 mM pH
7.0, EDTA 1 mM e 8 M de Uréia (tampdo desnaturante), e foi adicionado DTNB para
concentragdo final de 200 pM e a amostra foi incubada no escuro por 15 min/RT. A
absorbancia do TNB foi registrada em A=412 nm e o coeficiente de extingdo molar de 13.600
M-1.cm? foi utilizado para determinar a concentracdo final de TNB. Adicionalmente, uma
curva de calibragdo utilizando concentracbes diferentes de DTT foi realizada para a

determinacdo do nimero de cisteinas livres na asparaginase 1 de Saccharomyces cerevisiae.

3.14. Ensaios de cristalizacdo

Paras os ensaios de cristalizacdo, foram utilizadas as enzimas ASNaseM e também
Aspl-MBP (fusionada com MBP). Com colaboracao do Prof. Dr. Marcio Vinicius Bertacine
Dias, os ensaios de crescimento de microcristais foram realizados utilizando o robd Oryx4
(Douglas Instruments) e os kits Crystal Screen (Hampton Research - 96 condi¢des), JCSG
(Nextal/Qiagen - 96 condi¢bes), Classic 1 — 4, Classic 5 — 8 e Basic 1 - 4 (JBScreen Classic —
96 condicdes cada) seguindo as orientacbes dos fabricantes, pelo método de gota sentada a

16°C. Para cada enzima, a concentragéo utilizada foi de 10 mg/ml em tampé&o Tris-HCI 5mM.

3.15. Ensaios de viabilidade celular:

As linhagens humanas leucémicas MOLT4 (ASNS’) e REH (ASNS*) foram obtidas do
Banco de Células do Rio de Janeiro (RJ). As células foram mantidas em meio DMEM com
10% de soro fetal bovino (v/v) e incubadas a 37 °C em incubadora a 5% de CO,. Apos
atingirem a confluéncia, as linhagens foram centrifugadas a 280 x g a temperatura ambiente,
durante 10 min e ressuspendidas em meio DMEM fresco contendo 10% de soro fetal bovino
(v/v). Para calcular a concentragdo citotoxica (CCso), em microplacas de 96 pogos foram
incubadas 20* células, tratadas com 8 diferentes concentrages de ASNaseM (0; 0,01; 0,1; 0,5;
1,0; 5,0 e 10,0 unidades/ml) e comercial (0; 0,01; 0,05; 0,1; 0,3; 0,6 e 1 unidades/ml) em
tampéo Tris-HCI pH 7,4, por 48 e 72 horas, a 37°C com 5% CO,. Ap6s o periodo de
incubacéo, foram adicionados uma solugéo contendo MTT (brometo de [3-(4,5-dimetiltiazol-
2)-2,5-difenil tetrazolium) 0,25 mg/ml e apds 4 horas, SDS 1% e incubadas nas mesmas
condigBes por mais 24 horas. A leitura da densidade Optica foi realizada em espectrofotémetro
a 540 nm.
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3.16. Estudos filogenéticos

3.16.1. Construcdo do banco de dados

Com base em trabalhos prévios realizados por Borek et al, 2001 e Dwivedi e Mishra,
2014, inicialmente, foram selecionadas 337 sequéncias de aminoacidos de ASNases nao
redundantes de arquea, bactérias, eucariotos, fungos, metazoarios e plantas em bancos de
dados de proteinas disponiveis no NCBI e UniProt. Além das sequéncias utilizadas nos
trabalhos citados acima, adotamos alguns critérios de sele¢do: 1) sequéncias revisadas de
ASNases disponiveis no UniProt; 2) sequéncias de organismos modelos (ex: Danio rerio,
Drosophila melanogaster, Mus musculus); 3) representantes de grandes taxas (ex: diversas
sequéncias de plantas, mamiferos, cnidarios, etc.). O alinhamento multiplo de sequéncias das
enzimas selecionadas foi realizado utilizando o software MAFFT v.7.402 (Multiple Alignment
using Fast Fourier Transform) (Katoh; Standley, 2013) utilizando a ferramenta de
bioinforméatica Geneious (Kearse et al., 2012), posteriormente, o alinhamento foi submetido
ao InterProScan (Jones et al., 2014) para encontrar dominios de cada sequéncia, também
utilizando o programa Geneious (Kearse et al., 2012). Em seguida, a lista de sequéncias foi
dividida em trés grupos, utilizando como critério a anotacdo gerada pelo InterProScan (Jones
et al., 2014), e as trés listas foram analisadas separadamente. Para realizar as analises dos
clados que contém enzimas similares, mas com Ky muito diferentes ou apresentaram
diferencas estruturais (ex: insercdes ou delecGes de aminoacidos), duas novas arvores foram
construidas, uma utilizando 133 sequéncias de aminoacidos de ASNases com 90% de
similaridade com ASNases humanas e de porquinho-da-india, e a segunda arvore utilizando
56 sequéncias de aminoacidos de ASNases com mais de 60% de similaridade com as
ASNases de ECA2 e ErA2, totalizando 526 sequéncias de ASNases analisadas no trabalho.

3.16.2. Reconstrucao filogenética

O programa ProtTest 3 (Darriba et al., 2017) foi utilizado para selecionar o melhor
modelo para a substituicdo de aminoacidos, e o modelo foi aplicado a todas as analises
filogenéticas. Os modelos utilizados foram: LG (Le; Gascuel, 2008) que incorpora a
variabilidade de taxas evolutivas através dos sitios em uma matriz de estimativa e utiliza um
banco de dados grande e diverso; +1 (Reeves, 1992) que adiciona a informagdo que uma
fracdo de aminoacidos € invariavel; e +G (Yang, 1993) que adiciona a informacdo de que

existem categorias diferentes de frequéncia de substituicdo de aminoacidos (baixa, média e
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alta), e determina a probabilidade de cada sitio pertencer a cada uma dessa categorias. O
RAXML (Randomized Axelerated Maximum Likelihood) (Stamatakis, 2014), programa para
inferéncia baseada em maxima verossimilhanca sequencial e paralela, foi utilizado para
construir arvores filogenéticas a partir de 10 arvores iniciais de maxima parcimonia
randomizadas. Em seguida, selecionou-se a melhor arvore e a confiabilidade estatistica da
arvore filogenética foi calculada por meio de andlises de bootstrap com 100 repeticdes e
aplicada a arvore de maxima verossimilhanca (likelihood). A analise Bayesiana foi realizada
utilizando o MrBayes (v3.2.6) (Huelsenbeck; Ronquist, 2001) que utiliza métodos de Monte
Carlo da cadeia de Markov (MCMC) (Larget; Simon, 1999) para estimar a distribuicédo
posterior dos parametros do modelo. Foi realizado um total de 100.000 geragdes, amostrando
a cada 100 geracdes. Finalmente, as arvores foram desenhadas utilizando o software FigTree
v1.4.3 (Rambaut, 2009). As topologias das arvores de ambos os métodos filogenéticos (ML e

Bayesiana) foram comparadas e utilizadas para classificar as sequéncias de ASNases.

3.16.3 Andlises das sequéncias e clados

Para cada classe, foi realizada uma busca sobre a localizacdo celular, informacdes
funcionais e estruturais no UNIPROT para cada sequéncia. Para a analise das estruturas
cristalogréficas disponiveis, as coordenadas foram obtidas junto ao Protein Data Bank
(Berman, 2000) e as figuras foram geradas utilizando o software Pymol
(http://www.pymol.org) e o Discovery Studio 4.0 (Dassault Systémes BIOVIA). O programa
Motif-based sequence analysis tools 5.0.2. (MEME) (http://meme-suite.org/tools/meme) foi
utilizado para identificar os motivos presentes nos grupos das sequéncias. A construcdo de
modelos tedricos foi efetuada utilizando o programa Modeller (Emsley; Cowtan, 2004) para
Aspl ou SwissModel (https://swissmodel.expasy.org) para ASNase de Rhizobium etli. Apos

uma compilacdo dos dados obtidos, a divisao de classes em grupos de enzimas pertencentes a
cada classe foi realizada através da relacdo entre estrutura primaria e terciaria, caracteristicas

funcionais e em valores de bootstrap e de probabilidades posteriores.
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4 Resultados e Discussao

4.1. Caracterizacdo estrutural e funcional da enzima recombinante Aspl de S.

cerevisiae

4.1.1. Analises estruturais e funcionais

Quando a sequéncia proteica da Aspl de levedura é alinhada com as isoformas
bacterianas de E. coli e E. chrysanthemi, sdo detectadas semelhangas significativas (~ 38% de
identidade e ~ 54 % de similaridade) (Figura 4), incluindo os aminoacidos envolvidos na
atividade sobre asparagina das ASNases, estritamente conservados na enzima de S. cerevisiae.
Adicionalmente, a sequéncia primaria da enzima de levedura revela a presenca de residuos de
cisteinas (dez), uma caracteristica bastante importante, pois a formagdo de um dissulfeto na
ASNase de E. coli esta relacionado com a estabilidade da enzima (Papageorgiou et al., 2008).
Neste sentido, as cisteinas em Aspl de levedura podem resultar na formacao de dissulfetos, o
que pode conferir maior estabilidade a enzima.

Em razdo da alta identidade com as enzimas bacterianas, foi possivel a criagdo de um
modelo teorico preliminar da Aspl de S. cerevisiae, utilizando o programa Modeller (Emsley;
Cowtan, 2004), para uma avaliacdo prévia da estrutura tedrica (Figura 5A), 0 que permitiu
observar que os aminoacidos Thr64, Tyr78, Thrl4l, Aspl42, Lys11l e Lys215 de Aspl
(Figura 5B) apresentam localizacdo espacial semelhante aos aminoacidos envolvidos na
catalise em E. coli (Thrl2, Tyr25, Thr89, Asp90, Lys162 e Glu283) (Figura 5C) e E.
chrysanthemi (Thrl5, Tyr29, Glu63, Thr95, Asp96 e Lys168) (Figura 5D), no entanto, com
maior semelhanca com a ASNase de E. chrysanthemi, uma vez que todos os residuos do sitio
ativo se encontram no mesmo mondémero, ao contrario da ASNase de E. coli, que possui 0

residuo Glu283 oriundo do monémero adjacente (Figura 5C e D).

Utilizando o modelo tedrico de Aspl, localizamos as posicdes das cisteinas na
estrutura, e podemos observar que algumas (98-187 e 251-361), levando em conta 0 modelo,
estdo em grande proximidade (5 - 7 A) e podem formar pontes dissulfetos intramoleculares
(Figura 5E). E importante salientar que 3 das 10 cisteinas se encontram na regifo N-terminal
da proteina, a qual € inexistente no modelo. Adicionalmente, a presenca de cisteinas na
superficie do modelo ainda torna possivel a modificacdo da enzima com PEG em funcéo do
tiolato livre ou mesmo de dissulfetos, a qual € capaz de garantir uma modificacdo

estequiometricamente mais eficiente, especifica e homogénea, contribuindo para uma maior
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estabilidade e diminuindo os efeitos imunogénicos da enzima, além de promover a oclusao de

sitios sujeitos a ataques proteoliticos (Balan et al., 2007; Rosendahl et al., 2005).
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Figura 5. Comparacéo de estruturas de ASNases bacterianas e 0 modelo tedrico de Aspl de levedura. A)
Modelo tedrico de Aspl de levedura (vermelho) em sobreposicdo com ASNases bacterianas, ECA2 (ciano) e
ErA2 (amarela). B) Detalhe do sitio ativo do modelo tedrico de Aspl, com os aminoacidos representados em
balls and sticks e colorizado em CPK (N = azul O = vermelho). C) Sitio ativo da ASNase 2 de E. coli (EcA2),
com os aminodcidos representados em balls and sticks e colorizado em CPK (N = azul e O = vermelho). O
residuo Glu 283 é oriundo do monémero adjacente. D) Ambiente do sitio ativo da ASNase 2 de E. chrysanthemi
(ErA2), com os aminoacidos representados em balls and sticks e colorizado em CPK (N = azul e O = vermelho).
E) Superficie molecular do modelo teérico de Aspl representado em cinza e as cisteinas em vermelho.

Uma vez que aparentemente as cisteinas podem exercer um papel importante no
enovelamento da enzima, inicialmente optamos por expressar a enzima utilizando a linhagem
E. coli Origami BL21 (DE3), que favorece a formacdo de dissulfetos em razdo de possuir
delecdes da tiorredoxina redutase (trxB) e glutationa redutase (gor) e utilizamos o plasmideo
pPET15b-aspl (Figura 6A). Para a caracterizacdo foram efetuados experimentos de SEC
visando investigar o grau oligomérico da enzima. Inicialmente 20 pl (50 uM) da enzima foi
aplicada na coluna cromatografica, de acordo com a secdo de materiais e métodos, e foi
possivel observar trés picos que apresentaram tempos de retengdo aproximados de ~ 7 e 9
min, o0 que correspondem a estruturas de alto peso molecular (maiores que 158 kDa e com
aproximadamente 158 kDa, respectivamente), e ~ 10 min, com tempo de retencdo
correspondente a 44 kDa, revelando a presenca de mondmeros da enzima (Figura 6B), dados
gue contrastam com o0s descritos para ASNases de bactérias, que sdo predominantemente
tetraméricas (Lubkowski et al., 1996; Papageorgiou et al., 2008; Sanches et al., 2003b).
Adicionalmente, a expresséo utilizando outras linhagens de E. coli (ex. BL21 (DE3)) resultou
em espécies de alto peso molecular com tempo de retencdo ainda maiores (~670 kDa) (Figura
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6C). Neste contexto, a presenca de espécies de alto peso molecular representa desvantagens
terapéuticas, pois podem reduzir a acessibilidade em tumores sélidos e apresentar alto teor
imunogénico (McCredie et al., 1953). Adicionalmente, como a cauda de histidina adicionada
pelo vetor de expressdo na enzima pode ser imunogénica, utilizamos o kit Thrombin Clean
Cleave (Sigma) seguindo as orientagOes do fabricante para efetuar a clivagem. No entanto,
apos a clivagem, quando a enzima foi submetida & SEC, foi detectado apenas o pico referente
ao tempo de retencdo de ~ 10 min, que corresponde a massa molecular de ~ 44kDa,
representando a massa aproximada do mondémero (Figura 6D), sendo assim, denominada de

ASNaseM (M = monomérica), sugerindo que a cauda de histidina induz a formacdo de

espécies de alto peso molecular.
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Figura 6: SDS-PAGE de Aspl purificada e avaliagdo do estado oligomérico. A) Gel de poliacrilamida 12% e
corada com coomassie blue contendo, na lane 1, o marcador de peso molecular Unstained Protein Marker
(Thermo Scientific) e na lane 2, ASNase de levedura purificada por IMAC. B) Cromatografia de exclusdo
molecular de Aspl de levedura com cauda de histidina e C) sem cauda de histidina. As setas representam o0s
padrbes de massa molecular utilizado (respectivamente na ordem decrescente - tioglobulina bovina 670.000 Da,

vy globulina bovina 158.000 Da, e ovalbumina de galinha 44.000 Da).
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Uma vez que o proposito do estudo desta enzima visa aplicacBes terapéuticas, foram
testados outros sistemas de expressdo, uma vez que a expressao em Origami produziu baixa
guantidade de proteinas recombinantes (1mg para 1L de cultura de células), a utilizacdo de kit
comercial para a remogdo da cauda de His aumenta consideravelmente os custos e 0 Ca™
utilizado no processo de remocéo da cauda aniquila a atividade da enzima (Costa et al., 2016),
optamos por utilizar outro sistema de expresséo.

Para tanto foi efetuada uma nova construcdo, com colaborac¢do do Dr. Carlos Breyer e
Dr. Francisco Javier Medrano, CIB, Madrid/Espanha, inserindo o gene aspl no plasmideo
pET28PP-MBP o0 qual gera uma proteina fusionada a MBP (Maltose Binding Protein) que
aumenta a solubilidade da enzima recombinante, adiciona cauda de His que pode ser retirada

utilizando a HRV3C protease, enzima que ndo necessita de célcio no tampdo. A linhagem
utilizada foi E. coli C43, efetiva na expressdo de proteinas toxicas (Rosano e Ceccarelli,
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2014), uma vez que ASNases podem ser tdxicas ao depletar Asn disponivel para as células.
Adicionalmente, ja foi demonstrado que esta linhagem também € capaz expressar
eficientemente proteinas contendo dissulfetos estruturais (Ranjit et al., 2011; Toplak et al.,
2013; Voet-van-Vormizeele e Groth, 2003).

Mesmo com a alteracdo de linhagem e plasmideo, os ensaios envolvendo SEC
revelaram que a enzima sem cauda se apresentou como monomero (Figura 7A), o que indica a
necessidade da remoc¢do da cauda de histidinas para evitar a formacdo de agregados. Os
resultados apresentados na secao seguinte séo referentes a expressdo de ASNase de levedura
recombinante utilizando o plasmideo pET28PP-MBP/aspl em linhagem BL21 C43 (DE3)
apos a clivagem da enzima MBP e cauda de histidina (ASNaseM).

Com o objetivo de investigar a presenca de dissulfetos em ASNaseM, foi realizado um
ensaio de quantificacdo do teor de grupos sulfidrila (SH) da enzima utilizando 5,5'-ditio-bis-
(2-nitrobenzdico) (DTNB). Sendo assim, a quantificacdo de grupos sulfidrilas utilizando o
reagente DTNB e 20uM de enzima (cada 20uM de TNB formado para cada grupo sulfidrila
livre), revelou que ha aproximadamente duas cisteinas livres na enzima (52,83 UM de TNB
formado com a enzima desnaturada), sendo que apenas uma delas se encontra acessivel na
estrutura proteica (26,98 pM de TNB formado com a enzima nativa) (Figura 7B). Os
resultados sugerem que héa a formacdo de quatro dissulfetos, uma vez que oito residuos de
cisteinas ndo reagiram com DTNB, fator importante para a estabilidade da enzima, e a

exposicao de um residuo de Cys torna possivel o processo de conjugacao seletiva com PEG.

Uma vez que a quantificacdo de sulfidrilas livres sugere que ASNaseM apresenta 4
dissulfetos em sua estrutura, o que pode conferir a enzima maior estabilidade, através de
espectroscopia de dicroismo circular (CD), determinamos a temperatura de melting (Tm) da
enzima, visando investigar o qudo estdvel é a enzima frente a altas temperaturas.
Primeiramente, para acompanhar o desenovelamento de a-hélices, tipo de estrutura secundaria
mais suscetivel a ter suas interagdes quimicas rompidas com o aumento da temperatura (Kelly
et al., 2005), o comprimento de onda foi fixado a 222nm (0222), € 0 incremento de temperatura
foi de 2°C/min, iniciado a 20°C, e registrado até atingir 90°C. Utilizando o software
GraphPad Prism, foi possivel calcular o Tm = 54,35 + 0,37 °C (Figura 7C), utilizando a
equacdo de Boltzmann, apresentando R?> 0,98. Adicionalmente, através do ensaio
colorimétrico com o reagente de Nessler, a temperatura O0tima da enzima ASNaseM foi
calculada, utilizando diferentes temperaturas, 20, 25, 30, 35, 40, 45, 50, 55 e 60°C, por 20
minutos de reacdo para cada temperatura. A 40.5 + 0,7°C, a enzima apresentou atividade
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relativa de 100%, enquanto que em temperatura fisiologica (~37°C), a atividade foi de
aproximadamente 80% (Figura 7D). Os dados de temperatura 6tima sdo consistentes com 0s
experimentos de CD, uma vez que a 55°C, foi possivel observar aproximadamente 50% da
atividade relativa. Adicionalmente, utilizando a mesma abordagem, foi possivel investigar o
efeito do pH na atividade da enzima, mensurada nos pHs 4,0 a 12,0 (com intervalos de 0,5). A
enzima ASNaseM apresentou atividade entre os pHs 6,0 e 10,5, no entanto, sua atividade
Otima foi observada em pH 8,4 £ 0,06 (Figura 7E) e em pH fisiologico, a atividade relativa da

enzima foi de aproximadamente 90%.
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Figura 7: Andlises estruturais, Tm e temperatura e pH étimos. A) Cromatografia de exclusdo molecular de
amostras de ASNaseM. Os padrdes de massa molecular utilizados nos experimentos de SEC foram Tioglobulina
bovina (670.000 kDa), y globulina bovina (158.000 kDa) e Ovalbumina de galinha (44.000 kDa), e estdo
indicados por setas na parte superior da figura. B) Ensaio de quantificagdo de grupos sulfidrilas livres utilizando
DTNB, utilizando 500 uM de DTNB, em tampao desnaturante contendo ureia e ndo desnaturante. C) O perfil de
Thermal melting de ASNaseM foi registrado a 222 nm e a temperatura foi de 20 a 90 °C a 2 °C minl. A
concentragdo de proteina utilizada foi de 5 uM em tampéo Tris 10 mM (pH 7,4). O valor de Tm obtido foi de
54,35 + 0,37 °C. D) A temperatura 6tima foi obtida através da atividade relativa determinada de 5-60°C,
utilizando o reagente de Nessler, e Asn como substrato. E) O pH 6timo foi obtido através da atividade relativa
determinada de 4-12, utilizando o reagente de Nessler, e Asn como substrato. Os procedimentos experimentais
foram realizados em triplicata ao menos trés vezes.

Sabe-se que as enzimas bacterianas comerciais sd80 homotetraméricas, com
mondmeros contendo 326 aminodcidos. (~ 34,6 kDa) dispostos em dois dominios o/
globulares (N-terminal e C-terminal) e quando a enzima heteréloga Aspl de levedura, apés a
clivagem da cauda de histidina e da proteina de fusdo MBP, foi submetida a cromatografia de

exclusdo molecular para analisar o estado oligomérico, o tempo de retengdo determinado foi
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equivalente ao monémero (~44 kDa) (Figure 7A), o que esta em acordo com a enzima obtida
pelo sistema utilizado inicialmente. Cabe ressaltar que esta caracteristica ndo é observada em
nenhuma outra asparaginase caracterizada, a qual pode apresentar menor imunogenicidade e
ser utilizada em outros tipos de cancer, além dos linfomas. Neste sentido, a enzima de baixo
peso molecular obtida (~44 kDa), a qual denominamos de ASNaseM (asparaginase
monomérica), pode representar uma alternativa terapéutica para o tratamento de tumores
(Pedido de Patente: BR 10 2016 024702-0 A2 — Apéndice B).

Para avaliar a atividade de asparaginase de ASNaseM, o ensaio espectrofotométrico
acoplado a glutamato desidrogenase (GDH) foi realizado a 37°C utilizando Asn como
substrato. Diferentes concentragdes dos substratos foram utilizadas e os resultados de
velocidade inicial em funcdo da concentracdo de substratos foram analisados utilizando o
software GraphPad Prism, determinados através de regressao linear. Os resultados revelaram
que a enzima apresentou comportamento alostérico, com cooperatividade positiva, indicada
pelo coeficiente de Hill = 2,125, e apresentou Keat = 3,844 s e Sos5 = 0,355 mM (Figura 8A).
Adicionalmente, a enzima apresentou eficiéncia catalitica de 1,4 x 10 M s (Tabela 1). No
entanto, quando comparada com ASNasel na presenca de cauda de histidina, € possivel
observar uma diminuicdo da afinidade por Asn, uma vez que para ASNasel de S. cerevisiae,
0 valor de So5= 0,075 mM (Costa et al., 2016). Ainda, os resultados revelam que a eficiéncia
catalitica de ASNaseM é menor, quando comparada a enzima de Erwinia chrysanthemi (4,37
x 10% M s1) (Nguyen et al., 2016), no entanto, préxima a determinada para a ASNase de
Helicobacter pylori (6,6 x 10! M s1) (Maggi et al., 2015), para ambas as enzimas, 0s
parametros cinéticos foram determinados utilizando o ensaio espectrofotométrico acoplado a
GDH. Adicionalmente, utilizando o ensaio colorimétrico com o reagente de Nessler, foi
possivel obter ASNaseM com atividade especifica (107,9 Ul / mg enzima) (Figura 8B)
(Tabela 1), muito proxima a atividade especifica das enzimas comerciais (85 - 225 Ul / mg
enzima).
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Figura 8: Avaliacdo da atividade de asparaginase e glutaminase de ASNaseM. A) As reacfes continham 50
mM de tampdo Tris, pH 7,4, a-cetoglutarato 1 mM, NADH 0,24 mM, 1 U de GDH e 0 - 8,5 mM de Asn e 50 nM
de ASNaseM, em volume final foi de 370 pl. As rea¢des foram iniciadas através da adigdo do substrato, e o
consumo de NADH foi monitorado a 340 nm em leitor de microplacas SpectraMax 340PC384 (Molecular
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Devices). B) Representacdo grafica dos resultados do ensaio de atividade especifica sobre Asn de ASNaseM,
com concentracGes de enzima variadas (0 — 0,001 mg/ml de enzima), e 40 mM de Asn, realizada a temperatura
de 37°C, por 20 min, posteriormente, as medidas espectrofotométricas (440 nm) foram registradas ap6s a reagao
ser paralisada com TCA (1,5M) e adicionado o reagente de Nessler, para quantificagdo de NHs. Foi possivel
observar atividade especifica de 107,9 IU/ mg proteina. C) As reagdes continham 50 mM de tampédo Tris, pH
7,4, a-cetoglutarato 1 mM, NADH 0,24 mM, 2 U de GDH e 100 mM de GIn e 100 nM de ASNaseM, em volume
final de 370 pl. A reagdo foi iniciada através da adi¢do do substrato, ¢ o consumo de NADH foi monitorado a
340 nm utilizando um leitor espectrofotométrico de microplacas SpectraMax 340PC384 (Molecular Devices). As
reacGes com ASNaseM estdo representadas pela linha vermelha, e os controles pela linha preta. Todos os
procedimentos foram efetuados ao menos trés vezes em triplicata.

Table 1 Kinetic parameters to L-Asn

Kinetic Parameters

ny 2.125 +0.092
Vnax (WM.min™") 0.1594 + 0.0014
kea (s 3.844 +0.1205
Sp.s (mM) 0.355+0.029
kea Sp.s™ (M) 1.4x10"

Specific activity (IU/mg) 107.9 £2.57

Visando analisar os parametros cinéticos de ASNaseM sobre GlIn, também foram
realizados ensaios espectrofotométricos acoplados a GDH a 37°C utilizando GIn como
substrato. Diferentes concentracfes dos substratos foram utilizadas, com a concentragao
maxima de substrato maior, 100 mM de GIn e também com concentra¢do maior de GDH, 2 U,
visando a deteccdo da possivel atividade de glutaminase, mesmo que residual. No entanto, a
enzima ASNaseM ndo apresentou atividade sobre o aminoacido GlIn (Figura 8C), o que esta
em acordo com a enzima recombinante caracterizada anteriormente com cauda de histidinas
(Costa et al., 2016). Sabe-se que o aminoacido glutamina representa até 50% dos residuos
presentes no soro e sua diminuicdo pode reduzir a sintese proteica e causar diversos efeitos
colaterais (Girdo et al., 2016; Ollenschlager et al., 1988; Ramya et al., 2012). Contudo, uma
enzima sem atividade de glutaminase pode produzir efeitos satisfatorios em casos de LLA em
que as células ndo produzem ASN sintetase (ASNS’), diminuindo os efeitos colaterais do
tratamento. Por outro lado, alguns autores ressaltam que atividade de glutaminase é
importante para citotoxicidade, principalmente em células tumorais onde o gene da asparagina
sintetase (ASNS) permanece ativo mesmo apés a transformacgé@o neoplasica (tipos tumorais
ASNS™) (Chan et al., 2014; Offman et al., 2011). Portanto, uma abordagem importante
consiste na substituicdo de residuos envolvidos na atividade de glutaminase, presentes nas

enzimas bacterianas, ausentes na enzima ASNaseM, visando investigar a importancia destes

45



- UNIVERSIDADE ESTADUAL PAULISTA g unesp

u neSp - “JULIO DE MESQUITA FILHO” &w‘ﬁ IB-CLP

Campus do Litoral Paulista (CLP)
residuos. Neste contexto durante o desenvolvimento do trabalho, realizamos mutacées sitio-
dirigidas com o intuito de investigar se os residuos envolvidos na catélise exercem papel
semelhante ao descrito para enzimas bacterianas e também se poderiam interferir nos

parametros cinéticos de ASNaseM.

4.1.2 Mutacdes sitio dirigidas para avaliar residuos envolvidos com atividade GLNase

Como discutido nos topicos anteriores, existem residuos cuja a importancia na catélise
e tanto na atividade priméaria de ASNase quanto na secundaria de GLNase das asparaginases
bacterianas ja foram determinadas. De fato, a atividade da enzima reside na coordenacéo de
passos enzimaticos utilizando duas triades cataliticas, ambas contendo residuos de Thr (Figura
3) (Triade 1: Thr12-Tyr25-Glu283 e Triade 2: Thr89-Asp90-Lys162 em E. coli e Triade 1:
Thr15-Tyr29-Glu63 e Triade 2: Thr95-Asp96-Lys168 em E. chrysanthemi). Uma vez que o
aminoacido GIn é mais volumoso que Asn, a reducdo do volume de aminoacidos da triade
catalitica, como a substituicdo de Thr por Ser, poderia auxiliar na acomodacéo do substrato
GIn ou mesmo aumentar a afinidade por Asn. De fato, Chan e colaboradores (2014)
demonstraram que a substituicdo de um residuo de glutamina (GIn59) da ASNase de E. coli,
encontrada na cavidade do sitio ativo, por um residuo de Leu é capaz de reduzir drasticamente
a atividade de GLNase. Adicionalmente, Mehta e colaboradores (2014) demonstraram que a
substituicdo do residuo Tyr76 por uma Phe resulta em uma enzima com atividade de ASNase
inalterada, mas atividade de GLNase indetectavel. Em ambos os casos a redu¢do do volume
do sitio ativo foi considerado um dos fatores importantes para os fenébmenos observados. Em
ASNaseM estes residuos sdo naturalmente substituidos por um residuo de lisina (111) e outro
de glutamina (228) o que pode estar envolvido na auséncia da atividade de GLNase. Portanto,
uma abordagem importante consiste na substituicdo dos residuos de Lys111 e GIn228 por Gln
e Tyr, respectivamente, visando investigar o papel destes residuos na atividade de
glutaminase. Para tanto, foram realizadas as mutacdes sitio dirigidas do gene substituindo o
residuo de lisina 111 por glutamina (ASNaseMK!!1Q) e outra substituicio do residuo de
glutamina 228 por tirosina (ASNaseM?%%Y),

Para analisar se a substituicdo de glutamina por tirosina na posi¢do 228 resultou em
alteragdes na atividade da enzima, avaliamos a atividade de ASNaseM @22 sobre Asn e GIn,
atraveés do ensaio espectrofotométrico acoplado utilizando GDH. A reacdo foi realizada como
descrito na secdo de materiais e métodos, no entanto, as concentracdes de substratos (0 — 100

mM) diferem das utilizadas para a enzima do tipo selvagem, uma vez que a substitui¢cdo do
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aminoacido glutamina 228 por um residuo de tirosina acarretou no aumento do Sos da enzima
(0,335 mM para a ASNaseM e 38,05 mM para ASNaseM®?28Y), De fato, foi possivel observar
a queda de atividade, mesmo na concentracdo de 100 mM de substrato (Figura 9A).
Adicionalmente, a enzima ASNaseM®??28Y apresentou keat = 2,019 s e Vmax = 0,101
umol/min, revelando também uma reducdo drastica quando comparado com ASNaseM
(Figura 9B). Para o substrato GIn, a enzima ASNaseM®%%2Y também nio apresentou atividade
sobre GIn (Figura 9C), sugerindo que este aminoacido ndo altera a atividade secundaria de

glutaminase, ao contrario do observado em ECA2 (Chan et al., 2014; Mehta et al., 2014).

ASNaseMQ328YASN

A) 087= B)
0.06- D )
0.6 a d
= = *
f_ﬁ 044 E 0.04+4 /
z g /
< = /
0.2 0.02 /,
00 " T = ()_(x,'°'/ . . . ,
0 200 400 600 0 20 40 60 80 100
Time (s) S[mM]
ASNaseMQ?28YGLN
C) os- D)
\ 0.6 b
2 0.6- o £
g £ 0.4
& = '
& £ ’
£ 3
< 0.4- .
0.2 ; ; ) 0.04—=
0 200 X 400 600 0.000 0.005 0.010 0.015 0.020
Time (s) [Asp12228Y] (mg)

Figura 9: Anélises da atividade de asparaginase e glutaminase de ASNAseMQ?28Y A) As reagGes continham
50 mM de tampao Tris, pH 7,4, a-cetoglutarato 1 mM, NADH 0,24 mM, 1 U de GDH e 100 mM de Asn e 50
nM de ASNaseM®??8Y em volume final de 370 pl. As rea¢des foram iniciadas através da adi¢do do substrato, € o
consumo de NADH foi monitorado a 340 nm em leitor de microplacas. As reacdes com ASNaseM %Y estdo
representadas pela linha vermelha, os controles da reacdo pela linha preta, a reacdo com EcA2 em cinza. B)
Perfil cinético sobre Asn de ASNaseM, apresentando comportamento alostérico. C) As reagdes continham 50
mM de tampdo Tris, pH 7,4, a-cetoglutarato 1 mM, NADH 0,24 mM, 1 U de GDH e 100 mM de GIn e 100 mM
de ASNaseM9%8Y em volume final de 370 ul. A reagio foi iniciada através da adicdo do substrato, e o consumo
de NADH foi monitorado a 340 nm em leitor de microplacas. A reagido com ASNaseM??28Y esta representada em
vermelho, o controle da reacdo em preto. D) Representagdo grafica do resultado do ensaio de atividade
especifica sobre Asn de ASNaseM®?28Y com concentragdes de enzima variadas (0 — 0,02 mg/ml de enzima), e
40 mM de Asn, realizada a temperatura de 37°C, por 20 min, posteriormente, medidas espectrofotometricamente
a 440 nm ap6s a reacdo ser paralisada com TCA (1,5M) e adicionado o reagente de Nessler, para quantificacdo
de NHs. Foi possivel observar atividade especifica de 30,95 IU/ mg proteina. Todos os experimentos foram
realizados trés vezes em triplicata.

Adicionalmente, foi avaliada a atividade especifica de ASNaseM?28Y sobre Asn
utilizando o ensaio colorimétrico com o reagente de Nessler. Corroborando com os resultados
obtidos através dos ensaios espectrofotométricos acoplado a GDH, foi possivel observar que a
enzima ASNaseM®?%Y possui atividade especifica de 30,95 Ul / mg enzima (Figura 9D),

aproximadamente 3 x menor em relacao a atividade especifica observada para ASNaseM.
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De acordo com o0 nosso modelo tedrico, a glutamina 228 esta localizada no final de um
loop (209-SGYYITKTNANSLDSFNVRQGYL-231) no qual se encontra o residuo de lisina
215, que faz parte do sitio catalitico (Figura 10A) (Costa et al., 2016) e um residuo de tirosina
212 no inicio deste loop (Figura 10A). Adicionalmente, estes residuos realizam uma ligacdo
de hidrogénio ndo convencional, do tipo NH-n (Nishio et al., 2014; Steiner; Koellner, 2001),
onde o grupo amina da glutamina é o doador de um &tomo de hidrogénio, enquanto que o anel
aromatico da tirosina é o aceptor (Figura 10B), o que sugere ser uma ligacdo importante para
0 posicionamento correto do loop, do qual o aminoacido K215 esta localizado. Desta forma,
uma possibilidade é que a substituicdo de GIn228 por Tyr impossibilita esta ligacdo (Figura

10C), deixando o loop mais flexivel, resultando em menor atividade de asparaginase.

Y N

o~ Active Site

- 4
Figura 10: Representacdo de estruturas de ASNaseM contendo GIn ou Tyr na posicdo 228. A) Modelo

tedrico de ASNaseM representado por cartoon, colorizado em verde, e a regido do loop onde é encontrado o
aminodcido Lys 215 em vermelho, e a regido do sitio ativo com os aminoacidos das triades, o aminoécido GIn
288, 0 aminoacido Tyr 212 e o ligante Asp, todos representados em balls and sticks. Os &tomos estdo colorizados
seguindo o padrdo CPK: O = vermelho, N = azul. B) Modelo teérico representando a interagdo do tipo NH-x,
onde o grupo amina da glutamina é o doador de um atomo de hidrogénio, enquanto que o anel aromatico da
tirosina é o receptor, sugerindo uma ligagdo importante para o posicionamento correto do loop, do qual
aminoacido K215 esta localizado. C) Modelo tedrico representando a substituicdo de GIn228 por Tyr, onde ndo
ocorre a interacdo do tipo NH-m, deixando o loop flexivel. Os modelos estdo representados em cartoon,
colorizado em verde claro para ASNaseMWT e verde escuro para ASNaseM@?8Y e os aminoacidos estdo
representados em balls and sticks, colorizados seguindo o padrdo CPK: O = vermelho, N = azul. As figuras
foram geradas utilizando o programa Discovery Studio (http://accelrys.com/products/collaborative-
science/biovia-discovery-studio/).
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A substituicdo de lisina por glutamina na posicdo 111 resultou em alteragfes na
atividade da enzima, através do ensaio espectrofotométrico acoplado a GDH sobre Asn e GIn.
Para o substrato Asn, foi possivel observar uma reducdo drastica da atividade, mesmo
utilizando uma alta concentracdo de substrato (100mM) e o dobro de enzima (100nM) (Figura
11A). A Atividade de asparaginase também foi avaliada utilizando o ensaio colorimétrico
com o reagente de Nessler, a 37°C (Figura 11B). A reacdo foi realizada como descrito na
secdo de materiais e métodos. No entanto, a substituicdo de lisina por glutamina na posi¢édo
111 praticamente aniquilou a atividade de asparaginase da enzima, resultando em uma
atividade especifica de apenas 0,3 Ul/mg de enzima, impossibilitando a determinagdo dos
parametros cinéticos sobre Asn. Quanto ao substrato Gln, também utilizando uma
concentracdo maxima de substrato de 100 mM de GlIn (Figura 11), entretanto ndo foi possivel
observar atividade de glutaminase, sugerindo que este aminoacido também nédo confere a

atividade secundéria de glutaminase, ao contrario do observado em EcA2 (Chan et al., 2014;

Mehta et al., 2014).
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Figura 11: Caracterizacdo de ASNaseMK!!Q, A) As rea¢des continham 50 mM de tampdo Tris, pH 7.4, o-
cetoglutarato 1 mM, NADH 0,24 mM, 1 U de GDH e 100 mM de Asn e 100 nM de ASNaseMX!1Q gu EcA2, em
volume final de 370 pl. As reagdes foram iniciadas através da adi¢do do substrato, e o consumo de NADH foi
monitorado a 340 nm. A reagdo com ASNaseMK'1Q esta representada pela linha vermelha, o controle da reagdo
em preto e a reacdo com ECA2 em cinza B) Representagdo grafica do resultado do ensaio de atividade especifica
sobre Asn de ASNaseMX!1Q com concentragGes de enzima variadas (0 — 0,02 mg/ml de enzima), e 40 mM de
Asn, realizada a temperatura de 37°C, por 10 min, posteriormente, medidas espectrofotometricamente a 440 nm
apos as reacOes serem paralisadas com TCA (1,5M) e adicionado o reagente de Nessler, para quantificacdo de
NHa. Foi possivel observar atividade especifica de 0,3 Ul/ mg proteina. C) As reagdes continham 50 mM de
tampédo Tris, pH 7.4, a-cetoglutarato 1 mM, NADH 0,24 mM, 2 U de GDH e 100 mM de GIn e 100 nM de
ASNaseMK!Q EcCA2, em volume final de 370 ul. As reacdes foram iniciadas através da adicdo do substrato, e o
consumo de NADH foi monitorado a 340 nm em leitor de microplacas. A reagdo com ASNaseMK!1Q estd
representada pela linha vermelha, o controle da reacdo pela linha preta e a reacdo com ECA2 em cinza.

De acordo com o0 nosso modelo teorico, o residuo de lisina 111 esta localizada na
regido do sitio ativo, ocupando a mesma localizacdo espacial do residuo Glu63 da ASNase?2
de E. chrysantemi (ErA), sugerindo que este residuo pode estar envolvido na catalise do
substrato. Ainda, de acordo o modelo tedrico, o residuo Lys111 realiza duas pontes de
hidrogénio com o residuo Asp142 (entre o N da cadeia lateral de Lys e o CD da cadeia lateral
de Asp e entre o CE de Lys e 0 OD de Asp). Adicionalmente, Asp142 realiza uma ponte de
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hidrogénio com o residuo de Lys215, que faz parte dos residuos do sitio catalitico (Costa et
al. 2016), e duas pontes de hidrogénio com o substrato (Asp) estabilizando-o, sugerindo que a
formacdo desta rede de interacdes € importante para a estabilizacdo e hidrélise do substrato
(Figura 12A). Adicionalmente, quando realizamos a substituicdo do residuo de Lys111 por
um residuo de GlIn, a cadeia lateral possui um carbono a menos e um oxigénio a mais (Figura
12B). Contudo, nossos resultados sugerem que esta ponte de hidrogénio perdida pode ser
determinante para a estabilizacdo dos residuos do sitio ativo, uma vez que ndo foi possivel

observar atividade de asparaginase na sua auséncia.

[

Figura 12: Representacdo de estruturas de ASNaseM contendo Lys ou Gln na posi¢do 111. A) Modelo
tedrico de ASNaseM representado em cartoon, e a regido do sitio ativo com os aminoécidos Lys111, Aspl42 e
Lys215 e o ligante Asp, todos representados em balls and sticks. Os 4tomos estdo colorizados seguindo o padrdo
CPK: O = vermelho, N = azul. B) Modelo teérico de ASNaseMK!'1Q representado em cartoon, e a regido do sitio
ativo com os aminodcidos GIn111, Asp142 e Lys215 e o ligante Asp, todos representados em balls and sticks.
Os atomos estdo colorizados seguindo o padrdo CPK: O = vermelho, N = azul. As figuras foram geradas
utilizando o programa Discovery Studio (http://accelrys.com/products/collaborative-science/biovia-discovery-
studio/).

Como mencionado acima, residuos de Thr compde ambas as triades cataliticas de
ASNases. Em Peroxirredoxinas (Prx), um grupo de peroxidases capazes de decompor
peroxidos como H2O> e peroxidos organicos, e possuem em sua triade catalitica um residuo
de Thr, e em um pequeno nimero de casos, Ser. Curiosamente, as enzimas selvagens que
possuem o residuo Thr possuem menor afinidade por perdxidos orgéanicos, enquanto que
aquelas que possuem Ser, ha um aumento da eficiéncia na decomposi¢do de peroxidos
organicos 0s quais sdo mais volumosos, sugerindo razdes estéricas (Flohé et al., 2002; Tairum
et al., 2012). Em EcAZ2 ja foi demonstrado que a substituicdo da Thr12 por uma Ser afeta 0 Kn
sobre Asn (Derst; Henseling; Réhm, 1992). Sendo assim, a substituicdo dos residuos de
treonina de ASNases (Thr64 e Thrl4l em ASNaseM de S. cerevisiae), poderia levar ao

aumento do volume do sitio ativo e ndo sé alterar parametros cinéticos, mas também conferir
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atividade de GLNase em razdo do aumento do volume do sitio ativo. Para se avaliar estas
possibilidades, foram realizadas as mutacGes sitio dirigidas no plasmideo pET28PP-MBP
contendo 0 gene aspl substituindo os residuos de treonina 64 ou 141 por serina
(ASNaseM ™4 e ASNaseM T1415), Esta parte do trabalho foi efetuada em conjunto com a aluna

de iniciacéo cientifica Livia Cerf Quintero, sob minha co-orientac&o.

As sobre Asn e GIn foram analisadas através de ensaios

espectrofotométricos acoplados a glutamato desidrogenase, a 37°C, utilizando Asn e GIn

atividades

como substratos. Comparativamente, com a enzima ASNaseM (Figura 13A) que apresentou
Keat ~ 3,80 S € Vimax =0,1594 pmol/min para o substrato Asn, observamos que para a enzima
ASNaseM™4  foi possivel observar uma reducdo da atividade de ASNase (Figura 13B),
apresentando valores de Keat ~0,86 s* & Vmax = 0,043 pmol/min, enquanto que a enzima
ASNaseM 415 apresentou uma reducdo mais dréstica (Figura 13C), com Keatr~ 0,30 s € Vimax
=0,016 pmol/min. Ja para o substrato Gln, ndo foi possivel observar atividade de glutaminase
para as enzimas que contém a substituicdo de residuos de Thr por Ser, na posicao 64 ou 141
(Figural3 D, EeF).
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Figura 13: Avaliacdo da atividade de asparaginase e glutaminase de ASNaseM, ASNaseMT® g
ASNaseM TS, Comparagdo do decaimento da absorbancia do NADH a 340nm das enzimas ASNaseM (A,
atividade ASNase e D, atividade GLNase), ASNaseMT™®*S (B, atividade ASNase e E, atividade GLNase) e
ASNaseM™41S (C, atividade ASNase e F, atividade GLNase) (linhas vermelhas) em comparagdo com a enzima
comercial Kidrolase (EUSA Pharma) (linhas cinzas). Em todos os gréficos as linhas pretas representam o
controle negativo da reacdo (sem adicdo de enzima). Todos os procedimentos foram realizados a 37°C utilizando
Asn ou GIn como substrato, em ensaio espectrofotométrico acoplado a GDH, utilizando concentracdo de
ASNaseM ou proteinas mutantes de 0,925uM. Os procedimentos experimentais foram efetuados em triplicata ao
menos trés vezes.
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As substituicdes de Thr por Ser poderiam deixar a cavidade do sitio ativo mais
volumosa permitindo uma interacdo mais acentuada com a Gln, a qual representa um
substrato maior que a Asn, o0 que poderia conferir a atividade de glutaminase para ASNaseM.
Entretanto a analise do modelo tedrico de ASNaseM contendo Thr e do modelo tedrico onde a
substituicdo por Ser foi efetuada in silico, revela que as auséncias dos grupos CHz das Thrs
resultaram em um maior volume da cavidade do sitio ativo, como esperado, porém, as
analises sugerem que o residuo de Ser64 poderia ter maior liberdade de movimento,
comprometendo o posicionamento produtivo para catalise, enquanto que a ponte salina entre
Serl4l e Lys215, também presente no modelo tedrico com o residuo Thrl41, poderia ser
comprometida com a presenca de rotdmeros do residuo de Ser141, também comprometendo o

posicionamento produtivo para a catalise (Figura 14).

v, : Jy / e |
Figura 14: Representacdo de estruturas de ASNaseM contendo Thr ou Ser nas posicdes 64 e 141. A)
Modelo teérico de ASNaseM representado por cartoon, e a regido do sitio ativo com os aminoécidos Thré4 e
Prol170 representados em balls and sticks, e também surface, representacdo que leva em conta o raio atdmico,
mostrando a regido do sitio ativo onde é encontrada a Thr64, e o ligante Asp em ball and sticks. B) No caso da
substituicdo de Thr64 por Ser, 0 ambiente do sitio ativo fica menos restrito a movimentos o que pode permitir
que Ser apresente rotameros variados. C) O espa¢o onde se localiza Thr141 é bastante limitado pela presenca de
Serl67 e Met168. Por sua vez o0 Oy de Thr € estabilizado por uma ponte salina com K215. D) No modelo onde
Thr foi substituido por Ser, o volume do sitio ativo se torna maior, e o residuo de Ser também pode ter rotdmeros
variados que comprometam o posicionamento correto para a catalise. Os aminoacidos estdo representados pelo
cédigo de uma letra e colorizados de acordo com o padrdao CPK: O = vermelho, N = azul e S = amarelo. As
figuras foram geradas utilizando o programa Discovery Studio (http://accelrys.com/products/collaborative-
science/biovia-discovery-studio/).
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De modo geral, as mutagdes sitio dirigidas ndo foram capazes de conferir atividade de
GLNase a enzima, mas alteraram seus parametros cinéticos. De fato a substituicdo de Thr (64
e 141) das triades cataliticas influenciou de forma muito significativa na atividade da enzima,
reduzindo as eficiéncias cataliticas sobre Asn em aproximadamente 100 x, enquanto que a
substituicdo do residuo de Lys por GIn na posi¢do 111 anulou a atividade de ASNase, e a
substituicdo do residuo GIn por Tyr na posicdo 228 reduziu sua eficiéncia em

aproximadamente 1000 x (Tabela 2).

Table 2 Functional and structural characteristics of ASNaseM mutants

Mutant Ve (pmol/min) - Keat (s!)  ASNase activity GLNase activity
ASNaseM 0.1594 3.80 Present Absent
ASNaseM™S  (.043 0.86 Reduction - 100 x Absent
ASNaseMKUIQ N D. N.D. Residual Absent
ASNaseM™I15  0.016 0.30 Reduction - 100 x Absent
ASNaseM28Y (0,101 2.019 Reduction - 1000 x Absent

4.1.3 Ensaios de cristalizacdo de Aspl-MBP e ASNaseM

Uma das propostas para a caracterizacdo estrutural da enzima ASNaseM é a
determinacdo da estrutura cristalografica. Esta etapa do trabalho foi iniciada sob supervisdo
do Prof. Dr. Paul Long, no King’s College, Reino Unido, no entanto, devido a dificuldades
técnicas, somente foi possivel obter a quantidade de enzima suficiente (10mg/ml) no final do
estagio de pesquisa no exterior, entdo, iniciamos uma parceria com o Prof. Dr. Marcio
Vinicius para a continuacdo dos experimentos. Para isso, foram testadas um total de 480
condig¢des de cristalizagdo para cada enzima, com gotas de 1 pl (0,5 pl da solugdo da proteina
+ 0,5 pl da solucao de cristalizacao), com a concentracao de 10 mg/ml. Entretanto, na maioria
das condicdes de cristalizacdo, foi observada a formacéo de precipitados, cristais de sal ou
gotas sem nenhuma alteracdo (clear drop). Em alguns poucos casos foram observados (6) a
formacdo de microcristais (Figura 15), todos utilizando o kit Crystal Screen (Hampton
Research): A) Aspl-MBP em Acetato de Calcio 0,2M pH 4,6 e Sulfato de aménia 2 M; B)
Aspl-MBP em Tris-HCI 0,1M pH 8,5, 8% PEG8000; C) Asp1-MBP em Cloreto de magnésio
0,2M, HEPES 0,1 M pH 7,5 e 2-Propanol 30%; D) Aspl-MBP em Cloreto de calcio 0,2M,
Acetato de sodio 0,1M pH4,6 e 2-propanol 20%; E) ASNaseM em Cloreto de célcio 0,2M,
Acetato de sodio 0,1M pH4,6 e 2-propanol; e F) ASNaseM em Cloreto de magnésio 0,2M,
HEPES 0,1 M pH 7,5.
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B) 0
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Figura 15: Microcristais de Asp1-MBP e ASNaseM. Foram obtidos através do método de gota sentada (0,5 ul
de solucdo de proteina Tris-HCI 5 mM pH 7,4 + 0,5 pl de solugdo de cristalizagdo) ¢ enzimas a 10 mg/ml. A)
Aspl-MBP em Acetato de Célcio 0,2M pH 4,6 e Sulfato de ambnia 2 M; B) Asp1-MBP em Tris-HCI 0,1M pH
8,5, 8% PEG8000; C) Aspl-MBP em Cloreto de magnésio 0,2M, HEPES 0,1 M pH 7,5 e 2-Propanol 30%; D)
Aspl-MBP em Cloreto de calcio 0,2M, Acetato de sodio 0,1M pH4,6 e 2-propanol 20%; E) ASNaseM em
Cloreto de calcio 0,2M, Acetato de sédio 0,1M pH4,6 e 2-propanol; F) ASNaseM em Cloreto de magnésio
0,2M, HEPES 0,1 M pH 7,5.

De fato, os microcristais obtidos sdo promissores, sendo necessario a realizacdo de
refinamento das condicdes de cristalizacdo, testando diferentes pHs e concentra¢fes dos

componentes de cada solucgdo visando obter cristais passiveis de difragao.

4.1.4. Ensaios de citotoxicidade de ASNaseM

O ensaio de reducdo de MTT foi realizado em colaboracdo com a Dra. Gisele
Monteiro, Ms. Iris Costa, Dra. Sandra Farsky e Dr. Christiano Marcello Vaz Barbosa da
Faculdade de Ciéncias Farmacéuticas da USP. No periodo de 48 horas, a enzima EcA2 foi
capaz de matar 68,7% das células na concentracdo de 1,0 U/ml para a linhagem leucémica
Molt-4 (Figura 16A), enquanto que a enzima ASNaseM nao apresentou atividade citotoxica,
mesmos em concentragdes altas (10,0 U/ml), atingindo um méaximo de 29,3% de atividade
citotoxica (5,0 U/ml) (Figura 16B), no entanto, sem diferenca significativa com o tratamento
com o tampéo utilizado. O mesmo pode ser observado para a linhagem leucémica ReH, onde
a enzima comercial ECA2 apresentou atividade maxima com 1,0 U/ml, matando 66,9% das
células (Figura 16C), enquanto que a enzima ASNaseM ndo apresentou atividade citotdxica
(Figura 16D).
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Figura 16: Avaliacdo da citotoxicidade de ASNaseM e EcA2 no periodo de 48 horas. As concentragdes
utilizadas de cada enzima foram de 0,01; 0,1; 0,5; 1,0; 5,0 e 10,0 U/ml para ASNaseM e 0,01; 0,05; 0,1; 0,3; 0,6

e 1,0 U/ml para EcA2 em células tumorais das linhagens Molt-4 e ReH. A viabilidade celular das células
cultivadas sem a enzima, ap6s 48 horas, foi utilizada como controle.

&“@

No periodo de 72 horas, a enzima EcA2 foi capaz de matar 87% das células na
concentracdo de 1,0 U/ml para a linhagem leucémica Molt-4 (Figura 17A), enquanto que a
enzima ASNaseM apresentou atividade reduzida, mesmos em concentracdes altas (10,0
U/ml), atingindo um maximo de 52,6% de atividade citotoxica (Figura 17B). Ja para a
linhagem ReH (ASNS™), a atividade citotoxica de EcA2 foi menor quando comparado com
Molt-4, com um méximo de 72,15% de morte celular (Figura 17C), enquanto que para
ASNaseM, enzima que ndo possui atividade de glutaminase, ndo foi possivel observar
atividade citotoxica (Figura 17D), inviabilizando o céalculo de CCso de ASNaseM para a
linhagem ReH. Para Molt-4 o CCsp observado foi de 1 U/ml, enquanto que o CCso de ECA2
para a linhagem Molt-4 foi de 0,01U/ml.
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Figura 17: Avaliacdo da citotoxicidade de ASNaseM e EcA2 no periodo de 72 horas. As concentragdes
utilizadas de cada enzima foram de 0,01; 0,1; 0,5; 1,0; 5,0 e 10,0 U/ml para ASNaseM e 0,01; 0,05; 0,1; 0,3; 0,6
e 1,0 U/ml para ECA2 em células tumorais das linhagens Molt4 e ReH. A viabilidade celular das células
cultivadas sem a enzima, ap6s 72 horas, foi utilizada como controle.

Nesta etapa do trabalho, foi possivel padronizar a expressdo e purificacdo de uma
asparaginase, denominada ASNaseM, que apresenta caracteristicas favoraveis quanto a
estrutura e atividade, uma vez que a enzima é termo estavel, isenta de atividade glutaminase e
significativamente menor (~4 x menor que as enzimas comerciais). Também investigamos a
possibilidade de ganho de funcéo (no caso GLNase) desta enzima por meio de mutacgdes sitio
dirigidas de aminoacidos envolvidos na catalise ou no ambiente do sitio ativo, entretanto estas
abordagens ndo foram capazes de conferir atividade de GLNase, mas todos levaram a uma
diminuicdo significativa na atividade de ASNase, 0 que indica que a importancia na atividade
de decomposicdo de Asn é mantida na enzima de levedura, mas que os determinantes
estruturais relacionados a atividade de GLNase sdo distintas. Adicionalmente, a enzima
ASNaseM apresentou atividade citotdxica para as células neoplasicas ASNS", mesmo que
menor em relacdo a asparaginase bacteriana, o que reflete os valores de Sos observado para
ASNaseM (0,355 mM).
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Apesar de ndo ter sido possivel a determinacdo da estrutura cristalografica de
ASNaseM, as anélises apresentadas nesta se¢do indicam fortemente que a enzima ASNaseM
de S. cerevisiae apresenta caracteristicas estruturais distintas das descritas para as enzimas de
bactérias e humanos, que sdo tetraméricas, e também revelam a importancia da remocédo da
cauda de His para andlises estruturais e funcionais de proteinas recombinantes. Contudo, a
obtencdo de uma ASNase com caracteristicas peculiares nos levou a investigar a variabilidade

desta familia de enzimas.
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4.2 Variabilidade Funcional e Estrutural de Asparaginases

4.2.1. Estudos filogenéticos das Asparaginases

Como mencionado anteriormente, as enzimas que possuem atividade de asparaginase
sdo subdivididas em trés familias de asparaginases, com base em alinhamentos de sequéncias,
propriedades bioquimicas e dados cristalograficos: asparaginases do tipo planta, asparaginase
do tipo Rhizobium etli e asparaginases de tipo bacteriano (Borek; Jaskolski, 2001; Michalska;
Jaskolski, 2006). As asparaginases do tipo bacteriano sdo divididas em tipo I, enzimas
citosélicas que sdo expressas constitutivamente e com baixa afinidade por Asn; e enzimas do
tipo Il, com expressdo induzida durante a anaerobiose e com alta afinidade por Asn
(Michalska; Jaskolski, 2006; Schalk et al., 2014). Entretanto, esta classificacdo é confusa pois
enzimas de organismos altamente distintos como arquea e eucariotos, incluindo mamiferos
(Michalska; Jaskolski, 2006), e a ASNaseM de S. cerevisiae, representam um grupo
heterogéneo com peculiaridades funcionais e estruturais, mas sdo classificadas como ASNases
bacterianas. Quando é utilizado o InteProScan, ferramenta utilizada para o reconhecimento de
dominios de proteinas, as ASNases sdo classificadas em trés tipos, no entanto, a nomenclatura
utilizada é bastante redundante, resultando em trés diferentes familias de asparaginases: 1)
ASNases que apresentam o dominio asparaginase (InterPro: IPR006034), que sdo
denominadas de tipo bacteriana na classificacdo atual; 2) ASNases que apresentam o dominio
asparaginase 2 (InterPro: IPR029055), denominadas de tipo planta na classificacdo atual; e 3)
ASNases que apresentam o dominio asparaginase Il (InterPro: IPR010349), que sdo as
asparaginases do tipo R. etli na classificacdo atual (Quevillon et al., 2005). Visando contribuir
para uma classificagdo mais informativa destas enzimas investigamos, por meio de

ferramentas de bioinformatica, aspectos evolutivos, estruturais e funcionais das ASNases.

4.2.2 Triagem inicial e classificacdo de ASNases

As trés diferentes familias de asparaginases foram denominadas aqui de Classe 1, 2 ou
3. Na classe 1 (anteriormente denominada de ASNases do tipo bacteriano ou dominio de
Asparaginase pelo InterProScan: IPR006034) foram agrupadas 198 sequéncias abrangendo as
asparaginases de metazoarios, bactérias, fungos, algas e arquea; a classe 2 (anteriormente
denominada de ASNases de plantas ou dominio de Asparaginase 2 pelo InterProScan:
IPR029055) apresentou 107 representantes oriundos de metazoarios, bactérias, fungos, algas,
arquea e plantas; a classe 3 (anteriormente denominada de ASNases do tipo Rhizobium etli ou
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dominio de Asparaginase Il pelo InterProScan: IPR010349) apresentou 0 menor nimero de
representantes dentro do espaco amostral (32) e as ASNases sdo oriundas de bactérias e
fungos (Figura 18). De forma geral os resultados revelam uma notével variabilidade de
enzimas denominadas como asparaginases, o que reflete as diversas fungdes bioldgicas que

podem executar e seréo discutidas a seguir.

337 non
redundant
ASNases
sequences

(NCBI/Uniprot)
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Figura 18: Agrupamento filogenético de sequéncias ndo redundantes de ASNases. O agrupamento
filogenético foi efetuado utilizando 337 sequéncias ndo redundantes de ASNases por meio das ferramentas
MAFFT e InterProScan e esta em acordo com as propostas anteriores (Michalska et al. 2006; InterProScan), no
entanto foram nomeadas de classes, levando em conta a abundancia de sequéncias de diversos organismos
presente em cada classe.

Primeiramente, a classe 1 apresentou 41 sequéncias contendo dominio(s) de anquirina
(ank), e a estrutura das sequéncias do dominio de asparaginase podem ser facilmente
divididos em 4 regiGes distintas: regido N-terminal, dominio asparaginase, regido C-terminal
altamente conservada e dominio de anquirina (presente em 41 sequéncias). Posteriormente, a
lista das sequéncias foi submetida a realinhamento utilizando apenas o dominio de
asparaginase e regido C-terminal, uma vez que essas regides sdo bem conservadas em todos
0s representantes. Para os dominios de asparaginase 2 e Il, somente a regido contendo 0s
respectivos dominios foram utilizados. Posteriormente, apos a selecdo do modelo LG+I+G
pelo programa ProtTest3 (Darriba et al., 2017), as arvores foram construidas e analisadas a

sequir.
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4.2.3 Proteinas da Classe 1 apresentam grande diversidade e incluem enzimas

utilizadas como biofarmacos

A Classe 1 é a que apresenta maior nimero de representantes nas sequéncias
analisadas (198), no entanto € bastante heterogénea no que concerne a sua estrutura primaria e
estdo incluidas as asparaginases com maior relevancia biotecnoldgica (ex: ECA2 e ErA2).
Quando as sequéncias sdo analisadas, é possivel observar que a classe 1 possui ASNases
representantes de arquea, bactérias, protistas, algas, fungos e metazoarios (Figura 19), mas
ndo de plantas. Adicionalmente, possuem propriedades biologicas distintas, como localizacéo
celular e afinidade pelo substrato, e podem ser divididas em quatro grupos, de acordo com
caracteristicas estruturais, funcionais e filogenéticas distintas (Figura 19) (Tabela 3).

o Osphoﬁpase/
1a 1nase

L\JSOP

ASparaginase

Figura 19: Arvore filogenética de maxima verossimilhanca da Classe 1 de ASNases. A arvore foi
circularizada e o ponto médio foi enraizado para fins de exibicdo. Pontos pretos indicam valores de suporte de
bootstrap (100 réplicas) > 75% e probabilidade posterior bayesiana (PP) > 0,9; pontos vermelhos indicam
valores de suporte de bootstrap > 75% e PP < 0.9; e pontos brancos indicam valores de suporte de bootstrap <
75% e PP > 0,9. A arvore filogenética do dominio ASNase apresentou quatro grupos principais colorizados em
cinza, azul, verde e vermelho. A seta vermelha indica a asparaginase de E. coli tipo 1 e a seta azul indica a
asparaginase de E. coli tipo 2.
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& Grupo 1: Asparaginases de bactérias e homdlogas do sub-reino Dickarya (Figura 19
— cinza), incluindo as enzimas de utilizacdo biotecnoldgicas (ECA2 e ErA2). Na forma madura
possuem 330 residuos de AA (35kDa). Podem se localizar no citosol (ex. ASNase de
Helicobacter pylori) ou, na forma de pro-proteina, possuem ~ 20 residuos de AA N-terminais
que codificam um peptideo sinal para exportacdo para o periplasma, como exemplo, as
ASNases periplasmaticas ErA2 e ECA2, que sdo amplamente utilizadas em tratamentos de
neoplasias, em especial as hematoldgicas (Lopes et al., 2017), devido ao baixo valor de Kn
(ECA2 = 15 uM e ErA2 = 48 uM) sobre Asn (Nguyen et al., 2016a). De fato, a ECA2 é a
asparaginase mais estudada e a estrutura cristalografica foi determinada em 1993, por Swain e
colegas. A asparaginase 2 de Saccharomyces cerevisiae € um dos representantes do sub-reino
Dykaria deste grupo, uma enzima de ~38kDa com 362 AA, no entanto, seu K, sobre Asn é de
0,27 mM (Dunlop et al., 1980).

& Grupo 2: Asparaginases de representantes do sub-reino Dikarya com sequéncias
com 50 residuos N-terminais adicionais de funcdo desconhecida que elevam a massa
molecular destas enzimas para ~ 41kDa (Aspl de S. cerevisiae) (Figura 19 — azul). A andlise
com programa especializados para identificacdo de peptideos de enderecamento ndo revelam
sinais de enderecamento para proteina o que pode indicar fun¢des desconhecidas desta regido
nestas enzimas. A Unica enzima caracterizada até o presente momento, que possui O
prolongamento, é representada pela Aspl de S. cerevisiae, a qual apresenta comportamento
alostérico (Costa et al., 2016). Este grupo ndo apresenta nenhum representante com estrutura

cristalogréfica depositada no PDB.

¢ Grupo 3: Constituido por enzimas de Arquea denominadas de Glutamil-tRNA
amidotransferase D (GatD) que possuem um prolongamento N-terminal de ~ 90 residuos de
AA, totalizando ~ 450 residuos (GatD de Pyrococcus abyssi) alcangando massa molecular de
~ b0kDa (Figura 19 — verde). O prolongamento N-terminal responde pela formacdo de
heterodimeros com a enzima Glutamil-tRNA amidotransferase E (GatE). Estas enzimas atuam
como uma amidotransferase em Glu-tRNA(GIn) acilado erroneamente para produzir Gin-
tRNA(GIn). No entanto, além de usar glutamina, a asparagina também pode ser usada como
um doador de amida (Schmitt et al., 2005).

& Grupo 4: Representantes deste grupo podem conter sequéncias de dominio
anquirina na regido C-terminal, compostos por repeti¢fes de 33 residuos de AA que medeiam

interacOes proteina-proteina, e podem ser citosolicas ou secretadas (Figura 19 — vermelho)
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(Belviso et al., 2017; Menniti et al., 2010; Schalk et al., 2014). Sua cadeia polipeptidica
consiste de ~ 560 residuos de AA (prot6tipo: ASNasel de Cavia porcellus) e possui massa
molecular de 60kDa. Além da atividade de asparaginase (Km na faixa de pM-mM), podem
exibir atividade de lisofosfolipase, transacetilase e acetil-hidrolase (Karamitros; Konrad,
2014; Rigouin et al., 2017; Sugimoto; Yamashita, 1999); também esta incluida a ASNase tipo
1 de E. coli, que ndo possui dominio de anquirina, uma enzima citosélica com cadeia
polipeptidica de 338 AA, massa molar de 37 kDa e atividade de asparaginase com
comportamento alostérico, porém baixa afinidade (Sos na faixa de mM) (Yun et al., 2007).

Table 3: Class 1 Asparaginases

E . I ...

Repair (Glu-tRNA(GIn)

Function Metabolic (ASNase) Metabolic (ASNase) oidotnst e
N° AA/ Molecular weight ~330 AA / 35kDa 383 AA /~41kDa ~450 AA / ~50kDa
Extensions - N-terminal tail (~50 AA)  N-terminal tail (~90 AA)
Cellular location Periplasm or cytosol N.D. Cytosol
K, or S, K, =uM-mM Sps=75-355uM N.D.
Representatives EcA2 and ErA2 Aspl from S. cerevisiae el fro:;yl?sz:ococcus
Oligomeric state Homotetramer Monomer Heterodimer (GatE)

Adicionalmente, através do software MEME, foi possivel observar regides de
aminoacidos altamente conservados para os diferentes membros da classe 1: motivo 1: T-G-
G-T e motivo 2: H-G-T-D-T (Borek; Jaskolski, 2001), com alta significancia estatistica (E =
1,1e-1431 para a regido contendo o motivo 1 e E = 7,0e-2668 para a regido contendo o
motivo 2). Os motivos 1 e 2 foram encontrados em todas as 198 ASNases desta classe e
possuem residuos de grande importancia na atividade catalitica. De fato, na asparaginase 2 de
E. coli, o Motivo 1 (9-T-G-G-T-12) contém o residuo de treonina 12, que estabiliza o
substrato no sitio ativo e 0 Motivo 2 (87-H-G-T-D-T-91) contém o residuo de treonina 89,
que promove a protonacao do grupo amino de saida e ativa uma molécula de agua nucleofilica
(Sanches et al, 2007).

Por fim, um terceiro motivo ndo caracterizado (297-L-N-P-X-K-X-R-303 em ASNase
2 de E. coli) foi encontrado somente em uma parcela das sequéncias presentes para os clados
formados pelos grupos 1 e 2 (cinza e azul — Figura 19) e se localiza na regido C-terminal,
apresentando grande relevancia estatistica (E = 3,7e-935). Adicionalmente, ja foi relatado que

os residuos Q300, e R303 assim como Y218 quando substituidos por alanina, afetam a

6

N



o UNIVERSIDADE ESTADUAL PAULISTA grunesp

u nesp w “JULIO DE MESQUITA FILHO” ﬁw“* IB-CLP

Campus do Litoral Paulista (CLP)

estabilidade do dimero AC (Mezentsev et al., 2011). Neste contexto, o motivo 3 pode conter

residuos importantes na formagdo dos dimeros intimos.

No que concerne as estruturas cristalograficas determinadas para membros de
asparaginases da classe 1, existe uma notavel conservacdo da estrutura tridimensional dos
mondmeros dos diferentes grupos. Apesar das enzimas apresentarem baixa identidade na
sequéncia de aminoacidos (< 30%) a estrutura tridimensional dos monémeros destas proteinas
apresentam elevada identidade espacial. Em todos os casos, as ASNases possuem dois
dominios globulares do tipo o/f e em ambos os dominios globulares possuem uma folha
circundada de a hélices (Figura 20A). Quando EcAL (Figura 20 B) e EcCA2 (Figura 20 C) séo
comparadas, 0s desvios quadraticos médios (root mean square deviation) dos Co na cadeia de
aminodcidos sdo de 2,5 A, sendo que as enzimas compartilharam também grande similaridade
com gpASNasel de porquinho da india (r.s.m.d ~1,2 A) (Figura 20 B-E). Entretanto, cabe
ressaltar que as representacdes graficas de gpASNasel ndo incluem as repeticdes de anquirina
C-terminal, pois ndo estavam presentes nas estruturas (Figura 20 D). Quando EcA2 é
comparada com a enzima do grupo 3 (GatD de P. abyssi) (Figura 20 C), é observado também
uma grande identidade estrutural (r.s.m.d ~1,5 A). De forma geral os resultados indicam que
mesmo com reduzida identidade de AA, a estrutura terciaria é altamente conservada em razéo

de uma ancestralidade comum.

C) FE> v' {\/
T

AR ,' ‘ ;
% lg ‘& '

Figura 20: Estruturas cristalogréaficas de monémeros de ASNases da Classe 1. A) ASNases da Classe 1
apresentam dois dominios globulares de enovelamento do tipo o/B, com uma folha B central, envolvidos por a
hélices de ambos os dominios. Os elementos da estrutura secundaria estdo coloridos da seguinte forma: o hélice
= azul claro; fitas p = amarelo e loops/random coils = rosa (protétipo: EcA1, 2P2D). Como representante do
grupo 1 da classe 1 é apresentada a estrutura de ECA2 de E. coli (rosa, 3ECA) (B); do grupo 3 GatD de P. abyssi
(amarelo; 1ZQ1) (C); e do grupo 4 EcAl de E. coli (verde, 2P2D) (D) e gpASNAsel de porquinho da india (azul
claro; 4R8K) (E). Sobreposicdo dos mondmeros de ASNases da Classe 1 (F).
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Quando s&o analisadas as estruturas quaterndrias, fica evidente que as enzimas
também compartilham grande homologia, com excecdo de GatD (Figura 20 C). Quando
analisamos os motivos encontrados nas ASNases da classe 1, apesar de estarem distantes na
sequéncia de aminoacidos, se apresentam em grande proximidade espacial devido ao

enovelamento das enzimas (Figura 21).

Figura 21: Estruturas cristalograficas quaternarias de ASNases da Classe 1. Estruturas cristalogréaficas da
unidade biolégica (funcional) de ASNases da Classe 1. A) Homotetramero de EcA2 de E. coli com os
mondmeros representados em diferentes cores (verde, azul, amarelo e ciano) (pdb: 3ECA). B) Heterotetramero
de GatDE de Pyrococcus abyssi. As duas subunidades com atividade de ASNase (GatD) estdo coloridas em
ciano e azul, enquanto que as duas subunidades GatE estdo coloridas em verde e amarelo (pdb: 1ZQ1). C)
Homotetrdmero de EcA1 de E. coli com os mondmeros colorizados em verde, azul, amarelo e ciano (pdb:
2P2D); D) Homotetramero de ASNase de porquinho da india (GpASNase) com os mondmeros representados em
diferentes cores (verde, azul, amarelo e ciano) (pdb: 4R8K). Os motivos conservados sdo representados por
esferas sendo que o motivo 1 esté colorido em verde, o motivo 2 em vermelho e o motivo 3 em azul.

4.2.4 Asparaginases da Classe 2: diversidade funcional e conservacdo estrutural

Trabalhos anteriores classificam enzimas deste grupo como ASNases de plantas
(Michalska; Jaskolski, 2006) ou asparaginase 2 (InterProScan). No entanto, as analises
filogenéticas revelam que, além das plantas, este grupo de enzimas podem ser encontradas em
bactérias, como EcA3 de E. coli, arquea e também em outros eucariotos, incluindo H. sapiens
(Figura 22). Portanto, na classificacdo sugerida nomeamos as enzimas deste grupo como
Classe 2 (Tabela 4).
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Figura 22: Arvore filogenética de maxima verossimilhanca de ASNases da Classe 2. A arvore foi
circularizada e o ponto médio foi enraizado para fins de exibicdo. Pontos pretos indicam valores de suporte de
bootstrap (100 réplicas) > 75% e probabilidade posterior bayesiana (PP) > 0,9; os pontos brancos indicam
valores de suporte de bootstrap > 75% e PP < 0,9; e pontos vermelhos indicam valores de suporte de bootstrap <
75% e PP > 0,9. A arvore filogenética da classe 2 apresenta 3 grupos principais (clado verde, clado vermelho e
azul).

Enzimas deste grupo sdo bastante diversas no que tange a sua atividade bioldgica,
apesar de apresentarem atividade de asparaginase, biologicamente esta pode ndo ser sua
funcdo principal (Hejazi et al., 2002), pois também podem hidrolisar dipeptideos de B aspartil,
participar no metabolismo de oligossacarideos, ou mesmo apresentar atividade de treonina
endopeptidase (Cantor et al., 2009; Khan et al., 2005). Neste contexto, é importante salientar
que os principais clados também representam trés grandes grupos funcionais:

& Grupo 1: A este grupo pertencem as Isoaspartil peptidases/B-aspartil
peptidases/asparaginases e tem como protétipo ECA3, uma proteina de 321 residuos de AA
(35kDa) e hASRGL1 de humano, com 308 residuos de AA (32 kDa) (Figura 22 - clado
verde). Possuem como principal funcdo a hidrolisar residuos de Asn e de L-iso-aspartil

(também conhecidos como residuos B-Asp), produtos de dano espontaneo a proteinas. Em
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cianobactérias também respondem pela degradacdo da cianoficina, um polimero encontrado
na maioria das espécies de cianobactérias constituido de uma cadeia principal de aspartato
com residuos de lisina na cadeia lateral (Hejazi et al., 2002; Richter et al., 1999; Bruneau et
al., 2006; Michalska et al., 2005; Cantor et al., 2009). Em eucariotos, estas enzimas podem
ser encontradas associadas a mitocondrias (Bush et al., 2002), dentre elas, a enzima humana
hASRGL1, também denominada de hASNase3 por ser homologa a asparaginase de E. coli 3
(ECA3) (Li et al., 2016; Nomme et al., 2013). Em plantas este grupo de enzimas responde
pela liberacdo da amdnia a partir da asparagina, principal composto de armazenamento e
transporte de nitrogénio nas plantas (Atkins et al., 1975; Sieciechowicz et al., 1988). A
atividade da asparaginase em plantas tem sido estudada desde 1927 (Grover; Chibnall, 1927)
e em 1980, dois grupos diferentes de ASNases de plantas foram descritos: aquelas
independentes de potassio (K-independentes), enzimas que sdo insensiveis a presenca de
cations do metal; e enzimas que possuem a atividade catalitica modulada pela presenca de
potéssio (K-dependentes) (Sodek, 1980). Adicionalmente, as enzimas K-independentes
possuem atividade isoaspartilica ou B-aspartil-peptidase, as quais impedem o acumulo de

grupos [3-Asp em proteinas (Bruneau et al., 2006; Michalska et al., 2005).

& Grupo 2: Este grupo € constituido de endopeptidases a qual cliva substratos apos
residuos de aspartato e apresenta localizacdo nuclear em eucariotos (Khan et al., 2005;
Niizuma et al., 2015) (Figura 22 — Clado azul). A isoforma de humanos Treonina aspartase 1
(Taspasel) possui 420 AA e massa molecular de 45kDa. A Taspasel responde pela clivagem
de KMT2A (Histona-lisina N-metiltransferase 2A) envolvida na regulacdo da expressao
génica durante as fases iniciais da hematopoese e sua superexpressdo esta envolvida com
neoplasias hematoldgicas, incluindo a LLA (Ziemin-van der Poel et al., 1991). Uma vez que
Taspasel esta diretamente ligada a neoplasias, sua relevancia biotecnolédgica baseia-se no

desenvolvimento de moléculas inibidoras (Niizuma et al, 2015; Winsch et al., 2016).

& Grupo 3: As aspartilglucosaminidases representam as enzimas pertencentes a este
grupo e possuem atividade de amido-hidrolase envolvida no catabolismo de oligossacarideos
(Figura 22 - clado vermelho). Possuem aproximadamente 346 AA, entretanto os primeiros 10
AA correspondem a um peptideo sinal, portanto a massa da proteina madura é de 36kDa
(ASPG de Rattus norvegicus). Em eucariotos, elas se encontram no lisossomo e estdo
relacionadas com a decomposicdo de proteinas glicosiladas efetuando a clivagem da ligacéo

glicosidica entre o carboidrato e um residuo de Asn (Enomaa et al., 1992; Makino et al.,

66



UNIVERSIDADE ESTADUAL PAULISTA
“JULIO DE MESQUITA FILHO”
Campus do Litoral Paulista (CLP)

Funesp

ﬂ»‘*ﬁ IB-CLP

AV
AVAVAY

unesp™

1968). Este grupo de enzimas é muito bem estudado e pode ser encontrado em bactérias e

eucariotos (Qian et al., 2003; Tollersrud; Aronson, 1989; Xuan et al., 1998).

Table 4: Class 1 Asparaginases

e N ...

Repair / Metabolic
(Isoaspartyl peptidases/
asparaginases)

Function

N° AA/ Molecular weight ~321 AA / ~35kDa

Cellular location Cytosol
K, mM
Representatives EcA3, hASRGLI, plants

Heterotetramer

Gene regulation
(Endopeptidases: cleaves
substrates after aspartate

residues)

~420 AA / ~45kDa
Nucleus
mM

Human Taspasel

Heterotetramer

Oligomeric state

Involved with
hematological neoplasms
(LLA)

Inibiting molecules

In plants: K-independent or

Observation TR i et

No que concerne a afinidade por Asn,

peptidases/asparaginases, foi demonstrado que tanto para as K* independentes quanto as K*

para 0 grupo de

Isoaspartil

dependentes de plantas e enzimas de mamiferos como (hASNase3 e gpASNase3), que o valor
do K reside na faixa de milimolar o que as tornam imprdprias para finalidades terapéuticas
(Ajewole et al., 2018; Nomme et al., 2014; Schalk; Lavie, 2014). No que tange as Treonina
aspartases, sua atividade de endopeptidase, ndo € ideal para um candidato ao desenvolvimento

de um biofarmaco para o tratamento da LLA (Niizuma et al., 2015; Wiinsch et al., 2016).

No que tange aos aspectos estruturais, as enzimas da Classe 2 possuem, em comum,
uma organizacao espacial mais complexa que as da Classe 1. De fato, as ASNases da Classe 2
sdo hidrolases nucletfilas N-terminais (Michalska et al., 2008; Michalska; Jaskolski, 2006).
Recebem esta denominacédo pois sdo expressas como um precursor polipeptidico Unico inativo
o qual sofre uma clivagem intramolecular autocatalitica, dividindo a cadeia polipeptidica em
duas subunidades ativas: subunidade a e subunidade B expondo o aminoacido nucle6filo N-
terminal (treonina, serina ou cisteina) da subunidade (. Portanto uma unica cadeia

polipeptidica ¢ capaz de formar um heterodimero aff (Michalska; Jaskolski, 2006).

Curiosamente, uma vez que representantes desta classe podem exercer funcdes

bioldgicas bastante distintas e apresentarem identidade moderada (25-40%), a andlise do

6
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enovelamento terciario de uma cadeia polipeptidica revela identidade estrutural bastante
elevada mesmo quando comparado proteinas de organismos distintos como bactérias, plantas
e de humanos, com r.m.s.d de somente 0.8-1.0 A? (Figura 23). Os representantes desta classe
possuem enovelamento o/, apresentando duas folhas B sobrepostas no interior da molécula,
circundadas por hélices do tipo a (Figura 23A). Cabe ressaltar que o enovelamento é bastante

distinto das enzimas que possuem estrutura determinada da Classe 1 (Figura 20).

Adicionalmente, as enzimas desta classe também sdo capazes de se organizar em
tetrameros, entretanto diferente de alguns representantes da Classe 1, as quais sdo formadas
por quatro cadeias polipeptidicas idénticas (ex: ECA2 de E. coli e gpASNasel), nas enzimas
da classe 2, o tetramero é formado por duas cadeias polipeptidicas hidrolisadas resultando em
heterotetrameros (Figura 24A-F) (Hsieh et al., 2003; Khan et al., 2005; Li et al., 2016;
Michalska; Jaskolski, 2006; Nomme et al., 2014).

Figura 23: Estruturas cristalograficas da cadeia polipeptidica de ASNases da Classe 2. Em A) é apresentada
a estrutura de uma cadeia polipeptidica de ASNases da Classe 2, que denota uma estrutura do tipo o/p, em que
duas folhas B centrais sobrepostas, oriundas de elementos de ambas as subunidades, sdo circundadas por a
hélices. Os elementos da estrutura secundaria sdo coloridos da seguinte forma: a hélice = azul claro; fitas p =
amarelo e loops/random coils = rosa (PDB: 2ZAL). Em B-G sdo apresentadas as estruturas de cadeias
polipeptidicas de enzimas da classe 2 do grupo 1 como EcA3 de E. coli (PDB: 2ZAL) (B), ASNase K-
dependente de Phaseolus vulgaris (PDB: 4PU6) (C), ASNase K-independente de Lupinus luteus (PDB: 2GEZ)
(D) e ASNase 3 de humanos (hASNase 3) (PDB: 4PVS) (E). As enzimas do grupo 2 da classe 2 estdo
representadas pela Treonina aspartase 1 de humanos (Taspasel) (PDB: 2A8J) (F) e enzimas do grupo 3 da classe
2 estdo representadas pela Aspartilglicosaminidase de humanos (AGA) (PDB: 1APZ) (G). Sobreposicdo de
cadeias polipeptidicas clivadas de ASNases da classe 2 (H). Nas representacfes de B a H, a subunidade o esta
colorida em azul, enquanto a subunidade B estd em amarelo. O residuo catalitico de treonina N-terminal esta
representado por esferas vermelhas.

Adicionalmente, através do programa MEME, foi possivel identificar dois motivos de
aminoacidos altamente conservados, caracteristicos do grupo de enzimas da classe 2. O
motivo 1 é representado pela sequéncia 168-T/Q-V/I/L-G-X-V/I/L-X)-D/H-X2)-G/N-179,

em ASGL1 humana, e possui um residuo essencial para a funcdo da enzima. De fato, neste
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motivo esta localizado o residuo de Thrl68 na enzima humana Isoaspartil peptidase (ASGL1)
onde ocorre a clivagem entre as cadeias a e B. O motivo 2 185-S-T/S-T/S-X-G-X3)-K/R- X(3)-
G-R-V/I-G-200, em ASGL1 humana, apresenta a Thr186 que possui atividade catalitica (Li et
al., 2016). Ambas as regides contendo os motivos tém significancia estatistica bastante
elevada (E = 8,2 e -676 para 0 motivo 1 e E = 3,6e-1335 para 0 motivo 2). Ao analisar a
unidade biologica, os heterotetrameros que compde a enzima ativa, € possivel constatar que 0s

motivos estdo localizados em grande proximidade espacial (Figura 24).

Figura 24: Analises da estrutura quaternaria de Asparaginases da classe 2. A) Estrutura cristalografica do
heterotetramero de EcA3 (cddigo PDB: 2ZAL). B) Estrutura cristalografica do heterotetramero de asparaginase
K-dependente de P. vulgaris (codigo PDB: 4PU6). C) Estrutura cristalografica do heterotetramero de
asparaginase K-independente de L. luteus (codigo PDB: 2GEZ). D) Estrutura cristalografica do heterotetramero
de hASRGL1 de H. sapiens (codigo PDB: 4PVS). E) Estrutura do heterotetramero da Taspasel humana (codigo
PDB: 2A8J). F) Estrutura do heterotetrdmero de AGA humano (cédigo PDB: 1APZ). Cada mondmero esti
representado por cartoon de cores diferentes, os motivos 1 e 2 estdo representados por esferas verdes e
vermelhas, respectivamente.

4.2.5 Asparaginases da Classe 3

Proteinas que pertencem a Classe 3, sdo tradicionalmente classificadas como
asparaginases do tipo Rhizobium etli, uma bactéria simbidtica de plantas leguminosas
(Moreno-Enriquez et al., 2012), ou asparaginase Il (InterProScan: IPR010349). Somente 32

proteinas ndo redundantes foram agrupadas nesta classe (Figura 25).

Esta classe engloba representantes de fungos, bactérias, incluindo a asparaginase de
Rhizobium etli, e cianobacterias (Figura 25). A enzima de R. etli apresenta comportamento de
Michaelis-Menten e valor de Kn de 8,9 mM e keat / Km ~ 1 x 10* M%s™? para o substrato Asn,
enquanto que nenhuma atividade de glutaminase foi observada (Moreno-Enriquez et al.,
2012). Utilizando a enzima de R. etli como prototipo para a descrigéo, ela possui 370 AA e

massa de ~40kDa. Adicionalmente, a asparaginase de R. etli mostrou uma mobilidade
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eletroforética em PAGE nativo compativel a de um homodimero (Moreno-Enriquez et al.,
2012).

Cyanobacteria/
Firmicutes/Actinobacterig
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Figura 25: Arvore filogenética de maxima verossimilhanca de ASNases da Classe 3. A arvore foi
circularizada e o ponto médio foi enraizado para fins de exibicdo. Pontos pretos indicam valores de suporte de
bootstrap (100 réplicas) > 75% e probabilidade posterior bayesiana (PP) > 0,9; os pontos brancos indicam
valores de suporte de bootstrap > 75% e PP < 0,9; e pontos vermelhos indicam valores de suporte de bootstrap <
75% ¢ PP >0.9.

Também possui representantes de cianobactérias, e também possui representantes de
actinobactérias e firmicutes (Figura 25). No entanto, poucos estudos caracterizaram essas
enzimas e, entre os espécimes da arvore apresentada, apenas Streptomyces griseus possuli
estudos iniciais, uma enzima sem atividade de glutaminase, com atividade de asparaginase e
localizacdo extracelular (Meena et al., 2015), no entanto os parametros cinéticos e estudos

estruturais ndo foram efetuados.

Nesta classe também foi possivel identificar dois motivos de aminoacidos altamente
conservados: motivo 1: 51-R-S-X(2)-K-P/A-X-Q-A-L-60 e motivo 2: 138 -N/G-C-S-G/A-K-
H-X-G/A-M/F-146, ambos seguindo a numeragdo de ASNase de R. etli, e ambos os motivos
tém significancia estatistica extremamente forte (E = 3,9e-852 e E = 7,3e-791,

respectivamente). Embora o sitio ativo ndo seja caracterizado, para as outras classes de
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asparaginases a catalise envolve ao menos dois residuos de Thr e em alguns casos Ser. Neste
contexto é importante salientar que nos dois motivos sdo encontrados residuos de Ser (Ser52 e
Ser140) os quais possuem uma carbonila y que podem ser utilizadas na catélise. Visando
ganhar mais informacdes, foi construido um modelo tedrico para a ASNase de R. etli (Figura
26 A). O modelo gerado utilizando as coordenadas da glutaminase de B. subtilis (YBSA)
(Brown et al., 2008) a qual possui 21 % de identidade e 29 % de similaridade com a ASNase
de R. etli. O modelo construido cobre do residuo 26 ao 320 (de 371 residuos). Uma vez que
dados experimentais indicam que a ASNase de R. etli se comporta como um dimero (Moreno-
Enriquez et al., 2012), foi gerado 0 modelo homodimérico (Figura 26 B). Assim como nas
demais classes, um ponto de importancia é o fato de que os motivos conservados, apesar de
estarem distantes na sequéncia, se localizam em grande proximidade em razdo do

enovelamento da enzima.

Figura 26: Modelo estrutural da ASNase da Classe 3 de R. etli. Representaces do modelo da ASNase de R.
etli na forma monomérica (A) e dimérica (B). No modelo monomérico, os elementos da estrutura secundéria séo
coloridos da seguinte forma: o hélice = azul claro; fitas B = amarelo e loops/random coils = rosa. No modelo
dimérico os motivos conservados sdo representados por esferas sendo que o motivo 1 esté colorido em verde e 0
motivo 2 em vermelho. Os residuos de Ser presentes nos motivos estdo coloridos por CPK (C= branco, O=
vermelho e N = azul). As figuras foram geradas utilizando o PyMol (www.pymol.com).

As andlises filogenéticas conduzidas no ambito deste trabalho levaram a elaboragéo da
proposta de uma nova classificacdo mais robusta. As analises das sequéncias de aminoacidos
a partir de asparaginase de plantas, fungos, metazoarios, algas, protistas, arquea e bactérias
propOe a divisdo de enzimas em trés classes, de acordo com aspectos filogenéticos, funcéo
enzimatica, caracteristicas estruturais e motivos conservados, englobando organismos
evolutivamente distintos em uma mesma classe de asparaginases e utilizando uma
nomenclatura mais apropriada. De fato, apesar de grupos com diferencas funcionais bastante
marcantes, as enzimas da classe 1 e da classe 2, as quais possuem enzimas com estrutura
tridimensional determinada, revelam que a ancestralidade evolutiva se estende de forma
marcante as estruturas terciarias e quaterndrias, independente de participar de processos

bioldgicos distintos.
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Adicionalmente, fica claro que somente para a Classe 1 foram categorizadas enzimas
que possuem o K na faixa de micromolar como EcA2, ErA2 e gpASNasel, o que as torna
aptas para a utilizacdo em protocolos de tratamentos de neoplasias humanas. Entretanto, as
razdes de uma maior afinidade por substratos ainda ndo sdo claras e sdo alvo da investigacao

apresentada a seqguir.

4.2.6 Busca por determinantes estruturais relacionados a afinidade pelos substratos

Asn e GIn de enzimas terapéuticas

Dentre as ASNases das diferentes classes, somente as de bactéria da Classe 1 possuem
aplicacOes terapéuticas em razdo de possuirem Km na faixa de micromolar e, portanto,
conseguem depletar de forma eficiente a Asn da circulagdo sanguinea (Lopes et al., 2017).
Para aprofundar as andlises de classes com enzimas similares, mas com Km, muito diferentes
sobre Asn ou GIn, ou que apresentaram diferencas estruturais, duas novas arvores foram
construidas, uma arvore utilizando 56 sequéncias de aminoéacidos de ASNases com mais de
60% de similaridade com as ASNases de ECA2 e ErA2, e a segunda utilizando 133 sequéncias
de aminoacidos de ASNases com 90% de similaridade com ASNases humanas e de
porquinho-da-india, totalizando 526 sequéncias de ASNases utilizadas nas analises envolvidas

neste trabalho (Apéndice C).

E importante enfatizar que as ASNases mais estudadas estdo incluidas no grupo 1 da
classel, que sdo as asparaginases 2 de E. coli (ECA2) e Erwinia chrysanthemi (ErA2), ambas
enzimas comerciais utilizadas na LLA, (Labrou et al., 2010; Lopes et al., 2017) devido ao
baixo valor de K sobre Asn (na faixa de pM) (Nguyen et al., 2016a). Apesar das ASNases
bacterianas serem proteinas terapéuticas bem caracterizadas e muito importantes para o
regime anticancer para malignidades hematoldgicas, elas podem induzir resposta imune,
produzindo anticorpos anti-ASNase, sendo a principal causa de resisténcia a drogas
(Armstrong et al., 2007; Avramis, 2012; Avramis; Panosyan, 2005). Reacfes de
hipersensibilidade foram observadas em ~ 60% dos pacientes que utilizaram a enzima ECA2
(Panosyan et al., 2004). A fim de reduzir as reacOes adversas causadas pela administracéo de
EcA2, foi desenvolvido PEG-ASNase, que tem como vantagens uma meia-vida bioldgica
mais longa do que a ASNase nativa e baixa imunogenicidade. No entanto, foi demonstrado
que hé reacdes imunologicas cruzadas entre ASNase nativa e PEG-ASNase, impedindo a
permutabilidade entre as enzimas (Pieters et al., 2011). Como alternativa as formulages de E.

coli, a substituicdo por ErA2 é uma opcdo terapéutica. No entanto, a enzima ErA2 apresenta
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uma meia-vida bioldgica mais curta do que a EcCA2, 33% dos pacientes ainda apresentam
reacOes alérgicas a formulacdo (Pieters et al., 2011; Rizzari et al., 2013), e maior valor de Kn
sobre Asn (ECA2= 15 uM e ErA2= 48 uM) (Derst et al., 2000; Nguyen et al., 2016).

A analise da estrutura cristalografica de ECA2 revela uma enzima homotetramérica
(Swain et al., 1993) e 0 mondmero é muito conservado em comparagdo com as ASNases da
classe 1 que detalhamos aqui, apresentando um dominio N-terminal, que contém os motivos 1
e 2 do dominio ASNase, e 0 motivo 3 no dominio C-terminal. A estrutura cristalografica de
ErA2 também foi determinada e ao comparar as duas estruturas das enzimas bacterianas, é
possivel constatar que existe uma caracteristica marcante entre os aminoacidos envolvidos na
catélise (Jaskdlski et al., 2001; Kravchenko et al., 2008). Em ambas as ASNases, 0
mecanismo de reacdo possui 0 envolvimento de duas triades cataliticas (Thrl2-Tyr25-
Glu283* e Thr89-Asp90-Lys162 em EcA2; e Thr15-Tyr29-Glu63 e Thr95-Asp96-Lys168 em
ErA2), e 0 movimento de um loop contendo os residuos 11 - 31 em EcA2 e 14 - 35 em ErA2,
incluindo o residuo de Thr catalitica do motivo 1 (12 em E. coli e 15 em E. crhysanthemi)
(Anishkin et al., 2015; Offman et al., 2011; Sanches et al., 2003). Entretanto, enquanto que na
ASNase de E. coli o residuo de Glu283 do monémero adjacente é responsavel pela interacdo
com o grupo N da cadeia principal do substrato e em aumentar a nucleofilicidade da Thrl2,
em E. crhysanthemi, o Glu63 do mesmo monémero exerce esta funcdo, mas esta localizado

espacialmente em uma regido distinta (Figura 27 A e B).
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Figura 27: Residuos do sitio ativo de ASNases bacterianas. Regido do sitio ativo de ASNases de E. coli (A) e
E. chrysanthemi (B) revela grande similaridade estrutural nas posi¢fes dos aminoécidos envolvidos que compde
duas triades cataliticas, com exce¢do do residuo Glu 283 em EcA2 (proveniente do mondmero adjacente) e Glu
63 em ErA2 (proveniente do mesmo mondmero). As representacdes estdo em cartoon e 0s aminoacidos estdo
representados em balls and sticks colorizados por CPK (O = vermelho e N = azul) (www.pymol.org).

Wb(b

De fato, as enzimas ECA2 e ErA2 possuem elevada homologia (48% de identidade e
63% de similaridade) e, ao analisar a arvore filogenética da Classe 1, é possivel observar que
ambas as enzimas se encontram muito proximas, inseridas dentro do grupo 1 da classe 1
(Figura 19), mesmo com as analises estruturais revelando que a enzima ErA2 possui todos 0s

aminoacidos das triades cataliticas oriundos do mesmo mondmero, enquanto a enzima EcA2
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possui um residuo de glutamato, que faz parte de uma das triades catalitica, oriundo do
mondmero adjacente (Nguyen et al., 2016b). Entretanto, quando construimos uma arvore
filogenética utilizando apenas enzimas bacterianas do grupo 1 da classe 1, que possuem

homologia maior que 60% com EcA2 ou ErA2, foi possivel observar a formacdo de dois

clados, sendo o clado azul, contendo a enzima EcA2 e o clado verde contendo a enzima ErA2
(Figura 28), que podem ser separados filogeneticamente.
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Figura 28: Arvore filogenética de maxima verossimilhanca de asparaginases de bactérias da classe 1. A
arvore foi circularizada e o ponto médio foi enraizado para fins de exibi¢do. Pontos pretos indicam valores de
suporte de bootstrap (100 réplicas) > 75% e probabilidade posterior bayesiana (PP) > 0,9; pontos brancos
indicam valores de suporte de bootstrap > 75% e PP < 0,9; e pontos vermelhos indicam valores de suporte de
bootstrap < 75% e PP > 0,9. A arvore filogenética das ASNases bacterianas da classe 1 apresentou dois grandes
clados: azul, contendo a enzima EcA2 (seta azul) e; verde, contendo a enzima ErA2 (seta verde).

Adicionalmente, atraves do alinhamento das sequéncias, foi possivel identificar trés
regides que apresentaram diferencas de conservacao entre os dois grupos de proteinas: Regido
| — localizada na parte N-terminal das enzimas onde esta localizado o residuo de Glu63 em
ErA2; Regido Il — localizado na por¢do central das enzimas. Apresenta um residuo de S nos

representantes do grupo de ErA2 ou N na maioria dos representantes de ECA2, que formam
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uma rede de interacdes com os residuos do sitio ativo; e Regido Ill — se posiciona na porcao
C-terminal onde esté localizado o residuo de Glu283 de EcA2 (Figura 29 A). Em conjunto,

essas trés regides resultaram em 2 diferentes padrdes (Figura 29 A).

De 56 sequéncias de aminoacidos analisadas, 27 apresentaram uma glutamina na
regido | (Figura 29 A-1) e um residuo de asparagina na regido Il (Figura 29 A-Il), inclusive o
grupo de enzimas de EcA2, na regido I. Adicionalmente, 35 sequéncias apresentaram um
residuo de glutamato conservado na regido Il (Figura 29 A-I11), todas filogeneticamente mais
proximas de ECA2. No grupo contendo a enzima ErA2, o residuo de glutamato é conservado
na mesma posicdo em 11 sequéncias analisadas (Figura 29 A-I), na regido Il, 18 sequéncias
apresentaram o residuo de serina (Figura 29 A-11), no entanto, curiosamente em 21 sequéncias
analisadas, ha uma delecdo de 2 a 5 residuos de aminoécidos na regido Ill que contém o

Glu283 de EcCA2 (Figura 29 A-I111), todas filogeneticamente mais proximas a ErA2.

Ao compararmos as estruturas cristalograficas de ECA2 e ErA2, é possivel observar
que h& um loop que permite o posicionamento do Glu283 de ECA2 no sitio ativo, realizando
uma ponte de hidrogénio com a Tyr25 (Figura 30 B), mas que se encontra encurtado em ErA2
(Figura 30 C), que tem a Tyr29 estabilizada apenas pela interacao hidrofobica com a prolina
123 e uma ponte de hidrogénio com a treonina 15, sendo que estas interacfes também podem
ser observadas em EcA2 (Figura 30 B).

1 II 111
A) Salmonella typhimurium | 77- N1 | DM-83 270- [@INBIIN (L ¥ k-276 300-T T Q D A[E]v DBl A K Y-311
Escherichia coli 55-[}1‘ [ G D M -61 247- l@InBIN L v k253 278-T T Q D AlE|v DB A K Y-289
Wolinella succinogenes | 57- S ¥ EM-63 252- GINBIN P F P-258 282-T T Q E A|E|V DK K| L-293
Pseudomonas aeruginosa| 89- Q [T\ S F-95 284- N Blv p A-292 3148 L RN A|E[Q PBID Kl N-325
Klebsiella pneumoniae | 79 N0 T 6 N[ii -85 276- @l A S| v s v-282 305MP P - -|-[- -BlD s Q311
Erwinia chrysanthemi 59.%“ N M-65 255- ABIS|V S v-261 284 MP P - -|-|- - E E L-290
Bacillus subtilis 105-N N I-111 300- NIBIS|L S D-306 329M T PN -|-|QD Y A E K-338
Helicobacter cinaedi  |106-NJH D DM-112  303-@A@S|1 H k-309 332-\1‘1 AN -|-|e el s K L-341

Figura 29: Anélises do sitio ativo de ASNases bacterianas. A) Alinhamento de sequéncias representantes de
cada clado: clado azul - ASNases de S. typhimurium, E. coli, W. succinogenes e P. aeruginosa representando; e
clado verde = K. pneumoniae, E. chrysanthemi, B. subtilis e H. cinaedi. Os nameros I, 1l e Il representam as
regides das sequéncias analisadas. B) Estrutura cristalografica de ECA2 (com os mondmeros coloridos de
diferentes cores: azul e amarelo) com a rede de interacbes formadas entre E283*, Y25, T12 e P117; e C)
Estrutura cristalografica de ErA2 (com os mondmeros coloridos de diferentes cores: ciano e verde) com a rede
de interacBes formadas entre Y29, P123 e T15.
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Como podemos perceber, hd um padrdo mantido na maioria das sequéncias analisadas:
Q59-N250-Q283 em ECA2 e E63-S254-A em ErA2. Adicionalmente, estudos envolvendo
mutacdes sitio dirigidas revelaram que estes aminoacidos sdo capazes de modular a atividade
de glutaminase das enzimas (Derst et al., 2000; Nguyen et al., 2018; Nguyen et al., 2016). A
enzima ErA2 possui um Kpy sobre GIn de 0,36 mM, enquanto que ECA2 o Kmn sobre Gin é de
3,5 mM, 10 x maior que o observado para ErA2 (Derst et al., 2000; Nguyen et al., 2016), no
entanto, quando ha a substituicdo E63Q em ErA2, seu Ky sobre Gln aumenta o K, em 10x
(3,86 mM) e em EcA2, a substituicdo Q59E também foi possivel observar o aumento do Kny
(50 mM), e em ambas as mutacOes, ndo foram observadas alteracdes significativas no Km
sobre Asn (Derst et al., 2000; Nguyen et al., 2018; Nguyen et al., 2016a).

Analisando a estrutura cristalografica de ErA2, os complexos com Glu e Asp
revelaram que o substrato Glu sofre uma alteracio espacial de 0,6 A em direcdo ao residuo
E63, quando comparado com o substrato Asp (Nguyen et al., 2016a). O residuo E63 interage
diretamente com o grupo amino dos substratos e, de fato, na enzima ErA2E53Q a cadeia lateral
do residuo GIn contém um atomo de oxigénio que pode atuar como um receptor de ligacdo H
ao grupo amino de Asn ou GIn, porém, o 4&tomo de nitrogénio do grupo amina se apresentou
menos favoravel para a acomodagdo do substrato GIn (Nguyen et al., 2016a). Adicionalmente
ao mutante E63Q, a substituicdo do residuo de Ser 254 por N também foi realizada,
ocasionando na inserc¢do de um residuo maior e de um grupo amina, possivel doador de H. A
combinacdo de ambas as substituicdes (E63Q, S254N) em ErA2, mimetizando a enzima
EcA2, ocasionou na reducdo de atividade de glutaminase de 99%, no entanto, aumentou seu

Kmsobre Asn em 4x (Nguyen et al., 2016a).

Ao analisarmos o sitio ativo da estrutura cristalografica de ECA2, é possivel observar
uma rede de pontes de H que envolvem todos os residuos das triades cataliticas (T89, D90 e
K162 e T12, Y25 e E283*) bem como os residuos Q59 e N250* (Figura 30 A). No entanto, o
residuo E283* ocupa uma regido do sitio catalitico onde ndo ha aminoacido com equivaléncia
espacial em ErA2, e seu grupo COOH é posicionado em direcdo ao grupo N da cadeia
principal do substrato, aumentando a nucleofilicidade do sitio ativo (Figura 30 B) e
diminuindo o volume do sitio ativo em comparacdo a ErA2 (Figura 30 C), indicando uma
forte influéncia na seletividade do substrato, uma vez que possui um Ky 10 X maior para GIn
(Derst et al., 2000; Nguyen et al., 2017; Nguyen et al., 2016). Contudo, 0 posicionamento de

E283 ocorre devido a interagdes com o grupo NHz do residuo Q59 e NH> do residuo N250*
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(Figura 30), que seriam perdidas ao realizar a substituicio por glutamina e serina,

respectivamente.

Adicionalmente, o volume do sitio ativo de ErA2 € muito maior em comparacao a

EcA2, o que justifica sua maior afinidade por GIn (Km = 360uM) (Nguyen et al., 2016)
(Figura 30 D). Na analise do sitio ativo do duplo mutante (ErA2E63Q 524Ny (Figura 30 G) é
possivel observar uma diminuicdo de nucleofilicidade (Figura 30 H), o que é ocasionada pela

presenca dos grupos NH2 da serina e da glutamina e adicionalmente a auséncia do residuo

E283* (de EcA2), o que explica a diminuicdo da atividade de asparaginase e glutaminase

(Nguyen et al., 2016).

A) EcAll + ASP

N250* E283*
[

D90 q’ Z?
K 162

T89 © TI2

C) ErAll + ASP
S254
¢

*

E63 Y29

e ; 3

o KI68 l.'
%’000% !4;; t’euﬂs
5

E) ErAll + GLU
S254*

G) ErAll E63Q,S254N + ASP
N2s4*

e — O

Figura 30: Residuos do sitio ativo de ASNases bacterianas envolvidos na seletividade do substrato. A) e B)
Regido do sitio ativo de ECA2 com o ligante Asp (PDB: 3ECA) C) e D) Regido do sitio ativo de ErA2 com o
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ligante Asp (PDB: 5F52); E) e F) Regido do sitio ativo de ECA2 com o ligante GIn (PDB: 5HWO0) e G) e H)
Regido do sitio ativo de EcA2 E63Q, S254N com o ligante Asp (PDB: 5I4B). Os aminoacidos estdo
representados em balls and sticks colorizados por CPK (O = vermelho e N = azul) e o potencial eletrostatico
representado por tons de azul (+), vermelho (-) e branco (neutro) (www.pymol.org).

Contudo, as analises das mutacgdes sitio dirigidas e das estruturas cristalograficas de
EcA2 e ErA2 revelaram que o principal modulador da atividade de glutaminase se deve a
presenca ou auséncia do residuo E283, localizado na regido Il (Figura 29A-I11) e a delecédo
natural ocorrida no grupo de sequéncias de ErA2 provavelmente resultou nas substituicdes
naturais de residuos chaves (N por S na posicdo 254*, e Q por E na posicdo 63) que

permitissem a realizacdo da catalise de ambos 0s substratos, mesmo na auséncia de E283*.

De fato, sabe-se que o aminodcido glutamina representa até 50% dos residuos
presentes no soro e sua diminui¢do pode reduzir a sintese proteica e causar diversos efeitos
colaterais (Girdo et al., 2016; Ollenschlager et al., 1988; Ramya et al., 2012). Contudo, uma
enzima sem atividade de glutaminase pode produzir efeitos satisfatérios em casos de LLA em
que as células ndo produzam ASN sintetase (ASNS"), diminuindo os efeitos colaterais do
tratamento. Por outro lado, alguns autores ressaltam que atividade de glutaminase é
importante para citotoxicidade, principalmente em células tumorais onde o gene da asparagina
sintetase (ASNS) continua ativado mesmo ap0s a transformacdo neoplésica (tipos tumorais
ASNS™) (Chan et al., 2014; Offman et al., 2011). Contudo, ao analisarmos 0s 2 grupos
obtidos na arvore filogenética das ASNases bacterianas, é possivel selecionar potenciais alvos
para caracterizacdo funcional e estrutural de ASNases que podem ter afinidade por Gln
reduzida, mas atividade de ASNase com Kn na faixa de uM, devido a alta conservagéo destas
sequéncias com as enzimas ECA2 e ErA2 (ASNases filogeneticamente proximas de EcAZ2:
ASNases de Shigella sonnei, Escherichia marmotae, Shiguella boydii, Shigella dysenteriae e
Escherichia fergusonii, ou até mesmo enzimas com atividade de maior afinidade por GIn, e
com Kpn na faixa de uM, visando o tratamento de tipos tumorais ASNS* (ASNases
filogeneticamente proximas de ErA2: ASNases de Dickeya solani, Pectobacterium
caotovorum, Pectobacterium pamentieri, Serratia plymuthica, Klebsiella grimontii, Klebsiella

pneumoniae e Klebsiella aerogenes).

Como mencionado anteriormente, o ideal para se evitar respostas imunes seria a
utilizacdo de ASNases enddgenas humanas. Neste sentido, ja foram identificadas trés enzimas
de humano com atividade de asparaginase, sendo uma delas pertencente a classe 1 das
asparaginase (hsASNasel) (Karamitros; Konrad, 2014). No entanto, ela ndo apresenta

potencial terapéutico uma vez que o Kn reside na faixa de milimolar, muito alto quando
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comparada com as enzimas bacterianas (~ 7,5 x 10 M) (Avramis; Tiwari, 2006; Mehta et al.,
2014; Nomme et al., 2013; Verma et al., 2014). Uma vez que o0 sucesso clinico da terapia
utilizando ASNase bacteriana € atribuido a baixa quantidade administrada aliada ao
esgotamento rapido do aminoacido Asn no plasma, as caracteristicas cinéticas das ASNases

humanas as tornam inviaveis como opc¢éo terapéutica (Nomme et al., 2013).

A gpASNasel possui um Kpn sobre Asn na faixa de micromolar e comportamento
Michaeliano, e apesar de compartilhar grande homologia com a isoforma de humanos (69,8%
de identidade e 88,6% de similaridade), hASNasel tem um valor de Sos entre 2,9 e 11,5 mM
sobre Asn, apresentando comportamento alostérico com coeficiente de Hill entre 2,5 - 3,9
(Karamitros; Konrad, 2014; Schalk et al., 2014). Entretanto, as razfes que levam a estas
diferencas permanecem elusivas. Na analise filogenética da arvore das asparaginases da
Classe 1, ambas as enzimas compdem o grupo 4. Entretanto, quando construimos uma arvore
filogenética utilizando apenas as enzimas de vertebrados (133 sequéncias), foi possivel
observar que este grupo de enzimas pode ser dividida em 7 grupos que abrangem os principais
grupos de vertebrados: somente primatas, incluindo o hsASNasel; primatas e grandes

mamiferos, roedores, incluindo gpASNasel; peixes; anfibios; aves e répteis (Figura 31).

Reptiles

Amphibians
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Figura 31: Arvore filogenética de maxima verossimilnanca das asparaginases de vertebrados. A arvore foi
circularizada e o ponto médio foi enraizado para fins de exibicdo. Pontos pretos indicam valores de suporte de
bootstrap (100 réplicas) > 75% e probabilidade posterior bayesiana (PP) > 0,9; os pontos brancos indicam
valores de suporte de bootstrap > 75% e PP < 0,9; e pontos vermelhos indicam valores de suporte de bootstrap <
75% e PP > 0,9. A reconstrucdo de asparaginases de vertebrados apresentou 7 clados colorizados da seguinte
forma: verde: primatas, azuis: primatas/grandes mamiferos, cinza: roedores, amarelos: peixes; laranja: anfibio;
vermelho: péssaros, rosa: répteis.

Estudos recentes utilizando a técnica de DNA shuffling, realizando a construcdes de
enzimas quimérica de hASNasel e gpASNasel, revelaram duas regides (regido 1: 1 — 38 e
regido 2: 305 — 357) (Figura 32) da enzima gpASNasel essenciais para a manutencdo do
baixo Km da enzima (Rigouin et al., 2017). De fato, a partir do alinhamento de sequéncias de
representantes dos clados de primatas e de roedores, foi possivel observar que as regides 1 e 2
sd0 muito conservadas em primatas, 0 que ndo € possivel observar no clado de roedores, o
qual apresenta mutacfes pontuais, sugerindo que essas substituicdes de aminoacidos podem
estar relacionadas com as diferencas de Km observadas entre representantes desses dois
clados, tornando o clado de roedores mais interessante do ponto de vista biotecnoldgico uma

vez que hd maior variabilidade nos aminoacidos das enzimas quando se analisa as duas

regides relacionadas com o Kn das enzimas (Figura 31 e 32).

Region 1

I3MZ13 1. tridecemlineatus
G1TF44 O. cuniculus
HOWOTS C. poreellus
AOAI1S3FTF3 D. ordii
AOA0G2JSM2 R. norvegicus
088202 R. norvegicus
AO0INU3 M. musculus

GI1S2L6 N. leucogenys

AOA2J8SZ98 P. abelii

K7EVB6 P. abelii
86U10 H. sapiens

- 137
- 137
- 137
- 137
- 137
- 137
- 137

- 137
-137
- 137
- 137

I13MZ13 I tridecemlineatus
GI1TF44 O. cuniculus
HOWOTS C. porcellus
AOAIS3FTF3 D. ordii
AOAOG2ISM2 R. norvegicus
088202 R. norvegicus
AO0JNU3 M. musculus
GIS2L6 N. leucogenys
AO0A2J8SZ98 P, abelii
K7EVB6 P. abelii
G86U10 H. sapiens

Region 2
13MZ13 I tridecemlineatus
G1TF44 O. cuniculus
HOWOTS C. porcellus
AOA1S3F7F3 D. ordii
AOA0G2JSM2 R. norvegicus 305 -
088202 R. norvegicus
AOINU3 M. musculus

G1S2L6 N. leucogenys HEE = SIS 2 ove = s 2 s 2 -324
AOA2J8S798 P, abelii
K7EVB6 P. abelii

v
Figura 32: Alinhamento das sequéncias de aminoacidos de ASNases da classe 1 de Primatas e Roedores.
Os motivos conservados 1 e 2, e as regides 1 e 2 que estdo relacionadas ao baixo Ky, em C. porcellus. Residuos
idénticos séo destacados em cinza escuro e os residuos similares em cinza claro. As caixas vermelhas denotam
0s motivos 1 e 2, as caixas azuis denotam os residuos que sdo diferentes comparando Primatas x Roedores e as
caixas pretas denotam os residuos que sdo diferentes apenas na gpASNasel. Os alinhamentos foram realizados
no site da ClustalW (Sievers et al., 2011).

Anaélises de estruturas utilizando a estrutura cristalogréafica de gpASNasel (PDB 4R8L
com ligante Asp e 4R8K, sem ligante), revelam uma enzima tetramérica formada por um
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dimero de dimeros intimos (Figura 33 A), enquanto que as regifes 1 e 2 podem ser
localizadas na regido do sitio ativo (Figura 33 B vermelho para a regido 1 e verde para a
regido 2). Ambas as regides estdo relacionadas a dinamica de desenovelamento/enovelamento
do loop que contém o residuo de Tyr 308 (regido 2) do mondmero adjacente, responsavel pelo
correto posicionamento do residuo de Thr 19 (regido 1) e estabilizacdo do substrato, atuando
como uma tampa, fechando o substrato no sitio ativo e permitindo as reacbes moleculares
para a formacao do produto (Figura 33 B) (Schalk; Lavie, 2014). Simultaneamente, é possivel
observar uma tor¢ao de folha B na regido 1, que permite o posicionamento correto de Tyr 308
(Figura 33 B, circulo preto na regido 1 em vermelho). No entanto, em gpASNasel, a regido
que contém loop para permitir o posicionamento correto do residuo de Tyr possui duas
delecBes e 4 substituicbes sendo a maioria delas de aminoacidos de carater hidrofébico por
polares sem carga (Ala por Thr, Ala por Ser Met por Leu Gly por Asn), o que pode estar
envolvido em um mecanismo de funcionamento do loop mais produtivo sobre o substrato no
sitio ativo (Figura 32 e Figura 33 B) (Rigouin et al., 2017).
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Figura 33: Andlise de estruturas de ASNases da classe 1. A) O tetrdmero da enzima é composto por quatro
mondmeros, que estdo representados por cores diferentes (cddigo PDB: 4R8K). B) Regido 1 (vermelho) e 2
(verde) na estrutura cristalografica antes da ligacdo com o substrato (c6digo PDB: 4R8K), e os circulos pretos
indicam as estruturas secundarias flexiveis e ap6s a ligacdo com o substrato (cédigo PDB: 4R8L). C) O
tetrdmero de enzima sem ligante é composto de quatro mondmeros, que sao representados por cores diferentes
(codigo PDB: 2P2D). D) O tetramero da enzima com ligante (ASP) é composto por quatro monémeros em uma
conformacdo mais compacta, que sdo representados por cores diferentes (codigo PDB: 2HIM) E) Anélise do
sitio alostérico de EcAl. F) Uma molécula de ligante (etilenoglicol) apresentada em todos os monémeros da
enzima asparaginase de C. porcellus na mesma posicdo que o sitio alostérico de ECAL. Analises do sitio ativo da
enzima ASNase 1 de E. coli (G) e de C. porcellus (H). Os aminoécidos dos sitios alostérico e catalitico sao
representados por sticks, enquanto C = verde, N = azul, O = vermelho e o ligante (ASP ou etilenoglicol) C =
ciano.

Além disso, as enzimas de Ictidomys tridecemlineatus, Oryctolagus cuniculus,
Dipodomys ordii, incluindo gpASNasel, apresentaram algumas substitui¢cdes nas regides 1 e

2, que poderiam afetar a dindmica do loop, em comparagdo com as enzimas da classe 1 de
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primatas (Figura 31 e 32), embora, apenas gpASNasel ja foi caracterizada (Schalk et al.,
2014, 2016).

Ao contrario de gpASNase, a enzima homologa EcAL, de E. coli, também presente no
grupo 4 da classe 1 das ASNases, assim como a enzima humana, apresenta comportamento
alostérico e 0 Sos varia entre 0,4 e 1,2 mM com o coeficiente de Hill entre 2,6 - 3,5
(Karamitros; Konrad, 2014; Yun et al. 2007). O comportamento alostérico de ECA1 pode ser
suportado pela estrutura cristalografica, uma vez que a estrutura quaternaria tem uma
reorganizacéo significativa (r.m.s.d. = 4,6 A) ap6s a ligacdo a asparagina (Figura 33 C e D).
Além disso, é possivel observar um sitio alostérico na estrutura cristalogréfica com o
substrato Asp (Figura 33 E) (Yun et al., 2007). Apesar do fato de gpASNase ter
comportamento Michaeliano e apenas uma reorganizacao estrutural local do loop na regido 2
(rmsd = 2,05 A), que n&o esta presente em EcA1, curiosamente, quando analisamos ambas as
estruturas cristalograficas sobrepostas, observamos uma molécula de ligante (etilenoglicol)
presente em todos os mondmeros da enzima asparaginase de C. porcellus (Figura 33F), que
poderia mimetizar a molécula de asparagina, revelando um vestigio evolutivo do sitio
alostérico na estrutura tridimensional. Adicionalmente, o sitio catalitico apresentou poucas
diferengas: uma substituicdo de uma alanina por uma serina na posicdo 117 e o residuo de
tirosina 308 do mondmero adjacente de gpASNase presente em ECA1, no entanto, um residuo
de asparagina 246 do mondmero adjacente tem uma ligacdo de hidrogénio com o No2 do

substrato (Figura 33 G e H).

Além do fato de as ASNases do grupo 4 da classe 1 apresentarem diferencas
funcionais e estruturais entre seus representantes, as enzimas apresentaram semelhancas
evolutivas. No entanto, alguns representantes estavam muito bem caracterizados, ex.
gpASNasel, e a reconstrucao da arvore filogenética revelou que o grupo de asparaginases de
roedores podem possuir enzimas com maior variabilidade de sequéncias de aminoacidos, com
potencial caracteristicas, como comportamento Michaeliano e a presenca de um loop
participante da catalise mais flexivel, e podem ser importantes para a escolha de uma de
ASNase alternativa para o tratamento de LLA, por exemplo, ASNase de Dipodomys ordii. No
entanto, a razdo de gpASNasel possuir uma asparaginase com caracteristicas que tornam o
Km da enzima na ordem de puM n&o é clara, pois baixos niveis de aminoacidos ndo essenciais,
incluindo Asn, podem ser toxicos para celulas de mamiferos (H. sapiens) (Kilberg et al.,
2005) o que ndo € verdade para micro-organismos de vida livre que necessitam de N para a

sintese de compostos nitrogenados, o que parece se tratar de uma adaptagéo evolutiva rara.
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Nesta etapa do trabalho, avaliamos caracteristicas funcionais, estruturais e
filogenéticas de enzimas que possuem atividade de ASNase, sendo possivel classifica-las em:
classe 1, classe 2 e classe 3. De modo geral, foi possivel observar que, apesar de grande
similaridade estrutural entre as enzimas de cada classe, ha grande diversidade funcional assim
como peculiaridades estruturais. Contudo, as andlises resultaram numa classificacdo mais
apropriada, do ponto de vista da nomenclatura, e também do ponto de vista biotecnoldgico,
uma vez que foi possivel selecionar enzimas potenciais para caracterizacdo, visando o

desenvolvimento de biofarmacos alternativos para utilizacdo no tratamento de LLA.
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5. Considerac0es finais

Neste trabalho, obtivemos enzimas recombinantes que apresentaram grau oligomérico
unico ndo descrito para outras ASNases e baixa massa molar denominada de ASNaseM. Cabe
salientar que a obtencdo da enzima monomérica sé foi possivel quando utilizada linhagens
capazes de permitir a formacdo de dissulfetos, bem como a exclusdo da cauda de histidinas.
Para a caracterizacdo da enzima foram efetuados estudos estruturais abrangendo experimentos
de espectroscopia de dicroismo circular e cromatografia de exclusdo molecular, construcéo de
modelo teorico e analises computacionais. Também foram avaliadas as atividades enzimaticas
de asparaginase (a qual foi significativa) e de glutaminase (ausente). Ainda, foram realizadas
mutacdes sitio dirigidas visando conferir a ASNaseM a atividade de GLNase. Nossos
resultados revelaram que as enzimas mutadas ndo apresentaram ganho de atividade de
GLNase, 0 que indica que apesar das semelhancas existentes com as enzimas bacterianas o
ganho de atividade de glutaminase é um fendmeno complexo e necessita de investigacGes
adicionais, que poderdo ser executadas em projetos posteriores. Contudo, as andlises
estruturais e funcionais de ASNaseM revelou uma enzima com caracteristicas distintas de

todas ja descritas na literatura, sugerindo uma maior variabilidade de asparaginases.

Também realizamos andlises computacionais envolvendo sequéncias primarias de
ASNases, em conjunto com a avaliacdo de estruturas tridimensionais presentes no protein
data bank, para entender aspectos evolutivos e propor uma classificagdo criteriosa de
ASNases, a qual revelou grande diversidade funcional, mas uma forte conservagdo da
estrutura tercidria e na maioria dos casos, quaternaria. De fato, os estudos conduzidos no
ambito desta tese foram muito mais abrangentes que estudos anteriores que utilizaram
pequeno nimero de sequéncias e estruturas cristalograficas (Borek; Jaskoélski, 2001; Dwivedi;
Mishra, 2014).

Foram avaliados aspectos evolutivos que revelam enzimas de espécies de bactérias
similares as enzimas bacterianas que apresentam baixo Km sobre Asn, sendo que os resultados
evolutivos e estruturais indicam quais sdo as asparaginases mais proximas a ECA2 e ErA2, o
que podem significar enzimas que podem ter caracteristicas enzimaticas mais apropriadas
para a caracterizacdo de potenciais biofarmacos para o tratamento de neoplasias sanguineas,
como elevada atividade ASNase e atividade de GLNase. Sdo exemplos destas ASNases:
ASNases filogeneticamente proximas de ErA2 - ASNases de Dickeya solani, Pectobacterium

caotovorum, Pectobacterium pamentieri, Serratia plymuthica, Klebsiella grimontii, Klebsiella
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pneumoniae e Klebsiella aerogenes; e ASNases com afinidade reduzida por Gln e alta
atividade de ASNase, que sdo enzimas filogeneticamente proximas de ECA2 - ASNases de
Shigella sonnei, Escherichia marmotae, Shiguella boydii, Shigella dysenteriae e Escherichia
fergusonii. Do mesmo modo, os estudos aqui conduzidos revelaram aspectos singulares na
enzima de C. porcellus que indicam que enzimas de roedores podem possuir caracteristicas
mais apropriadas para utilizagdo como biofarmacos, como: ASNases de Ictidomys

tridecemlineatus, Oryctolagus cuniculus e Dipodomys ordii.
6. Perspectivas

1) Determinacgdo da especificidade citotoxica de ASNaseM sobre diferentes células
tumorais de LLA.

2) Avaliacdo da excluséo da cauda N-terminal sobre a estrutura e funcdo de ASNaseM

3) Determinagéo da estrutura de ASNaseM (continuacdo do trabalho iniciado neste
doutorado no LNLS e extendido no BEPE realizado no King’s College de Londres sob
supervisdo do Prof. Dr. Paul F. Long e em andamento com a colaboracdo do grupo de
pesquisa do Prof. Dr. Marcio V. B. Dias do ICB-USP-SP).

4) Caracterizacdo funcional e estrutural de enzimas que apresentaram caracteristicas

filogenéticas e estruturais similares as de ECA2, ErA2 ou gpASNasel.
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L-asparaginase (L-ASNase) (EC 3.5.1.1) is an important enzyme for the treatment of acute
lymphoblastic leukaemia. Currently, the enzyme is obtained from bacteria, Escherichia coli and Erwinia
chrysanthemi. The bacterial enzymes family is subdivided in type | and type II; nevertheless, only type I
have been employed in therapeutic proceedings. However, bacterial enzymes are susceptible to induce
immune responses, leading to a high incidence of adverse effects compromising the effectiveness

of the treatment. Therefore, alternative sources of L-ASNase may be useful to reduce toxicity and
enhance efficacy. The yeast Saccharomyces cerevisiae has the ASP1 gene responsible for encoding
L-asparaginase 1 (ScASNasel), an enzyme predicted as type Il, like bacterial therapeutic isoforms, but
it has been poorly studied. Here we characterised ScASNasel using a recombinant enzyme purified

by affinity chromatography. ScASNasel has specific activity of 196.2 U/mg and allosteric behaviour,
like type | enzymes, but with a low K, ; =75 pM like therapeutic type Il. We showed through site-
directed mutagenesis that the T64-Y78-T141-K215 residues are involved in catalysis. Furthermore,
ScASNasel showed cytotoxicity for the MOLT-4 leukemic cell lineage. Our data show that ScCASNasel
has characteristics described for the two subfamilies of I-asparaginase, types | and I, and may have
promising antineoplastic properties.

L-asparaginase amidohydrolase (L-ASNase) (EC 3.5.1.1) catalyses the hydrolysis of L-asparagine (L-Asn) in

aspartic acid and ammonia. L-ASNases are classified in three families: the plant-type, the Rhizobium etili-type

and the bacteria-type. The bacterial family is subdivided into type I and type II'; type I enzymes are cytosolic,

expressed constitutively and have low affinity for L-Asn, resulting in non-therapeutic applications, while type II

enzymes are restricted in the periplasmic space, with induced expression during anaerobiosis, have high affinity
. for L-Asn and present antitumor activity>>,

L-ASNase type II from Escherichia coli (EcASNase2) and Erwinia chrysanthemi (EwASNase2), native and
PEGylated forms, are used for the treatment of acute lymphoblastic leukaemia (ALL) due to the fact that leukemic
cells need extracellular L-Asn for protein synthesis, and L-ASNase depletes L-Asn and L-glutamine (L-Gln) from
serum causing death by starvation and the absence of anti-apoptotic proteins*-. Interestingly, only leukaemia
cells are sensitive to L-ASNase, as they frequently present asparagine synthetase (ASNS) genes that have been
silenced by epigenetic mechanisms, while normal blood cells do not”®.

However, during treatment with bacterial L-ASNases, patients show a high incidence of adverse effects, such
© as neurotoxicity caused by the hydrolysis of L-Gln, hypersensitivity and allergic reactions that can lead to ana-
* phylactic shock, and the formation of antibody anti-asparaginase**-2. Nowadays, new L-ASNases have been
. identified in eukaryotic sources, in an effort to find new promising biopharmaceuticals with fewer side effects’.
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The yeast Saccharomyces cerevisiae constitutively expresses the gene ASP1, producing an intracellular cyto-
plasmic enzyme L-asparaginase 1 (ScASNasel). However, it has high molecular similarity to bacterial enzymes
used in therapy!'*!® and is classified in the bacterial type II family™!¢. In the 1970s, the few studies performed with
ScASNasel demonstrated low activity and affinity to L-Asn!*!”. Since then, no studies about this enzyme have
been reported.

Therefore, we here describe the structural and biochemical characterization of the recombinant ScASNasel.
Our results revealed that ScASNasel presents allosteric behaviour similar to that of type I enzymes. Using
site-directed mutagenesis approach to substitute important residues used in catalysis in bacterial enzymes, which
are conserved in ScASNasel, we show that substitutions abrogated the enzyme activity but do not exert significant
effects on the secondary structure of the enzyme. Moreover, we have demonstrated that ScASNasel has antineo-
plastic potential in the MOLT-4 leukemic cell lineage, similarly to that observed for type II bacterial enzymes.

Results

Determining specific activity, optimum pH, temperature and kinetic parameters of SCASNasel.
The ASP1 gene from S. cerevisiae has 1,146 bp and was obtained by PCR from genomic DNA, then cloned into
the expression vector pET15b. The ScASNasel was expressed in cytosol in the soluble fraction of proteins from
the E. coli BL21 (DE3) strain. After purification, the enzyme was analysed by SDS-PAGE. The molecular mass
of ScASNasel is 41.4kDa, and the His-tag addition resulted in a recombinant enzyme of approximately 45kDa
(http://web.expasy.org/protparam/). The gel showed a homogenous and pure protein with the expected molecular
weight (see supplementary Fig. S1).

Using the purified protein, we determined the specific activity for L-Asn with Nessler’s reagent and by cou-
pled assay with NADH oxidation for L-Gln. The specific activity was calculated by the initial velocity of L-Asn
or L-Gln hydrolysis as a function of enzyme concentration (Fig. 1A,B). ScASNasel presented high specific
activity for L-Asn of 196.2 + 5.8 U/mg and low for L-Gln of 0.4 £ 0.02 U/myg; this last represents 0.38% of the
L-asparaginase activity, considering the determination of the activity by the same method for both substrates (see
supplementary Fig. S2). The pH effect on the optimum activity of the enzyme was measured in the range from 4.0
to 12.0. ScASNasel was active in the range from pH 5.0 to 11.0, and its optimal activity was at pH 8.6 (Fig. 1C).
The optimum temperature was determined by measuring enzyme activity in a temperature range from 20°C to
65 °C for 20 minutes, and the higher value observed was at 40 °C (Fig. 1D).

The kinetic parameters were determined by coupled assay with NADH oxidation. Different concentrations of
L-Asn were used to create a plot of initial velocity as a function of L-Asn concentration; the initial velocity was
determined through linear regression. The graph revealed a sigmoidal profile and allosteric behaviour (Fig. 1E)
and affinity for the substrate in the pM range with positive cooperativity, as indicated by the Hill plot (Fig. 1F).
The Hill coefficient measures the deviation of the Michaelis—Menten kinetics and describes quantitatively the
degree of enzyme cooperativity'®. The kinetic parameters determined are presented in Table 1. Statistical analysis
of the kinetic models (Michaelis—Menten and sigmoidal allosteric), using the F-test under the null hypothesis
that the enzyme has a Michaelis—Menten kinetic profile, revealed that the best kinetic model for ScASNasel is
the allosteric sigmoidal model with R*=0.9726 and p < 0.001. The commercial EcASNase2 enzyme used as the
control showed michaelian behaviour with R*=0.9797 and K, in the uM range (Table 1), in agreement with the
described in the literature, and specific activity of 224 &= 7 U/mg (see supplementary Fig. S3).

EcASNase2 has recently been described as possessing profile with allosteric positive cooperativity (ng=1.5)
regulated by L-GIn". At submicromolar concentrations of L-Asn, as occurs in the blood for the treatment of
ALL, L-Gln is the most abundant substrate competing for the active site, and so the enzyme begins to present
ny = 1.0, which features Michaelis—Menten kinetics. ScASNasel showed allosteric behaviour using only L-Asn
as the substrate. To evaluate whether L-Gln could regulate the degree of cooperativity for ScASNasel, we also
determined the kinetic parameters in the presence of L-Asn and L-Gln at a ratio of 1: 16 for each concentration
of L-Asn. However, the addition of L-Gln did not alter the kinetic profile of the enzyme, different of observed to
EcASNase2' (Fig. 2A,B, Table 1).

Moreover, allosteric enzymes have the characteristic of being inhibited by the product of the reaction?*?; the
specific activity of ScASNasel in the presence of 20 mM L-aspartate showed that the product is not able to inter-
fere with enzyme activity (Fig. 2C). We also tested whether certain ions can act as enzyme-cofactors. The addition
of Zn?* and Ca?* resulted in the decrease of ScASNasel activity. No difference was detected when Mg2+ was used,
whereas KT increased the level of enzymatic activity (Table 2). Since Zn*" and Ca?" diminished the activity of
ScASNasel in vitro, we evaluated the effect of the enzymes incubation with human serum over the specific activity
of ScASNasel and EcASNase2; we observed an increase in the activity and no effect, respectively (Fig. 2D), sug-
gesting that in human serum ScASNasel can be up stimulated and not repressed.

Site-directed mutagenesis of SCASNasel. ScASNasel shares 38% sequence identity with bacterial
type II counterparts, and amino acids already determined as essential to enzyme catalysis are strictly conserved
between bacterial enzymes and ScASNasel (Fig. 3A,B). To verify the importance of conserved catalytic residues
to the mechanism of ScASNasel, four residues were replaced individually with alanine by site-directed mutagen-
esis (highlighted in Fig. 3A). The mutants T64A, Y78A, T141A and K215A were expressed intracellularly and sol-
uble in the BL21 (DE3) E. coli strain. The isoforms were purified and analysed by SDS-PAGE. The molecular mass
of the isoforms was approximately 45 kDa with the His-tag, and the enzymes obtained were homogeneous and
pure (see supplementary Fig. S4). The activities of isoforms were measured by Nessler’s reagent in the same condi-
tions as the wild-type enzyme, and a 99.9% loss of activity was observed for all mutants (Fig. 3C). Statistical anal-
ysis of the specific activities of the T64A, K215A and T141A mutants showed no significant difference between
them. The Y78A mutant presented a significant difference when compared to others, p <0.05.
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Figure 1. Determination of specific activity, optimum reaction conditions and kinetic characterisation for
ScASNasel enzyme. (A) Specific activity of ScASNasel to hydrolyse L-Asn: Plot of the reaction velocities (V) of
L-Asn hydrolysis as a function of mg of purified ScASNasel as measured by Nessler’s reagent.

(B) Specific activity of ScASNasel for L-Gln as measured by coupled assay with NADH oxidation: Plot of the
reaction velocities (V,) of L-Gln hydrolysis as a function of mg of purified ScASNasel. (C) The effect of pH was
determined in different buffers (acetate pH 4.0; sodium phosphate pH 6.0, 7.0 and 12.0; Tris-HCI pH 8.0 and
9.0; sodium bicarbonate pH 10.0). (D) Optimum temperature was determined by measuring the specific activity
in the range from 25 °C to 50 °C. (E) ScASNasel kinetics, activity dependence on a substrate concentration plot.
The inset shows the sigmoidal profile of the enzyme at lower substrate concentrations. (F) Hill plot of the data.
Points in the graph represent means + SD (n=3).

Recently, similar mutations were performed to the L-asparaginase from guinea pig AspG (amino acids T19A,
T116A and K188M, equivalent to the ScASNasel T64A, T141A and K215A) that also decreased or abrogated the
AspG activity??. Additionally, the determination of crystallographic structure of the AspG mutants revealed that
no significant differences were observed among the mutants and the wild-type enzyme, indicating that mutations
do not exert significant effects on the protein structure but only over the enzyme activity?. To investigate if the
amino acids substitutions also exerted influence over ScASNasel structure we carried out structural approaches
using circular dichroism spectroscopy. The analysis of secondary structure revealed that all mutant enzymes pre-
sented structural content slightly different to the wild type enzyme (Fig. 3C; Table 3), similar to the observed to
AspG and similar to other mutants using a different approach?.
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Figure 2. Influence of L-Asp and L-GlIn on the parameters of ScASNasel. (A) ScASNasel kinetic

parameters using L-Asn and L-GlIn together as substrates at the ratio of 1:16; activity dependence on a substrate
concentration plot. (B) Hill plot of the data. Points represent means -+ SD (n= 3). (C) Specific activity of
ScASNasel with added L-aspartate. 20 mM L-asparagine (L-Asn, 20mM) and 10 mM L-asparagine +20 mM
L-aspartate (20 mM L-Asn + 10mM L-Asp). (D) Specific activity of ScASNasel and EcASNase?2 after incubation
at 37 °C for 60 minutes with 10% human serum. The graphs of specific activities and kinetic parameters were
obtained with GraphPad Prism 6.05 software. The specific activity was quantified by Nessler’s reagent. Error
bars were calculated from the mean +SD (n=3).

L-asparagine 2345 0.032+0.00061 13442 5.8 x10° L1+0.1
ScASNasel K5 (M) V ez (pmol/min) ket (571 | ko [Kgs] ™ (M1 s71) %
L-asparagine 75427 0.0420.0011 217+ 14 1.6 10* 22403
];rfsgl“:ffél‘iie 122431 0.097 £0.0023 523434 1.3 x 10! 22402
EcASNasel®

L-asparagine | 40050 | - | 74+03 58x 107 35403

Table 1. Kinetic parameters of ScCASNasel to hydrolyse of L-asparagine and comparison with EcASNases.
“Kinetics data from Karamitros and Konrad, 2014 - using the same NAD+ coupled assay®.

K+ 5.0mM 109.7%
Mg** 10.0mM 100.5%
Zn** 0.5mM 7.3%
Ca** 0.5mM 0%

Table 2. Relative activity of ScASNasel in the presence of different effectors.

We also assessed the thermal stability of wild-type ScASNasel using structure circular dichroism spectros-
copy. The thermal profile of ScASNasel revealed that the enzyme is very thermoresistant, presenting a melting
temperature of 68.25 £ 0.21 °C (Fig. 3E), which may be related to the high cysteine content present in the enzyme,
which in turn may form structural disulphides (Fig. 3A).
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Figure 3. Structural and mutational analysis of ScASNasel. (A) Alignment of L-asparaginase amino acid
sequences of S. cerevisiae (ScASNasel) (Uniprot number P38986), E. coli (EcASNase2) (Uniprot number P00805)
and E. chrysanthemi (EwASNase2) (Uniprot number P06608). The amino acids are shaded in grey tones according
to physico-chemical similarities among the three isoforms. The black boxes denote conserved amino acids involved
in catalytic activity. The alignment was produced using Clustal Q (http://www.ebi.ac.uk/Tools/msa/clustalo/), and
the graphical representation was generated using JalView (http://www.jalview.org). (B) Crystallographic structure
of E. coli (PDB code =3ECA), highlighting the position of conserved residues and a ligand molecule. (C) Specific
activity of the active site residues mutated in ScASNasel by an alanine. The error bar represents means 4 SD
(n=3). (D) Circular dichroism spectra of the ScASNasel (black) and the mutant enzymes T64A (green), Y78A
(red), K125A (grey) and T141A (blue). The protein concentrations used in experiments were 5pM in Tris buffer
10mM (pH 7.4). All spectra were recorded at 25 °C and corrected against the buffer. The graphical representations
are averages from eight consecutive scans. (E) The thermal melting profile for ScASNasel was recorded at 222 nm,
and the temperature was increased from 20 to 90 °C. The protein concentrations used in experiments were 5uM in
Tris buffer 10 mM (pH 7.4). The melting temperature obtained was 68.2540.21°C.
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ScASNasel T64A Y78A T141A K215A
Helix 16.50% 16.36% 16.12% 14.30% 16.93%
Antiparallel 26.65% 26.10% 26.82% 28.21% 26.21%
Parallel 9.25% 9.37% 9.31% 9.60% 9.22%
Beta-turn 16.32% 16.26% 16.23% 15.67% 16.44%
Random Coil 31.28% 31.91% 31.48% 32.22% 31.22%

Table 3. Secondary structure analyzed by circular dichroism spectroscopy. The secondary structure
contents were obtained using CDNN software.
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Figure 4. Cytotoxicity assay using HUVEC, REH and MOLT-4 cell lines. (A) Relative survival using
EcASNase2. (B) Relative survival using ScASNasel. Cells were incubated with 10 U/mL of ScASNasel or
EcASNase2 (Prospec-Tany, Israel) for 72 h. The control is represented by the cell culture containing only RPMI
1640 medium with 10% foetal bovine serum. The enzyme buffer was Tris-HCI 50 mM pH 8.8 to ScASNasel

or Tris-HC] 50mM pH 7.4 to EcASNase2. Error bars were calculated from the mean + SD (n= 3). Statistical
analysis using the ANOVA with Bonferroni test performed using GraphPad Prism 6.05 software showed

p < 0.001 versus respective control and buffer.

Cytotoxicity of SCASNasel. The cytotoxic potential of ScASNasel was analysed in vitro in three different
cell types: HUVEC, as healthy cells that cover the blood vessel wall and are therefore in contact with circulating
drugs; REH, considered resistant to treatment with L-ASNase because it has high ASNS levels of expression?’;
and MOLT-4, described as a sensitive L-ASNase lineage. Nevertheless, MOLT-4 evolves resistance six weeks after
L-ASNase treatment, through the augmented expression of ASNS*.

Cells were incubated with 10 U/mL of ScASNasel or EcASNase2. Controls were incubated with only RPMI
medium or protein buffer for 72hours (Fig. 4). As expected, the E. coli enzyme did not cause toxicity to normal
healthy cells HUVEC. However, EcASNase2 treatment killed almost 100% of MOLT-4 cells and 20% of the resist-
ant lineage, REH. Similarly to treatment with EcASNase2, treatment with ScASNasel did not cause toxicity to
normal cells HUVEC and caused death about to 85% of MOLT-4 cells, but REH cells were resistant to ScASNasel
(Fig. 4). Statistical analysis of the data, using ANOVA with the Bonferroni model, demonstrated that the mortal-
ity of the REH cells treated with EcASNase2 and MOLT-4 cells in the presence of EcASNase2 or ScASNasel was
significant at a level of p < 0.001, compared with the respective controls.

Discussion

To our knowledge, we describe here for the first time the characterization of biochemical and antileukemic
activity of the ASNasel from S. cerevisiae, providing evidence of its biopharmaceutical potential. Moreover, the
heterologous expression of ScASNasel was obtained with high purity (see supplementary Fig. 1) through one
chromatographic step with specific activity of 196.2 U/mg for L-Asn (Fig. 1A). Only Jones and Mortimer'” and
Dunlop et al.'* had found specific activity of 0.06 U/mg and 5.4 U/mg, respectively, to ScASNasel'*!¢. However,
these authors obtained the enzyme by purification of the native protein direct from S. cerevisiae through multiple
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chromatographic steps. The specific activity found in our study is similar to that reported for type IT L-ASNase
from E. coli (EcASNase2), as confirmed here using commercial enzyme as control (223 + 7 U/mg) (see supple-
mentary Fig. S3).

EcASNase2 and EwASNase2 also show specific activity for L-GIn with values corresponding to a range of 2%
and 10% of their L-ASNase activities*®. According to our results, ScCASNasel presents glutaminase activity that is
0.38% of L-ASNase activity (Fig. 1B), which is approximately twenty-five times smaller than that of the commer-
cial enzyme EcASNase2 tested in our laboratory (~10%) (see supplementary Fig. S3).

Glutaminase activity has been demonstrated to be important for effective treatment in ASNS-positive leu-
kemic lines (which express asparagine synthetase), while for the ASNS-negative line (which does not express
asparagine synthetase), only L-ASNase activity would be required®. However, another study showed that glu-
taminase activity in ASNS-negative lines is important to increase the death of leukemic cells, and this effect can
be associated with the expression of ASNS by subclones, or with the achievement of L-Asn from other cells?.
According to Anishkin et al.'?, L-Gln is responsible for ensuring the asparaginase activity of the enzyme at sub-
micromolar concentrations of L-Asn, concentrations that are reached in the serum during ALL treatment. L-Gln
was a positive modulator, because in these very low concentrations, EcASNase2 would be unable to recognize the
substrate, increasing the affinity of the enzyme for L-Asn'. This mechanism of regulation justifies the need for
L-glutaminase activity for the effective treatment ASNS-negative cells. Nevertheless, this activity is responsible for
enhancing adverse effects such as neurotoxicity and hyperammonemia*!!. Thus, an enzyme with low glutaminase
activity and dependence, such as ScASNasel, may be of utility in reducing adverse effects in the treatment of ALL
in an ASNS-negative patient.

Dunlop et al.** reported a K, of 740 pM and suggested that ScASNasel could not deplete low levels of L-Asn.
We demonstrated allosteric behaviour (Fig. 1E,F) with a K5 of 75 uM and positive cooperativity, as indicated
by ny of 2.2 (Table 1). Allosteric and cytoplasmic L-ASNases are classified as bacterial type I enzymes, such
as L-ASNasel from E. coli (EcASNasel), which has ny of 3.5 and K, ;= 0.4 mM?”2%, and human L-ASNasel
(HsASNasel), which has ny; of 3.9 and K, ;= 11.5mM?. In the same way as for type I enzymes, ScASNasel is
regulated by the substrate to catalyse the hydrolysis of L-Asn but shows high affinity for the substrate and no
inhibition by product (Fig. 2C). However, the catalytic efficiency of ScASNasel is affected by allosteric behav-
iour and Hill coeflicient***!. While michaelian EcASNase2 has an efficiency dictated by k /K, of 106 M1 s71,
ScASNasel efficiency is defined by k,/[K, 5] reaching a value of 10%. This is two orders of magnitude lower than
EcASNase2, but it is seven orders higher comparing with EcASNasel (see Table 1).

Because of allosteric behaviour, the effect of ions was tested. The presence of Mg?* did not change the activ-
ity and Zn*" and Ca*" decreased the activity (Table 2); this result is indicative that ScASNasel is not a metal-
loprotein®. Furthermore, the enzymatic inhibition caused by metal ions and the presence of 10 cysteines in
ScASNasel (Fig. 3A) suggest that certain vicinal sulthydryl groups are important for protein stabilization, a prop-
erty described for other L-ASNases®>*. It is noteworthy to cite that the incubation of EcASNase2 with human
serum did not affect the activity, while ScASNasel presented a significant augment of specific activity (Fig. 2D),
suggesting that other serum factors can contribute to positive allosteric regulation of the enzyme.

EcASNase2 and EwASNase2 have high affinity for the substrate, with K, in the pM range**". Even with a
michaelian profile, ECASNase2 has a degree of cooperativity at submicromolar concentrations of L-Asn, which is
modulated by L-GIn'. The addition of L-Gln during the reaction did not affect the affinity for the substrate or the
degree of cooperativity for ScASNasel (Table 1 and Fig. 2A,B), which is different from that recently described for
EcASNase2 and reveals distinct functional characteristics of the yeast enzyme.

Despite structural differences, type I and type IT L-ASNases present similarity in their amino acid sequences,
and their functional active site residues are conserved throughout evolution!'%*. The mechanism of action pro-
posed for L-ASNases relies on EcASNase2 observations, in which a first nucleophilic attack of T12 on the sub-
strate is followed by the release of ammonia and formation of the acyl-enzyme complex. In the subsequent step,
with K162 and T89, this intermediate undergoes a second nucleophilic attack by a water molecule, resulting in
hydrolysis of the acyl-enzyme intermediate, producing the aspartic acid, leaving the free enzyme*. The hydrogen
bonds formed between Y25 and T12 promote the correct orientation of T12 for catalysis*’. A comparison of the
primary structure of ECASNase2 and EwASNase2 with ScASNasel revealed that the active site residues involved
in catalysis are conserved in ScASNasel (Fig. 3A,B). Single substitutions of the T64, Y78, T141 and K215 residues
to alanine revealed that all mutants have significant loss of activity compared to the wild-type enzyme (Fig. 3C).
Structural analysis of secondary structure content revealed that all mutant enzymes presented similar a-helix and
3-sheet content relative to the wild-type ScASNasel indicating that the amino acids substitutions performed in
this work did not affect the integrity of the enzyme structure (Table 3).

Additional analyses aiming to evaluate enzyme thermostability showed that ScASNasel possesses high ther-
mostability (~68 °C - Fig. 3E), in agreement with kinetic thermal analysis, which revealed that the enzyme retains
>60% of its asparaginase activity at 50 °C (Fig. 1D).

The main characteristic of bacterial type II enzymes is their antineoplastic potential. The first characterization
of ScASNasel demonstrated low specific activity and a K, of 740 pM for L- Asn'%; this affinity would not allow the
depletion of human serum levels of L-Asn, since an enzyme has to be very active at low substrate concentrations
to present antineoplastic potential®®. Yun ef al.?” demonstrated the allosteric profile of ECASNasel and proposed
that L-ASNases type I cannot be considered for therapeutics because it does not deplete low levels of L-Asn?’.
Considering that, asparagine concentration in circulating human serum is 50 pM*!, using the equation 1, equal
amount of enzymes and kinetic values of Table 1, we can compare the velocity of reactions in physiological con-
ditions among EcASNasel, EcASNase2 and ScASNasel.

V/[E] = kg x [SP/ISI™H 4 [K, 5™ (1)
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Equation 1: where v is initial velocity of reaction; [E] is total enzyme concentration; k., is the turnover constant;
[S] is the substrate concentration; K 5 is the concentration of substrate in which enzyme reaches half of maximal
velocity and ny is the Hill coefficient®.

In this prediction, EcASNase2 exerts its antileukemic activity with v =92 uM/s; ScASNasel would present
v=63uM/s, while EcASNasel would show v=0.005 uM/s. This strongly suggests that, at least in catalytic kinetic
terms, ScASNasel potentially exerts asparaginase activity compatible with antileukemic effect.

In 2013, a study with encapsulated ScASNasel showed that this enzyme can induce the death of leukemic cell
lines in vitro*:. Here, we corroborated this data and also showed that ScASNasel is active in physiological condi-
tions (pH 7.4 at 37 °C), with optimum activity even at pH 8.6 and 40 °C (Fig. 1C,D) and kills 85% of human acute
lymphoblastic leukaemia MOLT-4 cells in vitro (Fig. 4). MOLT-4 is an important cell line that has been used to
investigate the effect of other L-ASNases, such as L-ASNase from Erwinia carotovora and Helicobacter pylori. In
these cases, 10 U/mL of Erwinia carotovora or Helicobacter pylori caused mortality of 83% and 30%, respectively,
in MOLT-4 cells***4. Using the same concentration of EcASNase2, the mortality of MOLT-4 cells was 95%*. The
REH cell line uses L-GIn pathway asparagine synthetase for the synthesis of L-Asn?*. The low glutaminase activity
of ScASNasel prevents the mortality of this lineage. However, the antileukemic potential of ScASNasel demon-
strated here was superior to that observed for type II enzymes from Erwinia carotovora and Helicobacter pylori
and is equivalent to that caused by EcASNase2 in MOLT-4 cells. It is noteworthy that the non-bacterial origin of
ScASNasel may present an additional advantage in the antileukemic treatment of sensitive lines, reducing the
adverse effects due to low glutaminase activity.

In conclusion, our results show that ScASNasel has specific activity of 196.2 U/mg, which is compatible with
the enzymes used in the treatment of ALL and almost forty-fold higher than previously characterized. In addi-
tion, it has allosteric behaviour with a K 5 of 75 .M, showing a high affinity for the substrate L-Asn. Residues
T64-Y78-T141-K215 play important roles in enzyme catalysis. We suggest that ScASNasel may have interesting
antineoplastic properties, because ScASNasel shows toxicity for leukemic cells but not to normal healthy cells
(HUVEC), can reduce adverse effects due to low glutaminase activity and may be less immunogenic than bac-
terial enzymes. ScASNasel is classified as an enzyme belonging to bacterial type II, has high affinity for the sub-
strate and exhibits antineoplastic properties. However, ScASNasel also presents characteristics of bacterial type
I enzyme, such as allosteric behaviour and cytoplasmic localization in yeast. Additional structural and antileu-
kemic studies that are being conducted by our research group could help to elucidate the active site microenvi-
ronment and unique properties of ScCASNasel.

Methods

Gene cloning, protein expression and purification of SCASNasel. The ASPI gene was isolated
from genomic DNA from the BY4741 strain of S. cerevisiae by polymerase chain reaction, using the oligonu-
cleotides SC_AsplF 5 GGGAAATTCCATATGTTACCAAGAATCAAAATCTTGGG 3’ and SC_AsplR
5" CGCGGATCCTCACCACCATAGAC 3’ with restriction site adaptors to Nde I and Bam HI (Exxtend
Biotecnologia Sdo Paulo, Brazil). The PCR product was cloned into Nde I and Bam HI restriction sites of the
PET15b vector (Novagen — Merck Millipore). pET15b-ASPI was used to transform E. coli DH5c. Single colonies
were selected; their plasmids were extracted and sequenced using the BigDye Terminator v3.1 Cycle Sequencing
Kit using the ABI 3730 DNA Analyser (Thermo Scientific) automatic sequencer to confirm gene integrity.
The correct constructions were used to transform E. coli BL21 (DE3) (Novagen - Merck Millipore) strain by
electroporation.

Transformed E. coli BL21 (DE3) containing pET15b-ASP1 were grown overnight at 37°C in 100 mL of
medium LB (10% tryptone, 5% NaCl and 5% yeast extract) containing 50 pg/mL of carbenicillin and then trans-
ferred to 1L of fresh LB containing carbenicillin (50 pg/mL) and grown to ODgg,,,= 0.6-0.8. Protein expression
was induced by IPTG addition to a final concentration of 1 mM for 3 hours at 37 °C. The cells were harvested by
centrifugation at 4.000 x g/4°C/20 min, and the pellet was suspended with start buffer (20 mM sodium phosphate
pH 7.4; 300 mM NaCl; 20 mM imidazole) and added to PMSF 1 mM. Cell disruptions were performed by son-
ication with 30% amplitude, sonicating for 24 cycles of 5seconds and resting for 15 seconds in ice. The cellular
lysate was treated with 1% sulfate streptomycin in ice for 20 min. The suspension was clarified by centrifugation at
16.000 x g/4°C/30 min and homogenised by filtration using a 45-um membrane (Merck-Millipore) and applied
to a Hi-Trap nickel-affinity column (GE Healthcare) for purification. The column was equilibrated with 10 vol-
umes of start buffer (20 mM sodium phosphate pH 7.4; 300 mM NaCl; 20 mM imidazole); the protein extract was
applied, and the unbound proteins were washed with 5 column volumes using a stepwise gradient of imidazole
(20 mM sodium phosphate pH 7.4; 300 mM NaCl; initializing with 50 mM, followed by 100 mM and 150 mM
imidazole); ScASNasel was eluted with 20 mM sodium phosphate pH 7.4; 300 mM NaCl; 500 mM imidazole.

Protein purification and integrity were evaluated by SDS-PAGE according to the method of Laemmli (1970).
The ScASNasel was applied to a PD-10 Desalting Column (GE Healthcare), using 20 mM Tris-HCl pH 8.8 buffer.
The protein concentration was measured by spectrophotometry at A =280 nm, with an extinction coeflicient of
ScASNasel (e=25955M~'cm™!) obtained using the ProtParam tool (http://web.expasy.org/protparam/).

Mutagenesis of ScCASNasel. Mutants T64A, Y78A, T141A and K215A were obtained using
a QuikChange Site-Directed Mutagenesis Kit (Agilent Technologies) with pET15b-ASPI as the tem-
plate and the following primers: ASP1T64A_F 5GGGTACCGGTGGTGCG ATTGCATCGAAAGC 3’
and ASP1T64A_R 5'GCTTTCGATGCAATC GCACCACCGGTACCC 3’; ASP1Y78A_F 5'AAACTG
CCGGCGCGCATGTTGACCTGACC 3’ and ASP1Y78A_R 5’GGTCAGGTCAACATGCGCGCCGGCAGTTT
3’; ASP1T141A_F 5’ ATTACCCATGGGGCCGATACGCTAT 3’ and ASP1T141A_R 5" ATAGCGTATC
GGCCCCATGGGTAAT 3’; ASP1 K215A_F 5 TCTGGTTACTACATTACTGCCACGAATGCAAATAGTTTGG
3’ and ASP1 K215A_R 5 CCAAACTATTTGCATTCGTGGCAGTAATGTAGTAACCAGA 3'. The products of
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the reaction were treated with Dpn I to remove the original methylated plasmids. The E. coli XL1-Blue strain was
used as host in the transformations. The plasmids were sequenced, as described before, to confirm the codon
substitutions, and positive ones were used to transform E. coli strain BL21 (DE3) (Novagen — Merck Millipore) by
electroporation. The recombinant enzymes were expressed and purified as described for the wild-type enzyme.

Enzyme activity assay. To determine the level of L- ASNase-specific activity, we measured the ammonia
produced by the hydrolysis of L-Asn (Sigma-Aldrich/USA) catalysed by the enzyme through Nessler’s rea-
gent (Merck-Millipore). The protocol used was adapted to a microplate reader according to the manufacturer’s
instructions. The reaction containing 50 mM Tris-HCI (pH 8.8), 20 mM L-Asn and 36-540 ng of enzyme was
incubated at 37 °C for 20 min; the reaction was stopped with trichloroacetic acid (TCA) 1.5M and then diluted
in water (10x) followed by the addition of Nessler’s reagent. The same assay was used to determine the interfer-
ence of L-Aspartate (L-Asp) in the reaction, using 10mM L-Asn + 20 mM L-Asp. For the mutant isoforms T64A,
Y78A, T141A and K215A, 0.03-0.27 mg protein were used with 20 mM L-asparagine. The reactions were incu-
bated for 1hour at 37 °C. The results were recorded spectrophotometrically at X\ =440,,, using the SpectraMax
Microplate Reader (Molecular Devices). The standard curve was constructed with ammonium sulfate using con-
centrations ranging from 0 to 20 pmol/mL*.

Glutaminase activity was estimated spectrophotometrically using an NADH oxidation coupled assay adapted
from Balcio, et al.*s. The L-glutamate (L-Glu) produced in the hydrolysis of L-Gln by L-ASNase is used for the
synthesis of a-ketoglutarate in the presence of L-glutamate dehydrogenase (GDH) (Sigma-Aldrich/USA) and
B-nicotinamide adenine dinucleotide (NADH) (Sigma-Aldrich/USA). The reactions were performed using
microplates as follows: 50 mM Tris-HCI pH 8.0, 20 mM L-Gln, 0.13mM NADH, 0.5 U GDH (diluted in 50 mM
sodium phosphate pH 7.4; 50% glycerol) and 0 mg to 0.09 mg of ScASNasel enzyme or the commercial enzyme
EcASNase2 (Prospec-Tany, Israel), which was used as a positive control. The absorbance was measured at

X=1340,,, at 37°C, and the extinction coefficient used was ¢ =0.85pmol 'cm ™.

Effect of pH and temperature on ScASNasel. To determine the optimum pH for ScASNasel, enzyme
activity was measured at 37 °C in different buffers: acetate pH 4.0; sodium phosphate pH 6.0, 7.0 and 12.0; Tris-
HCI pH 8.0 and 9.0; sodium bicarbonate pH 10.0. To determine the optimum temperature, enzyme activity was
measured from 25°C to 65 °C. After 20 min of reaction, the ammonium generated was measured by Nessler’s
reagent as described above.

Determination of specific activity of ScASNasel in the presence of Zn?*, K*, Mg?*, Ca** and
human serum. The final concentrations of reagents were used in all assays: L-asparaginase (1-30nM),
Tris-HCI buffer pH 8.8 50 mM, 20 mM L-asparagine. The enzyme was pre-incubated at 37 °C for 30 minutes
with each compound at concentrations of 0.5 or 10 mM from Zn**, K*, Mg?*" or Ca*". To assay with human
serum, ScASNasel and EcASNase2 were pre-incubated at 37 °C for 60 minutes with 10% human serum (Agilent
Technologies).

The reactions were incubated at 37 °C for 20 minutes with L-asparagine. The ammonium release was measured
using Nessler’s reagent as described above.

Kinetic analysis. The kinetic parameters of purified ScASNasel to hydrolysis of L-Asn were determined by
spectrophotometry through NADH-consumption-coupled assay as adapted from Balcdo, et al.*6. The ammo-
nia released is used in the production of L-Glu in the presence of GDH and reduced (3-nicotinamide adenine
dinucleotide (3-NADH) (Sigma). NADH oxidation was measured spectrophotometrically at X\ =340, at 37°C,
and the extinction coefficient used was e =0.85 pmol~! cm™!. Microplates received 50 mM Tris-HCI pH 8.0;
0.07mM, 0.1 mM, 0.3 mM, 0.5mM, 0.7 mM, 1.5mM, 2.0mM and 2.5mM of L-Asn, 0.13mM 3-NADH, 1 mM
o-ketoglutarate 0.5 U GDH (diluted in 50 mM sodium phosphate pH 7.4; 50% glycerol) and 180 ng of ScASNasel.
A second assay was conducted at the same concentrations of L-Asn and ScASNasel with added L-Gln at a ratio
of 1:16 for each concentration of L-Asn. The concentrations of L-Gln used were 1.12mM, 1.6 mM, 4.8 mM,
8.0mM, 11.2mM, 24 mM, 32 mM and 40 mM. The substrate affinity and turnover number were determined
using non-linear regression analysis of experimental steady-state data using GraphPad Prism version 6.05 soft-
ware. Kinetic parameters were determined under the same conditions described above for commercial enzyme
EcASNase2 (Prospec-Tany, Israel).

Circular dichroism spectroscopy of ScASNasel. The CD spectra of ScASNasel native and reduced
proteins were obtained using a 0.1 cm path length cuvette containing 10 M of protein sample in 5mM Tris buffer
(pH 7.4). The assays were carried out at 25°C in a Jasco J-815 spectropolarimeter (Jasco Inc.). The spectra are rep-
resentative of an average of eight scans recorded from 190 to 260 nm. The content of secondary structures in each
protein (wild-type and mutants) was estimated using CDNN 2.1 software®. Melting profiles at a constant wave-
length of 222 nm, 6,,,, were recorded while the sample was heated from 20 to 95°C, with a 1°C increment/min.

Cells culture and cytotoxicity assay. The leukaemia human cell lineage MOLT-4 and REH, as well as the
Human Umbilical Vein Endothelial Cells (HUVEC) were obtained from the Banco de Células do Rio de Janeiro
(R]/Brazil). Cells were maintained in RPMI 1640 medium with 10% foetal bovine serum (v/v) and incubated at
37°Cin a 5% CO, incubator. These procedures followed the ATCC instructions (http://www.atcc.org/). After
reaching confluence, cell lineages were centrifuged at 600 x g at 4°C for 10 min and suspended in fresh RPMI
medium. MOLT-4, REH or HUVEC, at 1.0 x 10* cells/well, were incubated in 24-well microplates with and with-
out 10.0 U/mL of ScASNasel or EcASNase2. As a control, the cells were incubated with RPMI medium and with
protein buffer (50 mM Tris—-HCI pH 8.8 for ScASNasel and 50 mM Tris-HCl pH 7.4 for EcASNase2) for 72 hours
at 37°Cina 5% CO, incubator. Cells were centrifuged at 600 x g at 4 °C for 10 min, then stained with Trypan blue
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(Sigma-Aldrich/USA) to select dead cells. Cells were counted in a Neubauer chamber to determine cell viability,
which is expressed as a percentage of living cells.

Statistical Analysis. All analyses were performed, at least, in triplicate. Results were represented as
mean =+ standard deviation (SD). The statistical analysis was performed using ANOVA, considering p <0.05, and
using GraphPad Prism version 6.05 software.
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Lista das sequéncias utilizadas

Classel

UniProt Code

Organism

A5Z2U5
P90758
Q9U3PO
AOAOB2UVEL
Q9U518
Q9VH61
QIW4NG
W6EV2H1
W6UUS7
R7U2D0
A0A210PUS4
AOA2C9JPPO
AOAOLSFVNS
W4XVIL
UPI00096B442C
UPI00096AEQ9E
T2MB55
A7SXJ3
ATE2I9
AOAOR41U93
E7FAX7
ATE219
UPI0004574641
AQJNU3
088202
Q86U10
HOWOTS5
R1F1J2
AOA1Q3ER19
AOA1Q3ERAL
V2X515
ASNEP2
AOALIM2W537
AOAOH2RFC5

Caenorhabditis elegans
Caenorhabditis elegans
Caenorhabditis elegans
Toxocara canis
Dirofilaria immitis
Drosophila melanogaster
Drosophila melanogaster
Echinococcus granulosus
Echinococcus granulosus
Capitella teleta
Mizuhopecten yessoensis
Biomphalaria glabrata
Octopus bimaculoides
Strongylocentrotus purpuratus
Amphimedon queenslandica
Amphimedon queenslandica
Hydra vulgaris
Nematostella vectensis
Danio rerio
Danio rerio
Danio rerio
Danio rerio
Callorhinchus milii
Mus musculus
Rattus norvegicus
Homo sapiens
Cavia porcellus
Emiliania huxleyi
Lentinula edodes
Lentinula edodes
Moniliophthora roreri
Coprinopsis cinerea
Trametes pubescens
Schizopora paradoxa
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E9BUH3
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FOVBR1
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AOAOG4IAAS
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C5L7NO
AOA058Z8W7
E1F7T1
VBLVX1
AOAOALUHD6
CALTU4
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C1FDI1
CIMGS?
QOOWU7
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Thanatephorus cucumeris
Rhizoctonia solani
Sporisorium scitamineum
Puccinia graminis
Puccinia sorghi
Tetrahymena thermophila
Pseudocohnilembus persalinus
Stylonychia lemnae
Wallemia mellicola
Macrophomina phaseolina
Metarhizium acridum
Dickeya zeae
Escherichia coli
Kangiella koreensis
Nematostella vectensis
Leishmania donovani
Leishmania mexicana
Angomonas deanei
Bodo saltans
Leishmania donovani
Leishmania mexicana
Trypanosoma theileri
Bodo saltans
Chrysochromulina sp.
Toxoplasma gondii
Neospora caninum
Cystoisospora suis
Vitrella brassicaformis
Chromera velia
Reticulomyxa filosa
Perkinsus marinus
Fonticula alba
Giardia intestinalis
Spironucleus salmonicida
Entamoeba invadens
Entamoeba histolytica
Entamoeba invadens
Naematelia encephala
Kwoniella mangroviensis
Micromonas commoda
Micromonas pusilla
Ostreococcus tauri
Ostreococcus lucimarinus
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AOA059LPQ9 Helicosporidium sp
AO0A087SJUO Auxenochlorella protothecoides
E1Z8H3 Chlorella variabilis
AOA1X6NUE1L Porphyra umbilicalis
R7Q8Z1 Chondrus crispus
G2TNO05 Bacillus coagulans
P26900 Bacillus subtilis
D4CP93 Oribacterium sp.
C4Z6A6 Eubacterium eligens
Q8PUM7 Methanosarcina mazei
Q8TRG66 Methanosarcina acetivorans
Q46GJ6 Methanosarcina barkeri
Q12X65 Methanococcoides burtonii
BOR6H4 Halobacterium salinarum
Q18GL3 Haloquadratum walsbyi
029380 Archaeoglobus fulgidus
Q979L8 Thermoplasma volcanium
Q9HJJ5 Thermoplasma acidophilum
P61401 Nanoarchaeum equitans
A4FWR5 Methanococcus maripaludis
P61400 Methanococcus maripaludis
A9AA4LG Methanococcus maripaludis
ABVGK5 Methanococcus maripaludis
A6UPR4 Methanococcus vannielii
Q60331 Methanocaldococcus jannaschii
A5UK11 Methanobrevibacter smithii
Q2NEH1 Methanosphaera stadtmanae
026802 Methanothermobacter thermautotrophicus
Q8TV84 Methanopyrus kandleri
C3N5E7 Sulfolobus islandicus
C3MYR5 Sulfolobus islandicus
C3MPS1 Sulfolobus islandicus
Q97ZH5 Sulfolobus solfataricus
Q4J955 Sulfolobus acidocaldarius
Q971W5 Sulfolobus tokodaii
A4YHH3 Metallosphaera sedula
Q8ZY04 Pyrobaculum aerophilum
A1RX40 Thermofilum pendens
Q9Y9T8 Aeropyrum pernix
Q5JI77 Thermococcus kodakarensis
Q8U0X0 Pyrococcus furiosus
059132 Pyrococcus horikoshii
Q9VO0T9 Pyrococcus abyssi
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S6E492
G8ZV70
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AO0A1G41S04
AOALGAKKGS
AOAOP1KMB4
C5E3N2
AOA1G4I5KS
AOALGAMG6P4
AOA1ESRIRS
AOA120K1U2
Q6CQZ8
AOAOABLA4T9
UPI00050D700D
WOTFW9
ROXBC4
Q74249
G8JX88
UPI000542ECA9
BOWN17
M3HP16
A3GI76
A0A1B2J686
F2QVZ4
POCZ17
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Kazachstania saulgeensis
Kazachstania africana
Naumovozyma castellii
Kazachstania naganishii
Naumovozyma dairenensis
Saccharomyces arboricola
Saccharomyces cerevisiae
Saccharomyces eubayanus
Vanderwaltozyma polyspora
Candida glabrata
Tetrapisispora phaffii
Tetrapisispora blattae
Zygosaccharomyces rouxii
Zygosaccharomyces rouxii
Zygosaccharomyces bailii
Torulaspora delbrueckii
Lachancea sp.
Lachancea lanzarotensis
Lachancea meyersii
Lachancea dasiensis
Lachancea nothofagi
Lachancea quebecensis
Lachancea thermotolerans
Lachancea mirantina
Lachancea fermentati
Hanseniaspora osmophila
Eremothecium sinecaudum
Kluyveromyces lactis
Kluyveromyces dobzhanskii
Kluyveromyces marxianus
Kluyveromyces marxianus
Ashbya aceri
Ashbya gossypii
Eremothecium cymbalariae
Candida albicans
Candida dubliniensis
Candida maltosa
Scheffersomyces stipitis
Komagataella pastoris
Komagataella phaffii
Saccharomyces cerevisiae
Saccharomyces cerevisiae
Saccharomyces cerevisiae
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POCX77 Saccharomyces cerevisiae
FOXAV9 Grosmannia clavigera
FOXGD5 Zymoseptoria tritici
Q8NKCO0 Schizosaccharomyces pombe
P87015 Schizosaccharomyces pombe
QoUTS7 Schizosaccharomyces pombe
Q8TFF8 Schizosaccharomyces pombe
G7XS43 Aspergillus kawachii
A2QBES5 Aspergillus niger
UPI100015863F6 Botryotinia fuckeliana
AlD4Y?2 Neosartorya fischeri
B8MYC9 Aspergillus flavus
AOA109FIJO Rhodotorula sp
AOA1Y2EQG5 Leucosporidium creatinivorum
P06608 Dickeya chrysanthemi
034482 Bacillus subtilis
AOA0G4GD60 Vitrella brassicaformis
Q88K39 Pseudomonas putida
P10182 Pseudomonas sp
068897 Pseudomonas fluorescens
Q91407 Pseudomonas aeruginosa
B1LTN5 Methylobacterium radiotolerans
P10172 Acinetobacter glutaminasificans
P43843 Haemophilus influenzae
P00805 Escherichia coli
A9L095 Shewanella baltica
Q9ZLB9 Helicobacter pylori
025424 Helicobacter pylori
P50286 Wolinella succinogenes
E8YF52 Burkholderia sp.
AOALU9IMRNG Burkholderia cenocepacia
Q9RRX9 Deinococcus radiodurans
P63628 Mycobacterium bovis
Q9XT7Eb6 Mycobacterium leprae
P30363 Bacillus licheniformis
Classe 2
UniProt Code Organism
Q8VIo4 Rattus norvegicus
Q8COM9 Mus musculus
AO0A286XYM2 Cavia porcellus

Q32LES5 Bos taurus
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A7SDSS8
A7RM62
B4F5D1
B4F5D2
B4F5C5
B4F5C6
B4F5C8
B4F5C7
COMLA9
B4F5C9
Q29193
Q9ZSD6
COKY81
P30364
P50288
P30362
P50287
D7M184
Q84TZ5
B4UWB5
Q8H2A9
Q2PW34
G7J705
Q8GXG1
QOE667
Q7UGC2
BOE278

AOA2AI9NLY5
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Homo sapiens
Macaca fascicularis
Danio rerio
Danio rerio
Xenopus laevis
Nematostella vectensis
Nematostella vectensis
Hydra vulgaris
Danio rerio
Branchiostoma floridae
Nematostella vectensis
Nematostella vectensis
Nematostella vectensis
Drosophila melanogaster
Drosophila melanogaster
Drosophila melanogaster
Drosophila melanogaster
Drosophila melanogaster
Drosophila melanogaster
Drosophila melanogaster
Drosophila melanogaster
Drosophila pseudoobscura pseudoobscura
Lupinus luteus
Withania somnifera
Lupinus angustifolius
Lupinus albus
Lupinus arboreus
Arabidopsis thaliana
Arabidopsis lyrata subsp. lyrata
Oryza sativa subsp. japonica
Arachis hypogaea
Glycine max
Phaseolus vulgaris
Medicago truncatula
Arabidopsis thaliana
Pinus sylvestris
Rhodopirellula baltica
Laccaria bicolor
Amanita thiersii
Fistulina hepatica
Verticillium alfalfae
Verticillium dahliae
Paracoccidioides lutzii
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E7FA20
P37595
Q7CQV5
QBDAX0
Q54WW4
Q8U4E6
Q5JHT1
057971
Q9V262
Q8YQBL1
P74383
BITM88
C3Y3E2
B417X1
B4QGMO
Q9W2C3
B4PSEO
Q28XQ5
B4GHE3
B4QHB1
B4HT15
B4NWIL
B4JVW6
Q28Y14
Q21697
ATT6TO
A7RFGO
HOUZ36
A0A286XC02
Q4R6C4
P20933
P30919
Q64191
A8KC00
AOA140LGI7
C3XWB2
A7RFF9
T2MH59
L1IFZ7
Q47898
Q72230
F1QES55
AOAOR4IEQ7
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Danio rerio
Escherichia coli
Salmonella typhimurium
Pectobacterium atrosepticum
Dictyostelium discoideum
Pyrococcus furiosus
Thermococcus kodakarensis
Pyrococcus horikoshii
Pyrococcus abyssi
Nostoc sp.
Synechocystis sp.
Ricinus communis
Branchiostoma floridae
Drosophila sechellia
Drosophila simulans
Drosophila melanogaster
Drosophila yakuba
Drosophila pseudoobscura pseudoobscura
Drosophila persimilis
Drosophila simulans
Drosophila sechellia
Drosophila yakuba
Drosophila grimshawi
Drosophila pseudoobscura pseudoobscura
Caenorhabditis elegans
Nematostella vectensis
Nematostella vectensis
Cavia porcellus
Cavia porcellus
Macaca fascicularis
Homo sapiens
Rattus norvegicus
Mus musculus
Danio rerio
Danio rerio
Branchiostoma floridae
Nematostella vectensis

Hydra vulgaris
Guillardia theta
Elizabethkingia miricola
Danio rerio
Danio rerio
Danio rerio
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QO08CE9 Danio rerio
A7SD31 Nematostella vectensis
C3Z9E5 Branchiostoma floridae
HOUX35 Cavia porcellus
A0A286XBL8 Cavia porcellus
Q9H6P5 Homo sapiens
Q8R1G1 Mus musculus
A5PMQO0 Danio rerio
C3YF82 Branchiostoma floridae
B6VDM6 Vigna radiata
065268 Arabidopsis thaliana
Q9P6N7 Schizosaccharomyces pombe
T2M5Z2 Hydra vulgaris
A7SKS4 Nematostella vectensis
A0A165YBX6 Peniophora sp.
AOAOH2RZC8 Schizopora paradoxa
G5EF83 Caenorhabditis elegans
Classe 3
UniProt Code Organism
Q55865 Synechocystis sp
L8AP50 Bacillus subtilis
AOA068N0Z8 Synechocystis sp
G5J2Q1 Crocosphaera watsonii
B1WTU2 Cyanothece sp.
14G9G2 Microcystis aeruginosa
K9T5I1 Pleurocapsa sp
KOXWX2 Stanieria cyanosphaera
B7KCB4 Cyanothece sp.
EOUHHO Cyanothece sp.
B2ITK4 Nostoc punctiforme
K9WY98 Cylindrospermum stagnale
G6FQT2 Fischerella thermalis
K9W1V4 Crinalium epipsammum
K9XJE?2 Gloeocapsa sp.
068614 Synechococcus sp
Q9K4F5 Streptomyces coelicolor
Q54237 Streptomyces griseus
B17293 Burkholderia ambifaria
QOBA14 Burkholderia ambifaria
Q9RFN5 Rhizobium etli

Q5AR85 Emericella nidulans
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X0BDG7
W3X9S6
C7Z4H4
11RZ10
W7M546
V5G157
N4VY33
Q92RD4
Q7DOK7
Q985M0
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Fusarium oxysporum
Pestalotiopsis fici
Nectria haematococca
Gibberella moniliformis
Gibberella moniliformis

Byssochlamys spectabilis
Colletotrichum orbiculare

Rhizobium meliloti
Agrobacterium fabrum

Mesorhizobium japonicum

ASNases bacterianas classe 1

UniProt Code

Organism

AOALXISP47
AOAOASHTCO
17GSX0
A0A377J634
A0A377IMQ7
EORGY9
034482
D5E220
AOAOXINR27
AOALU7P089
A0A158KID5
AOAOH3I5Z1
AOAIMSL5E2
AOA3ASETF3
P06608
A0A318P4S5
AOA169TXP2
AOA285B2A2
B5XSE6
AOA377RIE4
AOAIW1K2Y1
068897
Q91407
Q88K39
AOAONOGR24
B9Z4M3
AO0A225SR83

Campylobacter lanienae
Campylobacter lari
Helicobacter cinaedi

Helicobacter canis
Helicobacter cinaedi
Paenibacillus polymyxa
Bacillus subtilis
Bacillus megaterium
Streptococcus pneumoniae
Deinococcus marmoris
Caballeronia arvi
Pectobacterium parmentieri
Pectobacterium carotovorum
Dickeya solani
Dickeya chrysanthemi
Serratia plymuthica
Klebsiella oxytoca
Klebsiella grimontii
Klebsiella pneumoniae
Klebsiella aerogenes
Klebsiella pneumoniae
Pseudomonas fluorescens

Pseudomonas aeruginosa
Pseudomonas putida

Amantichitinum ursilacus

Pseudogulbenkiania ferrooxidans

Herbaspirillum aquaticum
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AOA2N3PVB2
AOA2N5X3EQ
AOA2WOBKX7
A7ZG80
AOA0S4SLL3
P50286
AOAOMOHW13
A9L095
AOA2G2RYS9
AOA3NGVJI12
AOA2X4RME3
A0A1621721
AOA1C2LDF5
A4SIC2
AOAO085AFK?
AOA2A2MHLA4
F0JQ99
Q32C26
F3WMF1
AOA370V2R2
P00805
AOAOI3AOMS
AOA377VF33
AOAOM3E926
A0A155ZD81
D2TSY1
AOA2T8MEMO
AOAOF6B6K9
Q57K10
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Telmatospirillum siberiense
Halioglobus lutimaris
Acidobacteria bacterium
Campylobacter concisus
Campylobacter fetus
Wolinella succinogenes
Vibrio hepatarius
Shewanella baltica
Aeromonas dhakensis
Aeromonas jandaei
Aeromonas caviae
Aeromonas veronii
Aeromonas hydrophila
Aeromonas salmonicida
Trabulsiella guamensis
Hafnia paralvei
Escherichia fergusonii
Shigella dysenteriae
Shigella boydii
Escherichia marmotae
Escherichia coli
Shigella sonnei
Klebsiella pneumoniae
Vibrio parahaemolyticus
Enterobacter cloacae
Citrobacter rodentium
Salmonella anatum
Salmonella typhimurium
Salmonella choleraesuis

ASNases de vertebrados

UniProt Code

Organism

AOA2KG6E1X6
AOA2K5V4NO
AOAZ2KG6ELY9
AOA2K5V4K6
AOA2KGE1IWS
F7BSN9
AOAZKSMWEF7
AOA2K5SMWG2
AO0A2KS5Z3D7
AOA2KS5Z3E2
AO0A213MDPO
AOA2I13MR66

Macaca nemestrina
Macaca fascicularis
Macaca nemestrina
Macaca fascicularis
Macaca nemestrina
Macaca mulatta
Cercocebus atys
Cercocebus atys
Mandrillus leucophaeus
Mandrillus leucophaeus
Papio anubis
Papio anubis
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AOAODIRBM6
A0A2K6MPS4
AOA2K6REP3
AOA2K6MPS8
A0A2KBEMPMO
AOA2KSIMA7
AOA213T4C4
H2Q8Z8
AOA2R8Z648
AOA2R8Z616
G3S857
G3QL40
HOYHD3
Q86U10
G3V1Y8
K7EVB6
A0A2J8SZ98
H2NMD4
G1S2L3
G1S2L6
AOA2K6UP12
AOA2K6UP61
AOA2KBUNZ4
AOA2K5PFCO
AOA2K5PFC2
AOA2KGEPW?2
A0A2U3VL17
AO0A2U3Y5V5
GIMID2
M3XT59
M3WUT4
A0A212UZ16
G3U9Z9
F6ZVE2
L5JR45
L8HQ40
FIMGH?2
AOA287A2KA4
A0A287B8W1
AOALUTTVWS
G3H389
A0JNU3
088202
AOA0G2JSM2
AOA1USBVR3
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Chlorocebus sabaeus
Rhinopithecus bieti
Rhinopithecus roxellana
Rhinopithecus bieti
Rhinopithecus bieti
Colobus angolensis palliatus
Pan troglodytes
Pan troglodytes
Pan paniscus
Pan paniscus
Gorilla gorilla gorilla
Gorilla gorilla gorilla
Homo sapiens
Homo sapiens
Homo sapiens
Pongo abelii
Pongo abelii
Pongo abelii
Nomascus leucogenys
Nomascus leucogenys
Saimiri boliviensis boliviensi
Saimiri boliviensis boliviensi
Saimiri boliviensis boliviensi
Cebus capucinus imitator
Cebus capucinus imitator
Propithecus coquereli
Odobenus rosmarus divergens
Leptonychotes weddellii
Ailuropoda melanoleuca
Mustela putorius furo
Felis catus
Felis catus
Loxodonta africana
Equus caballus
Pteropus alecto
Bos mutus
Bos taurus
Sus scrofa
Sus scrofa
Tarsius syrichta
Cricetulus griseus
Mus musculus
Rattus norvegicus
Rattus norvegicus
Mesocricetus auratus
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AOA1USBWHS3
AOA061HZ04
AOA1S3F7F3

HOWOT5
G1TF44
13MZ13
G3WI03

AOA1S3QQH2
AO0A1S3QP07
AO0A1S3QPS5
AOA1S3QPY5
A0A1S3QQ69

AO0A1S3QQG5

AOA1S3QQA7
A0A1S3QS47
A0A1S3QQJ8
AOA1S3SNY1

B5X1B1

AOA1S3SNY5
AOA1S3SNY5

AOALIWAY4GT

AOAIWAXUAS

E7TFAX7

AOAOR4IU93
AOA2RSQPE1
E9QCJL
ATE2I9
W5KL91
A0A146Z943
A0A1467919
AOA147B4X9
AOA146NJIS
AOAL46NIE7
M4ALS6
AOA087XBE5
H2MN78
AO0A214BM10
I3KWO3
I3KW92

W5N5J3
W5N5I7
Q4KLT4

AOA1LSFA32

F6ZQY2

B1H3F8
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Mesocricetus auratus
Cricetulus griseus
Dipodomys ordii
Cavia porcellus
Oryctolagus cuniculus
Ictidomys tridecemlineatus
Sarcophilus harrisii
Salmo salar
Salmo salar
Salmo salar
Salmo salar
Salmo salar
Salmo salar
Salmo salar
Salmo salar
Salmo salar
Salmo salar
Salmo salar
Salmo salar
Salmo salar
Scleropages formosus
Scleropages formosus
Danio rerio
Danio rerio
Danio rerio
Danio rerio
Danio rerio
Astyanax mexicanus
Fundulus heteroclitus
Fundulus heteroclitus
Fundulus heteroclitus
Fundulus heteroclitus
Fundulus heteroclitus
Xiphophorus maculatus
Poecilia formosa
Oryzias latipes
Austrofundulus limnaeus
Oreochromis niloticus
Oreochromis niloticus
Lepisosteus oculatus
Lepisosteus oculatus
Xenopus laevis
Xenopus laevis
Xenopus tropicalis
Xenopus tropicalis
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AOA1VAKAN7  Patagioenas fasciata monilis
AOA1VAKAJ5 Patagioenas fasciata monilis

AOA2I0MQ41 Columba livia
AOA091R1D6 Mesitornis unicolor
AOA091P5F7 Apaloderma vittatum
A0A091V7D1 Nipponia nippon
AOA093HPX7 Gavia stellata

AOA091KDTO Colius striatus
A0A091GOK3 Cuculus canorus
AOA091LQI8 Cariama cristata
AOA093KFY1 Fulmarus glacialis
AOA091TIN2 Phaethon lepturus
AOA087R5B8 Aptenodytes forsteri
AOA093NBE1 Pygoscelis adeliae
AO0A093QM58 Phalacrocorax carbo
A0A093C2R9 Tauraco erythrolophus
AOA087VLVY Balearica regulorum gibbericeps
A0A091L1X4 Cathartes aura
AOA093H647 Tyto alba
AO0A091PU38 Haliaeetus albicilla
AOAOAOABHO Charadrius vociferus
A0A091PUH2 Leptosomus discolor
U3JJT7 Ficedula albicollis
A0A218UQP4 Lonchura striata domestica
AOA091EDZ8 Corvus brachyrhynchos
AOA093PLL6 Manacus vitellinus
AOA091WFJ3 Opisthocomus hoazin
AO0A093I5E1 Dryobates pubescens
AOA091IE12 Calypte anna
K7G1W5 Pelodiscus sinensis
G1KXK4 Anolis carolinensis

G1KWA3 Anolis carolinensis
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Abstract

The yeast Saccharomyces cerevisiae is a model organism for biochemical and genetic stud-
ies, and several very important discoveries of fundamental biological processes have been
conducted using this yeast as an experimental organism. An emerging concept, which
is validated by several works using this organism, relies on the biological importance
of oxidant species, specially the hydroperoxides. These molecules were formed during
aerobic biological process and control several intracellular mechanisms such as a range
of signaling pathways, cell cycle, programmed cell death, circadian rhythm, aging, and
lifespan extension. Thereby, cellular homeostasis depends on a refined control of hydro-
peroxides levels and low-molecular-weight molecules in combination with antioxidant
enzymes playing a role in this equilibrium. This proposal is focused on the S. cerevisiae
peroxiredoxins and their role in peroxide decomposition, signal transduction, circadian
clocks, and aging as model enzymes for the study and comprehension of these biological
processes in living organisms, including humans.

Keywords: thiol-specific antioxidant protein, functional transitions, peroxidase, chaperone,
overoxidation

1. Introduction

The use of Saccharomyces cerevisiae as a biological model in the field of oxidant species research
represents a very important tool in an exciting area. Emerging concepts, validated by several

I NT EC H © 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,

open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited.
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works, revealed the importance of oxidant molecules in biological processes, especially the
hydroperoxides [1, 2]. These molecules are formed during several aerobic biological processes
and, in adequate levels, are involved in a number of intracellular mechanisms, such as redox
signaling pathways related to cell cycle progression, programmed cell death, circadian rhythm,
aging, and lifespan extension [2-7]. However, the accumulation of these molecules can be harm-
ful to the cells [3, 4]. In fact, highly deleterious radical species can be generated from hydro-
peroxides, such as hydroxyl radical ("“OH), that is generated from hydrogen peroxide (H,O,)
through Fenton and Harber-Weiss reactions. The *“OH is able to oxidize carbohydrates, lipids,
proteins, and DNA, being extremely toxic to cells. Thereby, cellular homeostasis depends on a
refined control of hydroperoxides levels, and this role is played by both low-molecular-weight
molecules, such as glutathione and ascorbic acid, as well as by antioxidant enzymes such as
glutathione peroxidases (Gpxs), catalases (Cats), and peroxiredoxins (Prxs) [2, 4]. The latter
ones have been subject of intense studies since works involving kinetic approaches indicate
that the Prxs decompose more than 90% of cellular hydroperoxides [8, 9]. Additionally, to
exert their biological functions, several Prxs are able to perform amazing structural switches,
revealing an intricate puzzle among protein structure and function [10-12].

The first Prx described was a cytosolic enzyme identified in S. cerevisiae and received the name
of “thiol-specific antioxidant protein 1” (Tsal) [13]. Subsequently, a second homologue cytosolic
isoform, named Tsa2, was identified and characterized. Currently, there are five Prx isoforms
identified in this yeast. In mammals, there are six isoforms described, and as in other organ-
isms, they are located in several cellular environments as cytosol, nucleus, peroxisome, mito-
chondria, endoplasmic reticulum, and even in the nucleus [14, 15]. Furthermore, these proteins
are very abundant. For example, in S. cerevisiae, they can reach ~0.9% of total soluble proteins
and can represent one of ten most expressed enzymes in bacteria and in mammal cells [16]. In
human erythrocytes, PrxII is the third most abundant protein, only losing in concentration for
globins and carbonic anhydrase, and its level is modulated during cell differentiation [17].

Besides the widespread cellular distribution and abundance, Prx stands out due to their
highly efficient ability to decompose a wide variety of hydroperoxides (H,O,, nitrite perox-
ide, lipid peroxides, among others), with second order rates reaching ~10°-10* M s™) [18-21].
These characteristics place the Prx as one of the main modulators of hydroperoxides levels
and, consequently, of the cellular processes mediated by them. The Prx enzymes are able
to decompose hydroperoxides without any prosthetic group, but using only a highly reac-
tive cysteine residue named peroxidatic cysteine (C,) [5, 22]. All the Prxs described to date
present a conserved motif containing the C, (PXXXT/SXXC,), which is oxidized to cysteine
sulfenic acid (C,-SOH) after hydroperoxide reduction [10]. This enzyme family is very het-
erogeneous, and different classifications have been proposed; the most currently used one
subdivides these proteins in three large subclasses,1-Cys Prx, typical 2-Cys Prx, and atypical
2-Cys Prx, based in the number of cysteines involved in catalytic cycle and structural aspects
(Figure 1). The 1-Cys Prxs are homodimeric proteins that present only one cysteine residue,
the C, involved in hydroperoxide catalysis. 2-Cys Prxs may be monomeric (in the case of
some atypical 2-Cys Prx) or homodimeric proteins and present a second cysteine residue,
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named resolving cysteine (C,), which condenses with C, forming a disulfide bond as final
product during the catalytic cycle. In typical 2-Cys Prx, the disulfide is intermolecular (e.g.,
between different monomers), while in atypical 2-Cys Prx, the disulfide is intramolecular (in
the same monomer) [23].

Among the different Prx subclasses, the typical 2-Cys Prxs are the best studied, and, from
this point on, our focus will be on this Prx subclass. After oxidation, the disulfide bond of
the typical 2-Cys Prx is frequently reduced by the low-molecular-weight (~11 kDa) enzyme
thioredoxin (Trx). The oxidized Trx is reduced by thioredoxin reductase (TrxR), which uses
electrons from nicotinamide adenine dinucleotide phosphate (NADPH) via a flavin adenine
dinucleotide (FAD) molecule. Together, Trx, TrxR, and NADPH are named thioredoxin sys-
tem (Trx system) [21]. It is important to mention that all electron exchanges between the pro-
teins are performed using catalytic cysteines [25] (Figure 2).
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oS €5 -ROOH  -ROH GsoH CSOH
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y - & =

Reduced Oxidized

Figure 1. Prx subclasses in reduced and oxidized states. For all enzymes, the first step of the catalytic cycle is represented
by the attack of the C,-S over the O—O from hydroperoxide forming cysteine sulfenic acid (C,-SOH) and releasing
R—OH. (A) 1-Cys are dimeric enzymes containing only the peroxidatic cysteine, which is stable in oxidized state
(C,-SOH). (B) In the atypical 2-Cys Prx, the oxidized cysteine (C,-SOH) formed after hydroperoxide decomposition
condenses with the C,-SH from the same monomer forming an intramolecular disulfide bond. (C) In typical 2-Cys Prx,
the C,-SOH condenses with C,, from the adjacent monomer forming an intermolecular disulfide.
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Figure 2. Hydroperoxide reduction steps by typical 2-Cys Prx and Trx system. The Prx C, in thiolate form (1) attacks
the hydroperoxide (2), releasing a water molecule in the case of H,O, reduction, or an alcohol when the substrate is
an organic hydroperoxide (the “R” represents the hydroperoxide radical). C, is oxidized to cysteine sulfenic acid (3),
releases a water molecule (4) and condenses with C, forming an intermolecular disulfide (5), which is reduced by the
enzyme Trx (6). Trx disulfide is reduced by the cysteines from TrxR enzyme (7) using electrons from NADPH (9) via a
FAD molecule (8).
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Figure 3. Quaternary structures of the typical 2-Cys Prx. (A) The yeast Tsal homodimer is represented in cartoon. (B)
a2(5) decamer formed by the association of five homodimers. (C) Microenvironment of the CP in the active site. The
Thr and Arg residues are involved in the thiolate (S-) stabilization. Additionally, the Thr residue is able to perform a
CH-mt interaction with the C atoms of a Tyr ring from the adjacent dimer. The proteins are represented in cartoon, and
catalytic triad and the Tyr residue are represented in ball and stick. Figures were generated using the S. cerevisiae Tsal
crystallographic coordinates (PDB: 3SBC) and Pymol software (http://www.pymol.org/).

Despite that the basic functional unit of the typical 2-Cys Prx is represented by a a(2) homodi-
mer, studies using the Tsal and Tsa2 isoforms from S. cerevisiae revealed that this oligomeric
state presents low peroxidase activity, and the highest reactivity of the typical 2-Cys Prx is
reached when these proteins are found in a ring-shaped a2(5) decamers (association of five
homodimers; Figure 3A). It is believed that the alternation between these two quaternary
structures is responsible for the modulation of their peroxidase activity and may be involved
in signal transduction (Figure 3B) [10]. Additionally, the typical 2-Cys Prx enzymes may also
present other oligomeric states that will be discussed posteriorly.

The high reactivity of Prx over hydroperoxides is related to the maintenance of C, in thiolate
form (C,-S), suitable for catalysis as a consequence of the microenvironment of the active site.
The C, thiolate is stabilized by polar interactions with a threonine (or a serine, in some cases)
and an arginine residue (Figure 3C). These three residues (Thr, C, and Arg) are named catalytic
triad and are widely conserved among all Prxs described to date [10]. During catalysis, a gua-
nidine group of the Arg residue is able to perform a hydrogen bond with the proximal oxygen
(O) of the hydroperoxide, allowing the nucleophilic attack of the C, over the hydroperoxide [24].
The Oy from Thr, in turn, would act as an acceptor of the hydrogen bond with the distal O from
hydroperoxide, aiding the positioning of the molecule in a productive way to catalysis [24].

Typical 2-Cys Prxs, such as S. cerevisiae Tsal and Tsa2, are still able to perform additional
structural and functional switches acting as peroxide sensors, molecular chaperones and are
involved in several hydroperoxide-dependent signal transduction pathways, as it will be
discussed further [20, 21]. Tsal and Tsa2 are also evolutionarily related to human PrxI and
PrxIIL. In fact, Tsal presents 67% of identity and 77% of similarity with human PrxIl, while
Tsa2 presents 60% of identity and 76% of similarity with human PrxI, which places these pro-
teins as important models to the study of the human Prx and the biological processes related
to them.

2. Redox cycle and structural transitions

During the redox cycle, some typical 2-Cys Prxs are able to transit between different oligo-
meric species: a2(5) decamers (reduced enzyme) and a2 dimers (disulfide oxidized protein).
Aiming to understand the details of the catalytic cycle and structural transitions, we have
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Figure 4. Tsal and Tsa2 interactions at dimer-dimer interface. Cartoon representations of quaternary structures of the
Tsal and Tsa2. (A) Representation of theTsal decamer in cartoon. (B) Interaction between Thr44 and Tyr77 in Tsal
decamer interface. (C) Tsa2 decamer in cartoon. (D) Interaction between Ser45 and Tyr78 in the Tsa2 decamer interface.
In (B) and (D) the atoms are represented by spheres and colored as follow: O =red, C = yellow, N =blue. The gures were
generated using the S. cerevisiae Tsal (PDB: 3SBC) and Tsa2 (PDB: 5DVB) coordinates and the Pymol software (http://
www.pymol.org/).

determined the crystallographic structure of Tsal [21]. In fact, the analysis of the structure
revealed an interaction of the Thr from the active site motif, at the dimer-dimer interface of the
decamer. Recently, using different methodological approaches as site-directed mutagenesis,
biochemical approaches, size exclusion chromatography, and structural analysis, we have
demonstrated that a slight difference in the PXXXT(S)XXC, is involved in decamers to dimers
transitions [10]. While Tsal possess a Thr residue embedded in the conserved motif, in Tsa2,
the Thr is naturally substituted by a Ser (Figure 4). In fact, the Tsal enzyme, containing Thr
residue, transits between dimers (oxidized form) and decamers (reduced enzyme), but the
Ser-containing enzyme Tsa2 is not able to dissociate in dimers. Indeed, the rearrangements
as consequence of the redox states in the Tsal may cause hysteric hindrance of the Thr Oy
with the Tyr aromatic ring of the adjacent monomer, causing the decamer dissociation. Since
Tsa2 presents a Ser residue, the hysteric clash probably is avoided. These characteristics may
indicate an additional regulation of Prx quaternary structure, which may have implications
in biological processes.

3. Prx overoxidation: structural and functional implications

During the typical 2-Cys Prx catalytic cycle under high levels of hydroperoxides, before disul-
fide formation, C,-SOH can be attacked by another hydroperoxide molecule and becomes
overoxidized to cysteine sulfinic acid (C,-SO,H) or sulfonic acid (C,-SO,H). The C, over-
oxidation is related to spectacular functional and structural switch in typical 2-Cys Prx. As
mentioned before, when the typical 2-Cys Prx are in reduced state (C,-S"), these proteins are
decamers, but when are oxidized in disulfide, they can be dimers and/or decamers and are
able to act as peroxidases (Figure 5A and B) [9, 11]. However, when the C, is overoxidized,
these enzymes are able to promote an intense oligomerization to form high-molecular-weight
(HMW) spherical complexes (Figure 5C), with the concomitant inactivation of the peroxidase
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Figure 5. Typical 2-Cys Prx overoxidation and high-molecular-weight complex formation. The typical 2-Cys Prx in
reduced form are presented as a2(5) decamers (A). In low concentrations of hydroperoxides, the C, is oxidized in C,-
SOH, and the intermolecular disulfide is formed with C, The disulfide formation, in some cases, is able to destabilize the

decamers, forming a mixture of decamers and dimers (B). The oxidized form is reduced by Trx system. When the typical
2-Cys Prx are challenged with high concentrations of hydroperoxides, the C, can be overoxidized to C,-SO,H. The C,
overoxidation promotes the HMW complexes formation which presents chaperone properties (C). The C,-5O,H can be
reduced by sulfiredoxin, in ATP and Mg* dependent manner (D)

activity. The HMW complexes formation was first reported in S. cerevisine Tsal and Tsa2 by
Jang and coworkers [11], and, posteriorly, very similar complexes were described to the human
homologues typical 2-Cys Prxs (PrxI and PrxII) [26]. Using transmission electron microscopy
(TEM), it was demonstrated that complexes are represented by heterogeneous spherical struc-
tures, which can reach 1 GDa, and biochemical approaches revealed that the complexes pres-
ent an extraordinary chaperone holdase activity [9, 26]. Later on, similar spherical and another
type of HWM complexes, represented by the stacking of several decamers (Figure 5C), were
described for the plant chloroplastic 2-Cys Prxs, cyanobacterial Anabaena PCC7120 2-Cys Prx,
among others [27-30]. The structural differences between the HMW complexes are not well
understood to date.

A very important point relies on the fact that the Prx overoxidized species cannot be reduced
by the Trx system, but some studies revealed that overoxidized typical 2-Cys Prx species
could be regenerated to the reduced form in vivo [31]. Posteriorly, it was identified in S. cerevi-
siae, and after in human and other species, an enzyme named sulfiredoxin (Srx) which is able
to reduce the C,-SO,H in a ATP and Mg* dependent reaction, but not C,-SO,H, suggesting
that this oxidation state is refractive to reduction [31]. Curiously, the C,-SO,H reduction rates
by Srx are very slow when compared to the disulfide reduction by Trx (~2 M s and ~10° M
s™', respectively) [32]. The biochemical steps of the C,-SO,H reduction by Srx are represented
in Figure 5D. It is important to highlight that the Srx was identified in several eukaryotes, but
few prokaryotes possess this enzyme, which may be an evolutionary sophistication of the
2-Cys Prx redox cycle [33]. In fact, to the majority of the prokaryotes, no homologous Srx gene
was detected in their genomes, and the typical 2-Cys Prxs are much more resistant to over-
oxidation. Moreover, an additional classification can be done based on the C, overoxidation
susceptibility, and the 2-Cys Prx can be classified as sensitive or robust.
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C-terminal

Figure 6. Structural comparison of the sensitive S. cerevisiae Tsal and the robust S. typhimurium AhpC. The comparison
of Tsal (A) and AhpC (B) structures reveal the presence of the GGLG and YF motifs typically found in eukaryotes.
The structures are represented in cartoon and the structural motifs as well the CP and CR are represented in ball and
sticks. The figures were generated using the S. cerevisiae Tsal (PDB: 35BC) and S. typhimurium AhpC (PDB: 4MA9)
coordinates in Pymol software (http://www.pymol.org/).

The sensitive enzymes are present in eukaryotes and in some cyanobacteria, and the robust
2-Cys Prxs are exclusive to prokaryotes [34, 35]. The structural analyses of sensitive versus
robust 2-Cys Prx revealed the presence of two motifs in the sensitive 2-Cys Prx. One is an
insertion with conserved Gly-Gly-Leu-Gly, denominated GGLG motif (Figure 6A), and the
other is an additional a-helix in C-terminal extension with a conserved Tyr-Phe sequence, the
YF motif, both involved in C, overoxidation susceptibility. Figure 6 shows the comparison of
S. cerevisine Tsal, a sensitive typical 2-Cys Prx, and Salmonella typhimurium (AhpC), a robust
enzyme [34]. This difference is associated with important effects in redox cell signaling trans-
duction and will be detailed in the next topics.

4. Typical 2-Cys Prx roles in redox signal transduction pathways

Increasing evidence shows the involvement of the typical 2-Cys Prx with the redox signal
transduction pathways. Several antioxidant coding genes are activated by the transcriptional
regulator activator protein 1 (AP1) which is considered as the major transcriptional activa-
tor of the antioxidant proteins in eukaryotes. It has been shown that the translocation of the
homologue factor in budding yeast (YAP1) from cytosol to the nucleus may be controlled by
2-Cys Prx indirectly by the modulation of the cytosolic hydroperoxide levels [36]. In mam-
mals, the PrxII is able to perform a physical interaction with the transcription factor STAT 3
(signal transducer and activator of transcription 3), which is able to activate the transcrip-
tion of several genes involved in cell growth and apoptosis [37]. The authors demonstrated
that PrxII can form mixed disulfides through C, and cysteine residues of the DNA binding
and trans-activating domains from STAT3, attenuating its transcriptional activity. Although
the direct interaction of the typical 2-Cys Prx with target proteins is still an emerging area,
this work reveals that the Prx may be an ultrasensitive hydroperoxide sensor that can form
transient disulfides with unknown target proteins, which may have implications in biological
processes. Additionally, the mammal PrxI can bind to several proteins including the tumor
suppressor phosphatase and tensin homolog (PTEN), protecting it against suppression of its
lipid phosphatase activity, which occurs under oxidative stress. On the other hand, PTEN
deficiency causes decrease of PrxI, PrxIl, PrxV, and PrxVI, suggesting that the Prxs and PTEN
act together to maintain cellular antioxidant levels and suppress cancer-promoting pathways,
such as the PI3K-Akt pathway [38].
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Despite the importance of the physical interaction between typical 2-Cys Prx and biological
targets, the indirect role in the regulation of the cell-signaling redox pathways is dependent
of an intricate balance between peroxiredoxin, thioredoxin, and sulfiredoxin levels and their
redox state. As an example, in yeast, the number of Tsal molecules per cell is estimated in
378,000 in aerobic conditions (log phase, SD medium), while its reductants represented by
Trx and Srx molecules are much lower (~13,000 and 538 molecules/cell, respectively) [16].
In the case of Trx enzymes, additionally to the Prx reduction, these enzymes are involved in
several biological processes as deoxyribonucleotide synthesis, repair of oxidatively damaged
proteins, protein folding, sulfur metabolism, and activation of transcription factors among
others [16]. The importance of Tsal reduction by Trx in redox signaling promoted by hydro-
gen peroxide may be significant in the cells since it produces oxidized Trx, and many signal
transduction pathways are only activated by the reduced Trx enzyme [1, 39]. Because the
oxidation of Trx by hydroperoxidesis is negligible, Prxs may act as a catalyst of this reaction
in the cells [21].

The typical 2-Cys Prx inactivation by the C, overoxidation combined with the low rates of
the reduction of the C,-SO,H by sulfiredoxin (~2 M™ s™) [32] is able to enhance levels of the
reduced Trx to participate of other biological processes. In fact, it has been shown that the C,
overoxidation of the typical 2-Cys Prx from Schizosaccharomyces pombe (Tpx1) enhance the lev-
els of the reduced Trx and allow the repair of damaged proteins increasing cell survival [40].
Accordingly, in mammals, only the reduced form of Trx is able to bind to the apoptosis signal
regulating kinase (Ask-1), inhibiting the apoptosis, thus revealing a redox-dependent signal
transduction pathway, which is induced by Trx oxidation [41]. Also in mammals, the activation
of the nuclear factor kappa light chain enhancer of activated 3 cells (NF-k{3), a transcription fac-
tor that plays a central role regulating pathways of immune and inflammatory processes [42],
is dependent on the reduction of a cysteine residue by Trx [43]. Additionally, Trx is involved in
the reduction and activation of several transcription factors as the tumor-suppressor p53, the
glucocorticoid and estrogen receptors, and c-Fos/c-Jun complexes [39].

Finally, the direct modulation of peroxides levels is an important role of the 2-Cys Prx enzymes
in cell growth. It has been shown that PrxI and PrxII can eliminate the intracellular hydrogen
peroxide generated by the receptors stimulation. Overexpression of PrxI and PrxII in culture
cells dramatically reduces the intracellular hydrogen peroxide levels generated in response
to platelet-derived growth factor (PDGF), epidermal growth factor (EGF), tirotropin (TSH),
and TNF-related apoptosis inducing ligands (TRAIL). Furthermore, it has been shown that
the expression of these proteins also led to a block of NF-«f activity, which is induced by the
extracellular addition of H,O, or tumor necrosis factor o (TNF-ax) [44]. It has also been shown
that PrxII regulates different MAP kinases. Under stimulation of TNF, in which the activity
of PrxII was blocked or partially abolished (knockout and RNAI), the activity of J]NK and
P38 MAP kinase was increased [45]. Due to the involvement of PrxI and PrxII in cell growth
events, several studies have demonstrated that these isoforms have elevated levels in distinct
types of cancers in different organs and tissues such as esophagus, pancreas, thyroid, lung,
and breast [44—46]. The high expression of PrxI/PrxII is also associated to a more aggressive
phenotype of cancer cells resistant to chemotherapy and radiotherapy [44-46].
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Some authors argued that the typical 2-Cys Prx enzymes maintain hydrogen peroxide in appro-
priate levels to cell growth but not to apoptosis. However, Liu et al. [47] showed that the neo-
plastic cells of acute myeloid leukemia treated with an inhibitor of the PrxI and PrxII peroxidase
activity demonstrated that the accumulation of intracellular H,O, is related to the activation of
the ERK1 and ERK2 (extracellular signal regulatory kinases). The kinases activation leads to an
increase in the expression of the CCAAT-enhancer-binding proteins (3 (C/EBP). This condition
resulted in cell differentiation and consequent tumor regression [47, 48], showing additional
complexity of the neoplastic processes with the involvement of the Prx. Since there is a notable
resemblance between human and yeasts typical 2-Cys Prx as also other proteins of these path-
ways, yeasts may be used to explore these mechanisms.

5. Prx structural switch and circadian rhythm

The circadian rhythm is a fundamental process considered to be a feature of almost all living
cells. The organisms are able to exhibit cycles in their metabolism, physiology, and behav-
ior, even when isolated from external stimuli, maintaining a 24-h period [49]. However, the
molecular mechanisms which drive the circadian rhythm are not simple to elucidate, since
the already identified clock genes and proteins are not very conserved across phylogenetic
kingdoms [49-53]. A common model for molecular mechanism has been described for all
organisms which had their circadian rhythm investigated, named transcription-transla-
tion feedback loop (TTFL) [49]. However, the TTFL components are not shared between
organisms, suggesting independent evolutionary processes. Additionally, it was showed
that nontranscriptional mechanisms are sufficient to sustain circadian timekeeping in the
eukaryotic lineage, although they normally function in conjunction with transcriptional
components [51].

Recently, it has been demonstrated that in human erythrocytes, a cell type without transcrip-
tional activity, the PrxI and PrxII exhibit an approximate 24-h rhythm according to the C,
overoxidation. This characteristic is shared with several organisms, including S. cerevisiae,
indicating that the typical 2-Cys Prxs constitute a universal rhythmic biomarker [52]. To reach
this conclusion, the authors performed immunoblotting analyses using a Prx C,-SOH,, anti-
body and showed that 2-Cys Prx proteins from organisms of different domains have been
oscillated to overoxidized Prx species, in constant conditions, exhibiting a circadian oscilla-
tion, probably reflecting an endogenous rhythm in the generation of reactive oxygen species
(ROS; Figure 7) [51, 54-56]. Because all living organisms possess typical 2-Cys Prx enzymes
that present remarkable conservation of the active site, the same antibody was able to detect
overoxidized typical 2-Cys Prx in mice, fungi, plants, bacteria, and archaea. This indicates that
the circadian clock mechanism is likely conserved across phylogenetic domains [54].

Yeast Tsal and Tsa2 isoforms exhibit relationship with the shorter period yeast respiratory
oscillations, a cell-autonomous, temperature-compensated rhythm in oxygen consumption
that synchronizes spontaneously when cells are grown at high density in aerobic, nutrient-
limited, continuous culture [52]. Additionally, the yeast respiratory oscillation cycle shares
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Figure 7. Redox circadian cycle of typical 2-Cys Prx. The circadian cycle of 2-Cys Prx could be detected by PRX-SOH, ,
immunoblot. Western blot representation shows that overoxidized Prx has a circadian rhythm (upper part of the figure),
and, consequently, the oligomeric state follows the redox state from Prx, alternating between dimers and decamers, in
oxidative and reduced states, respectively, and HMW formation in overoxidized species (represented in the right side
of the figure).

key features with the clock in mammalian cells, which may contribute to the elucidation
about the origins of biological timekeeping [52].

Finally, it has been determined that the deregulation of the circadian rhythm is related to
aging and genetic diseases [57]. Curiously, it has also been demonstrated that aging is related
to the accumulation of the 2-Cys Prx overoxidized species in mammals [58]. Recently, a study
involving the overoxidation of Tsal revealed that the chaperone activity detected in overoxi-
dized species may be attributed to the association of this protein with the heat shock proteins
Hsp70/Hsp104, revealing a pathway where the hydrogen peroxide is directly related to the
aging process [12]. The authors also showed that the disaggregation process of the protein is
dependent of Srx. Another study demonstrated that the presence of a mutant allele of Tsal
resulted in accelerated aging in yeast [59]. One of the reasons for the involvement of these
enzymes in the senescence process resides in the increase of the level of C, overoxidation in
Prx over time, even in the absence of oxidative stress [6]. In fact, this process also involves the
caloric restriction, a well-known intervention that extends life span [60]. The caloric restric-
tion elevates the level of Srx, which is responsible to reduce the hyperoxidized Tsal, the inhi-
bition of Tsal causes a profound genome instability, like chromosomal rearrangements and
recombination, therefore increasing aging process [6, 61].

Another situation in which Prxs are involved is in the telomere length homeostasis [62]. The
telomere dysfunction causes cellular senescence due to DNA damage [63]. The yeast mutant
with tsal gene deleted displayed reduction of telomere lengthening, which was not observed
in conditions of low-oxidative exposure, probably due to the role of Tsal in hydroperoxide
decomposition, avoiding DNA damage [62]. The understanding of the aging process and its
implications in yeast can be used to extrapolate to higher eukaryotes. In fact, even in eryth-
rocytes, the 2-Cys Prxs are related to the aging process. PrxII also has the ability to associate
with the erythrocyte cell membrane through the N-terminal cytoplasmic domain of band 3
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protein, after which PrxII undergoes a conformational change that does not entail the loss of
its peroxidase function. This association may indicate a potential role of this Prx in the pro-
tection of membrane lipids against oxidative damage increasing life span [64]. Accordingly,
a study carried out using mouse erythrocytes showed that the levels of overoxidized PrxII
are due to autoxidation of hemoglobin and to PrxII degradation by the 20S proteasome.
Approximately 1% of PrxII-50O,H is degraded daily, leading to progressive loss of this enzyme
which is directly related with the erythrocyte senescence [65]. Additionally, the aging process
is directly related the genome instability. This instability is maintained in part by Prx action,
and it is also involved in some diseases like cancer. Together, the data presented here reveal a
cross talk of the 2-Cys Prx C, overoxidation in circadian clocks, aging, and lifespan.

6. Methodologies to detect different redox species of the typical 2-Cys Prx

Several methodologies such as transmission electron microscopy (TEM), cryo-electron micros-
copy (Cryo-EM), size exclusion chromatography (SEC), mass spectrometry (MS), two-dimen-
sional gel electrophoresis (2DGE), nonreducing SDS PAGE, and immunoblotting can be used
to explore directly or indirectly the redox state of typical 2-Cys Prx [11, 66, 67]. However,
for some experimental procedures, high-cost equipment and/or complex experimental pro-
cedures are necessary. Among these techniques, the nonreducing SDS PAGE, immunoblot-
ting, and SEC are very good and cost-effective procedures, since no expensive equipment or
complicated protocols are required. In this topic, these techniques and some experimental
procedures will be discussed.

To access the formation of HMW complexes of purified 2-Cys Prx samples, the size exclusion
chromatography (SEC) is the best choice. This methodology was used in the pioneer work
performed by Jang and coworkers [11] using Tsal and Tsa2. In our lab, we performed a similar
assay, using Tsal, Trx system, and high concentration of cumene hydroperoxide (CHP) to
promote the HMW complexes formation. Using SEC methodology, it is possible to separate
several molecular species with mass range from ~45 kDa, correspondent to a dimer, followed
by a ~200-kDa peak representing the decameric species, several oligomeric intermediates, and
a prominent specie with more than 1000 kDa (Figure 8). These results are in accordance with
structural analyses performed by transmission electron microscopy (TEM) by Jang and co-
workers [11], using negative stain. These authors analyzed different fractions separated by
SEC, and their results revealed three distinct oligomeric configurations: large spherical shaped
particles, heterogeneous spherical particles, and ring-shaped structures, as represented in
Figure 8. Currently, the cryo-electron microscopy development has provided pronounced
advances to resolve complex protein structures in high resolution, such as the human Prx [67].

To reduced, oxidized, and overoxidized species from purified proteins samples in vitro, a
simple nonreducing SDS PAGE (without DTT or another reductant) can be used to detect dif-
ferent redox species of the enzymes. In fact, the reduce Prx decamers and HMW complexes
are held together by weak molecular forces as hydrophobic, van der Walls, and polar interac-
tions, that are disrupted in SDS PAGE. As an example, on a nonreducing gel containing SDS,
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Figure 8. Overoxidized Tsal complexes analyzed by SEC. Tsal HMW species formation was analyzed by size-exclusion
chromatography. The assay was performed overnight at 4°C in Hepes-NaOH 50mM (pH 7.4), DTPA 100 uM, sodium
azide 1 mM, NADPH 1 mM, S. cerevisiae Prx 43.6 uM; S. cerevisiae Trx1 1 uM; S. cerevisiae TrxR1 0.3 uM and CHP 10
mM. The reaction was injected into the system containing a BioSep-SEC-S3000 column, eluted at a ow rate of 1 ml min-1
and monitored by tryptophan uorescence (excitation, 280 nm; emission, 340 nm). The elution pro le of the molecular
standards thyroglobulin (bovine) (670 kDa), y-globulin (bovine) (158 kDa), and ovalbumin (chicken) (44 kDa) were used
to identify the 2-Cys Prx oligomers.

the Tsal is detected as a monomer (~25 kDa). The oxidized form is detected as ~50 kDa bands
(dimer) as a consequence of the intermolecular disulfide bond that is formed between the C,
and C, that is not disrupted in the gel. The overoxidized forms (Cys,-SO,H or Cys_-SO,H) can
also be visualized as monomers, since the disulfide bond formation is not achievable [68, 69]
(Figure 9A and B).

Figure 9B shows the SDS-PAGE result of in vitro procedure to perform Tsal overoxidation
using growing concentrations of organic hydroperoxide (+-BOOH) and the Trx system (see the
legend for detail). In this example, it is possible to verify the presence of the Tsal overoxidized
species when high concentrations of --BOOH were used (Figure 9B, upper panel). In Figure 9C,
it is represented the probable quaternary structure present in the correspondent lane of the gel.
In low concentrations of hydroperoxides, there are, predominantly, reduced Tsal in decameric
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Figure 9. Redox state analyses by nonreducing SDS-PAGE and immunoblotting of the typical 2-Cys Prx. Diagram of the
different 2-Cys Prx redox species in SDS-PAGE in nonreducing conditions by monomer or dimer formation (A). The Tsal
overoxidation can be followed by SDS-PAGE in nonreducing conditions using in vitro approaches with Trx system in
growing concentrations of hydroperoxides (B). In the example, the reaction was performed in a final volume of 50 pl at
30°C in Hepes-NaOH 50 mM (pH 7.0), DTPA 100 uM, sodium azide 1 mM, NADPH 150 uM, S. cerevisiae Tsal 9.3 uM; S.
cerevisiae Trx1 1 uM; S. cerevisiae TrxR1 0.3 uM and growing concentrations of +-BOOH (0.01, 0.025, 0.05, 0.75, 0.125, 0.25,
0.5, 1, 5, and 10 mM).The C, overoxidized species can be observed in higher concentrations of --BOOH. The oxidative
state of Tsal induces the quaternary structural changes (C). The numbers in C demonstrate the possible structure of
Tsal in different oxidative states (dimers, reduced decamers, oxidized decamers, and HMW complexes).
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form, which is disrupted in SDS PAGE. At intermediate hydroperoxide concentrations, disul-
fide oxidized forms are detected, being represented by dimers and weak decamers (Figure 9C),
that are detected as dimers in SDS PAGE. However, in high concentration of hydroperoxide, C,
overoxidation and HMW structure formations that, in the gel, are detected as monomers occur
[11] (Figure 9B). To confirm the redox state result, a western blot analysis can be performed
using an anti-SO, ; anti-body (Figure 9B, lower panel) [31, 70]. Additionally, the immunoblot
technique can be used in nonpurified samples, as cell extracts, since antibodies to typical 2-Cys
Prx are commercially available by several suppliers. Moreover, as mentioned before, the anti-
bodies can be used in different species since the enzymes possess remarkable conservation [54].

7. Conclusions

S. cerevisiae is continuously used as a model organism by several researchers, being associ-
ated with significant advances in life sciences. In this chapter, we exposed several discoveries
related with the role of the yeast Prx as a model in several studies related to hydroperoxide
detoxification and signaling, and how these characteristics influence physiological processes
like circadian rhythm and aging and diseases like cancer. All these features are related to the
redox state of Prx and amazing functional and structural switches and the cross talk with dif-
ferent pathways that are regulated by hydroperoxide levels. Additionally, we present some
practical approaches which can be easily implemented to Prx studies, like nonredox SDS-
PAGE, size exclusion chromatography, and transmission electron microscopy. We believe
that the use of these techniques may facilitate the study of these intricate enzymes for those
interested in joining to this exciting research area.
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Abstract

The acute lymphoblastic leukemia (ALL) affects lymphoblastic cells and is the most
common neoplasm during childhood. Among the pharmaceuticals used in the
treatment protocols for ALL, the L-Asparaginase (ASNase) from Escherichia coli
(EcA) is an essential biodrug. Meanwhile, the use of ECA in neoplastic treatments
causes several side effects, such as immunological reactions, hepatotoxicity,
neurotoxicity, depression, and coagulation abnormalities, among others. Commercial
EcA is expressed as a recombinant protein, as so novel enzymes from different
organisms; in fact, the EcA is a tetrameric enzyme with high molecular weight
(140kDa) and its overexpression in recombinant systems often results in cell death or
the production of aggregated or inactive enzymes. On the other hand, are several
commercial expression strains that aims to overcome expression issues, but no work
has performed a systematic evaluation of the E. coli strains aiming to express
recombinant asparaginases, to date. In this study, we have evaluated eleven
expression strains with different characteristics to determinate which is the most
appropriate for asparaginase expression, using the recombinant wild type EcA (rEcA)
as a prototype enzyme and assessing the secondary structure content, oligomeric
state, aggregation and specific activity of the enzymes. Structural analysis suggests
that a correctly folded rEcA was obtained using ArcticExpress (DE3), a strain that co-
express chaperonins, while all others produced poorly folded proteins. Additionally,
the enzymatic assays show high specific activity by proteins expressed by
ArcticExpress (DE3) when compared to the other strains used in this work. Together
our results indicate that structural analysis is essential to express recombinant

proteins.

Keywords: Escherichia coli asparaginase (EcA); Acute Lymphoblastic Leukemia;

Recombinant Enzymes; Functional and Structural Evaluation.



Introduction

The Escherichia coli asparaginase (EcA) is an essential biopharmaceutical
used on therapeutic protocols for the treatment of the Acute Lymphoblastic Leukemia
(ALL) in children. ALL is the most common haematological neoplasm in infants,
mainly affecting kids between 3 and 5 years of age (Avramis 2012; Lopes et al.
2017). It is characterized by the accumulation of immature and inactive lymphoblastic
cells (lymphoblasts). The extensive production of these immature cells renders the
bone marrow incapable of producing healthy cells amounts, causing several
complications that can lead to death (Hunger and Mullighan. 2015; Kansagra et al.,
2018). Unlike other cellular types, ALL cells are unable to produce L-asparagine in
adequate levels, relying exclusively in extracellular sources (Keating et al. 1993). The
administration of L-Asparaginase from E. coli, which hydrolyzes L-asparagine (Asn)
into aspartic acid (Asp) and ammonia, leads to a drastic reduction of Asn on
bloodstream; this reduction compromises the nucleic acids and protein metabolism of
tumor cells, which results in apoptosis (Figure 1) (Story et al. 1993; Jarrar et al. 2006;

Mehta et al. 2014).

EcA is a high molecular mass (~148 kDa) periplasmic enzyme that is
physiologically found as a homotetramer, where each subunit has ~37 kDa (Figure
1). The active site is located on the interface between dimers and the correct folding
is not only essential for its full biological activity, but also to mitigate immunological
responses (Swain et al. 1993; Palm et al. 1996; Michalska and Jaskolski 2006;
Pieters et al. 2008). Nonetheless, despite its high efficiency, ECA can generate
adverse effects such as immunological reactions, while several other side effects,
like hepatotoxicity, neurotoxicity, coagulation abnormalities, nausea, vomiting,

peripheral edema, hypoalbuminemia, pancreatitis, immunological responses, among



others are also related to clinical treatment (Banerji 2015; Wolthers et al. 2017). In
fact, several side effects have been associated with the secondary glutaminase
(GLNase) activity of ECA and the presence of protein aggregates in the formulations

(Kafkewitz and Bendich 1983; Lopes et al. 2017).

Several efforts have been made to modify ECA or discover new enzymes from
other organisms possessing enhanced properties when compared to the one from E.
coli in order to overcome these undesirable adverse effects. The chemical
modification of EcA by the conjugation of polyethylene glycol molecules (PEGylation)
attached to e¢-amino groups of the lysine residues, was developed in 1970’s and,
since the early 1980-90’s, pegylated EcA has been used for the treatment of ALL in
patients that are hypersensitive to native formulation (Graham 2003; Narta et al.
2007). However, immunological responses to PEG and hypertriglyceridemia have
been reported in some patients treated with pegylated EcA (Armstrong et al. 2007,
Galindo et al. 2016). Additionally, protein engineering efforts are being made to
modify the enzymes aiming to reduce or abolish the GLNase activity, enhance its
stability and decrease the immunogenic properties of the enzyme (Patel et al. 2009;
Nguyen et al. 2018). ASNases from several biological sources have been
characterized in the past years in a search for new enzymes with superior
characteristics (Kotzia and Labrou 2007; Cappelletti et al. 2008; Amena et al. 2010;
Oza et al. 2011; Pourhossein and Korbekandi 2014; Huang et al. 2014; Schalk and
Lavie 2014; Mahajan et al. 2014; Han et al. 2014; Costa et al. 2016; Ghasemi et al.
2017; Saeed et al. 2018; Radha et al. 2018; Arjun et al. 2018; Sindhu and
Manonmani 2018). Despite the fact that most asparaginases homologues to EcA are
periplasmic enzymes involved in nitrogen absorption from substrates, the

recombinant enzymes are frequently expressed in the cytosol of E. coli strains,



mainly due to the simplicity of purification when compared to periplasmic expression
(Kotzia et al. 2007; Cappelletti et al. 2008; Oza et al. 2011; Huang et al. 2014; Schalk
and Lavie 2014; Han et al. 2014; Meena et al. 2016; Costa et al. 2016; Saeed et al.

2018; Radha et al. 2018; Sindhu and Manonmani 2018).

The most used method for characterization of engineered or novel ASNases is
the overexpression of the enzymes in E. coli expression systems using recombinant
approaches. Actually, the wild type EcA (non-PEGylated form) is also now produced
recombinantly by Medac® (Spectrila®) (Pieters et al. 2008; van der Sluis et al. 2013;
Voller et al. 2018), since the native enzyme extraction protocols are considered
outdated and present low yields when compared with recombinant ones (Pieters et
al. 2008). In fact, nowadays several E. coli strains derived from BL21 (DE3) that
possess different characteristics aiming to enhance the protein expression are
commercially available. The strains present modifications as the co-expression of
chaperonins (ArcticExpress (DE3) and GroEL (DE3)), tight control of the expression
(Turner (DE3); pLysS (DE3); and Lemo21 (DE3)), or prooxidant cytosol environment
(Origami B (DE3) and SHuffle (DE3)), specialization to express toxic proteins (C43
(DE3)) among others specific characteristics. Despite the high commercial interest
involving ASNases, a systematic comparative study with different E. coli expression
strains aiming to assess the best one for its expression/activity and folding, has never
been performed. In fact, only a few strains have been used for enzyme production,
with the prevalence of BL21 (DE3) (Oza et al. 2011; Roth et al. 2013; Pourhossein
and Korbekandi 2014; Upadhyay et al. 2014), making this research field a promising

one.

In this study, we have evaluated eleven E. coli expression strains with different

characteristics, in order to determine which one is the most appropriate for

4



asparaginase expression using the recombinant wild type EcA (rEcA) containing a
His tag as a prototype enzyme. We have assessed the purity after chromatographic
protocols (Immobilized-metal affinity chromatography - IMAC), performed structural
analysis employing circular dichroism spectroscopy (CD) and size exclusion
chromatography (SEC) to evaluate protein folding as well as quaternary structure
and determined the ASNase activity. Among the strains tested, E. coli BL21
ArcticExpress (DE3) presented the best results, similar to the commercial enzyme. It
presented a low content of protein aggregates, correct folding and higher specific
activity (156 U/mg), indicating that E. coli BL21 ArcticExpress (DES3) is a good choice

of strain to express recombinant ASNases.



Materials and Methods

Chemicals - All chemicals were of analytical grade purity and were purchased from

Sigma-Aldrich (USA).

Microbiological culture media - The culture media used for bacterial expression
was LB (1% triptone; 0.5% yeast extract; 0.5% NaCl), while SOC (2% triptone; 0.5%
yeast extract; 0.058% NacCl; 0.018% KCI; final [glucose] of 20 mM; pH: 7.0) was used
for cell recovery after electroporation. Solid media were obtained by adding 2%

bacteriological agar.

Gene cloning and bacterial transformation - The asnB gene, which encodes the
EcA enzyme, was synthesized by GenScript as a codon-optimized sequence for E.
coli expression without the first 66 nucleotides (signal peptide to periplasm)
(GenScript Corporation) and then cloned into pET15b vector between the sites Nde |
and Bam HI (pET15b/asnB). The gene integrity was verified by DNA sequencing and
the synthetic asnB sequence was stored at the NCBI Genbank
(http://www.ncbi.nlm.nih.gov/genbank/) under the accession number HM367071. The
bacteria transformation by electroporation were performed as described by Ausubel

et al. (2003).

Bacterial expression strains - The strains characteristics, selection marker(s),

advantages and manufacturer/source are presented in table 1.

rEcCA expression on bacterial strains - Since that the pET15b confers resistance to
ampicillin (amp), the E. coli strains carrying the pET15b/asnB plasmid were cultivated
on 10 mL of LB/amp media (ampicillin = 100 pg/mL) for 16 hours at 37°C and 250

rom. Additionally, another antibiotic was supplemented to the culture



(chloramphenicol = 34 pg/mL; kanamycin = 30 pg/mL; streptomycin = 25 pg/mL;
tetracycline = 15 pg/mL; or gentamicin = 20 ug/mL) according with strain used (Table
1). Then 10 mL of each culture was then transferred to a flask containing 0.5 L of
fresh LB/antibiotic(s) and cells were cultured at 37°C/250 rpm until the ODsoo reached
0.6-0.8. At this point, the expression of the rECAs were then induced by the addition
of IPTG to the final concentration of 0.3 mM and cultures were maintained at 16 °C
for 16 hours at 250 rpm. After expression, cells were harvested by centrifugation for

20 minutes at 4 °C/4000 g and the supernatant discarded.

Cellular lysis and IMAC purification of rECA - The cells were suspended in start
buffer (50 mM Tris-HCI, pH 7.4. The cells were lysed by 5 cycles of 30 seconds
sonication at 30% amplitude in ice bath and then treated with streptomycin sulfate
(final concentration = 1 %) for 30 minutes to remove nucleic acids (final concentration
= 1 %). The His-tagged rEcAs expressed in different strains were purified by
immobilized metal affinity chromatography (IMAC) on Hi-Trap columns (GE
Healthcare, Piscataway, USA) using imidazole gradient (5-500 mM). The imidazole
excess was removed from purified proteins by gel filtration using Hi-Trap desalting
columns (GE Healthcare, Piscataway, USA). Purified proteins were stored in 50 mM
Tris-HCI (pH 7.4) and 50 mM sodium chloride at 4 °C until further use but for not

more than one week.

Protein quantification - The purified ASNases were quantified on
spectrophotometer based on enzyme molar extinction coefficient (23.505 Mt cm-?),
determined using the amino acid sequence by the program Protparam

(https://web.expasy.org/protparam/). Each experiment was performed at least three

times.


../../../Werner/Google%20Drive/LABIMES/MANUSCRITO/Versão%204/ExPASy%20-%20ProtParam%20tool.html

Circular dichroism spectroscopy (CD) - The CD spectra of the recombinant
ASNases were obtained using a 0.1 cm path length cuvette containing 3 puM of
protein sample in 10 mM Tris buffer (pH: 7.4). The assays were carried out in a
Jasco J-810 spectropolarimeter (Jasco Inc., Tokyo, Japan). Spectra were presented
as an average of eight scans recorded from 190 to 260 nm. The content of
secondary structures in each protein was estimated using the CDNN 2.1 software

(ACGT Progenomics AG, Halle, Germany).

Size exclusion chromatography (SEC) - Size exclusion chromatography was
performed by analytical HPLC (Jasco LC-2000 Plus) equipped with a PU 2880 Plus
injector and a PDA MD 2018 detector (Jasco Inc., Tokyo, Japan), as previously
described (Tairum et al. 2016). The samples (at concentration of 1 mg/mL in 100 mM
of Tris-HCI (pH = 7.4) and 100 mM of NaCl) were resolved by a system containing
SEC-S3000 column (7.8 x 300 mm, 5 cm, separation range of 5 to 700 kDa)
(Phenomenex, Aschaffenburg, Germany) at a flow of 1 mL x stin 100 mM Tris-HCI
(pH = 7.4) and 100 mM NaCl. The molecular weight standards employed in SEC
experiments were bovine y globulin (158 kDa), chicken ovalbumin (44 kDa) and
horse myoglobin (17 kDa) (Bio-Rad Laboratories, Richmond, USA). The
chromatograms were analyzed using the Jasco LC-2000 Plus (Jasco Inc.,Tokyo,

Japan). The experiments were performed at least three times in triplicate

Specific activity assay through Nessler method - To determine the specific
activity of the recombinant EcA, (rEcA) the amount of produced ammonia on the
catalyzed hydrolysis of Asn was measured. The reaction containing 50 mM Tris-HCI
(pH 7.4), 44 mM L-Asn and growing concentrations of rEcA (0.2, 0.4, 0.6, 0.8, 1.6
and 3.2 ug) were incubated at 37 °C for 20 minutes; the enzymatic reactions were

stopped by adding trichloroacetic acid (TCA) at a final concentration of 0.3 M. The
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reactions were then diluted 10-fold on Tris-HCI 50 mM (pH = 7.4) and Nessler
reagent was added. Data were analyzed at A = 440 nm on Cary 60 UV-Vis
spectrophotometer (Agilent Technologies, Santa Clara, USA). The standard curve
was constructed using ammonium sulfate gradient (0 - 20 umol/mL). All experiments

were performed at least three times to each protein in triplicate.

Statistical Analysis - All analyses were performed in, at least, triplicate. Results
were represented as mean = standard deviation (SD) using GraphPad Prism version

6.05 software (GraphPad Prism Software, San Diego, USA).



Results

Recombinant ECA expression - The asnB gene lacking the periplasm addressing
sequence was cloned into a pET15b vector and was used to transform eleven E. coli
strains by electroporation. To avoid the formation of inclusion bodies, we used low
temperatures to induce protein expression (16°C), as it is known to decrease
aggregation by slowing protein synthesis and diminishing hydrophobic interactions
between the recently synthesized polypeptide chains (Schein and Noteborn 1988;
San-Miguel et al. 2013; Rosano and Ceccarelli 2014). Initially, we aimed to determine
the yields of the rEcA production in each bacterial strain. However, applying the
same protocol for mechanical disruption (sonication) for all the lineages was clear
that a differential cell disruption occurred, which may have lead to artefactual results.
In order to overcome this situation, we also performed cell disruption using chemical
agents. Nonetheless, the turbidity of the cell suspensions indicated differences in the
efficiency of cellular disruption despite application of the same protocols. Our results
revealed that each strain presents different susceptibilities to cell disruption and the
protocol of cell disruption must be optimized depending on the strain choice to
express a recombinant protein. Since both methods produced different total protein
content and our interests relies on the comparative rEcA analysis of purified enzymes
produced by different strains, we chose sonication as the standard method for
cellular rupture, applying the same conditions to all strains, since that to the analytical

approaches equal amounts of the recombinant pure enzymes are used.

Our results reveals that the amounts of purified rEcCA was higher as follow:
BL21 (DE3), 14.25 mg = 1.32 > SHuffle (DE3), 8.02 + 2.91 mg > C43 (DES3), 7.08 mg

+ 2.43 mg > Tuner (DE3), 6.76 = 0.25 mg > Crystal (DE3), 5.36 mg = 1.75 mg >
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GroEL (DE3) 6.39 mg + 0.39> Lemo21 (DE3), 4.63 + 2.41 mg > ArcticExpress (DE3),
4.44 mg = 0.99 mg > pLysS (DE3), 3.10 = 0.14 mg. The statistical analysis of the
results revealed the no significant differences of the rECA amounts obtained in the
strains ArcticExpress (DE3), Crystal (DE3), GroEL (DE3), Lemo21 (DE3) and SHuffle
(DE3) (~ 4.44 mg = 0.99 mg). The best results were obtained using BL21 (DES3)
(14.25 mg £ 1.32) and Tuner (DE3) (6.76 = 0.25 mg) and the strain pLysS produced
the lower amounts among the strains tested in this work. To the Rosetta (DE3) and
Origami B (DE3) no protein was obtained. The characteristic of Rosetta (DE3) is the
expression of RNA transporters for mammal codons, not commonly found in bacteria.
Therefore, the use of the Rosetta (DE3) strain aimed to decrease protein synthesis in
order to obtain correctly folded enzymes, although this strategy was not successful.
The Origami B (DE3) was also inefficient to ECA expression for unknown reasons.
Despite that the E. coli strains BL21 (DE3) and Tuner (DE3) were able to produce
large amounts of the rEcA, the quantity does not guarantee a properly folded protein
which can ultimately lead to dubious results (Baneyx and Mujacic, 2004; de Marco
2013; Smith et al., 1990). In this context, we also evaluated structural aspects of the

recombinant enzymes and the results are presented below.

Evaluation by circular dichroism (CD) reveals differences of the secondary
structure content - The secondary structure of the recombinant enzymes was
assessed through circular dichroism spectroscopy (CD). All samples showed an
expected a/f protein profile (Figure 3A and 3B). Based on this data, we could
estimate their secondary structure composition and compare them to the profile
obtained from the commercial EcA enzyme Kidrolase® (o helix = 32.2% and B sheets

= 18.3%) (Table 2). Despite the lower temperature having resulted in expression of
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soluble proteins in nine tested strains, eight out of nine enzymes showed significant
differences of the secondary structures proportion when compared to the commercial
enzyme. The Tuner (DE3), C43 (DE3) and Lemo2l1 (DE3)/pLysS (DE3) strains are
used to limit the protein overexpression in three individual ways, respectively: (a) by
controlling IPTG entry on the host cells, (b) a mutation that reverts the lacUV5 back
to lac and (c) an inhibition of T7 RNA polymerase by T7 lysozyme. However, our
results indicate that only the decrease of protein expression is not efficient for rECA
correct folding on cytosol. We also attempted to promote a more pro-oxidant
environment in the cytosol, since EcA possess a disulfide bond between the Cys®®
and Cys'?’, using Origami B (DE3) (a strain which disulfide reductase, TrxA is
disrupted) and Shuffle (DE3) (able to produce cytosolic to express the disulfide
isomerase, DsbC, in the cytosol). However, the Origami (DE3) strain failure to
express rEcA the protein produced in Shuffle (DE3) presented a content of
secondary structural elements very distinct from the commercial enzyme (o helix =
18.3% and B sheets = 34.3 %) (Figure 3, Table 2). These data suggest that pro-

oxidant cytosol environment is not crucial to obtain rEcA.

The ArcticExpress (DE3) was the only strain able to produce rEcA with
secondary structure content very similar to the commercial enzyme. As mentioned
before, this strain was constructed to address the solubility issues associated with
recombinant overexpression, due to the co-expression of genes encoding for the
psychrophilic chaperonins Cpnl10 and Cpn60 from O. antarctica. This indicates that
the supply of auxiliary enzymes like chaperones could be an efficient way to favoring
the correct folding of rEcA. On the other hand, the chaperones expressed by GroEL
(DE3) couldn’t exert an effect similar to the one seen on ArcticExpress (DE3),

possibly due to the low activity of GroEL/ES at low temperatures (Ferrer et al. 2003).
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Quaternary structure assessment through size exclusion chromatography
(SEC) - The quaternary structure analysis was performed by SEC (Figure 4). The
data generated from the recombinant enzymes was compared to the data from
Kidrolase® (Figure 4A). The analysis of the commercial enzyme revealed a
predominant sharp peak, probably relative to the tetrameric specie, accompanied by
a secondary peak (> 150kDa). This suggests the presence of protein aggregates, as
previously highlighted by Pieters and colleagues (2008). The same pattern was
observed by the recombinant enzymes expressed using the strains SHuffle (DE3)
(Figure 4H) and pLysS (DE3) (Figure 4J). On the other hand, only the
chromatographic profiles of the ArcticExpress (DE3) strain indicated formation of a
unique sharp peak of rEcA (Figure 4B), while the remaining strains presented elution
profiles, indicating more compact species and even suggesting dimeric forms of the

enzyme (Figures 4C-4J).

The tetramer assembly in EcCA mainly depends on the correct apolar
interactions from dimer surfaces; enzyme stability increases by hiding these
hydrophobic amino acids from the solvent (Sanches et al. 2003). Thus, the alteration
of secondary structures could significantly modify the physical and chemical
characteristics of those surfaces. This compromises the hydrophobic interactions and
leads to the impairment of tetramerization, which ultimately affects enzymatic activity.
Therefore, SEC results are in agreement with the results of the secondary structure

obtained by CD.
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The specific activity differs in the rEcCA expressed in different strains - The
specific activity of the commercial enzyme Kidrolase® was determined (237.8 + 9.3
U/mg) (Figure 5) in order to establish a control for the rEcAs. The tetrameric enzymes
produced by ArcticExpress (DE3) showed high activity (157 + 5.3 U/mg). This was
expected since the structural analysis indicated high similarity with Kidrolase®. The
enzymes produced by pLysS (DE3), Crystal (DE3) and Tuner (DE3) presented
intermediate activity (89.0 £ 4.4, 57.0 £ 1.7 and 41.6 £ 2.0 U/mg, respectively). In the
remaining strains, the L-asparaginase activity was negligible (from 2.2 + 2.1 to 22.4 +
1.6) (Figure 5) which is in agreement with structural analysis. In fact, the structure of
EcA doesn’t enable its function as a monomer, because the active site is only fully
structured after dimer assembly (Swain et al. 1993; Michalska and Jaskolski 2006).
In theory, the dimers have all the necessary attributes for catalysis; nevertheless, the
enzyme is found exclusively as a tetramer in physiological conditions and no dimeric
rECA has been demonstrated to possess high enzymatic activity (Swain et al. 1993).
The low stability caused by the exposition of hydrophobic amino acids on dimer

surfaces could be one of the reasons explaining out results (Sanches et al. 2003).
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Discussion - The ECA is an essential biopharmaceutical used on therapeutic
protocols for the treatment of the Acute Lymphoblastic Leukemia (ALL), the most
common haematological neoplasm in infants (Avramis 2012; Lopes et al. 2017).
Recently, a recombinant EcA (rEcA) began to be produced and commercialized by
Medac (Spetrila), since the extraction of the native enzyme is considered outdated
and present low yields when compared with recombinant expression of proteins
(Pieters et al. 2008). Nonetheless, the native or recombinant EcA present a
secondary L-glutaminase activity and are prone to form protein aggregates aspects
that are related with important side effects of this biodrug (Offman et al., 2011,
Kafkewitz and Bendich 1983; Lopes et al. 2017). To overcome these problems
engineered EcA recombinant enzymes new sources of asparaginases isolated from
other organism are commonly expressed as cytosolic recombinant enzyme (Kotzia et
al. 2007; Cappelletti et al. 2008; Oza et al. 2011; Huang et al. 2014; Schalk and Lavie
2014; Han et al. 2014; Meena et al. 2016; Costa et al. 2016; Saeed et al. 2018;
Radha et al. 2018; Sindhu and Manonmani 2018). Despite that several bacterial
expression systems are available, studies aiming the most appropriated strain to
recombinant ECA (rEcA) production or novel or engineered EcA enzymes are absent

in the literature.

In the current study, we evaluated different E. coli expression strains with
different characteristics to enhance the protein expression. Our data indicates that
ArcticExpress (DE3) was the best choice for cytosolic production of rEcA, in the
conditions tested. ArcticExpress (DE3) strain is specialized in expressing proteins at
low temperatures, as it co-expresses psychrophilic chaperonins which assist correct
folding. In fact, the analysis of secondary and quaternary structure revealed that the

rECA obtained from ArcticExpress (DE3) presents structural features very similar to
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the native enzyme. Additionally, our data also revealed that, in general, the purified
recombinant enzymes did not contain protein aggregates when compared to the
native commercial preparation. This is a very important feature, since protein
aggregates are more immunogenic and less active than tetramers (Rosenberg 2006;
Pieters et al. 2008). The other strains analysed produced either poorly folded or low
active enzymes, which is far from expected when novel or engineered proteins are
been characterized or when the interest is to produce biopharmaceuticals. Therefore,
the data presented in valuable not only to enhance the production of rEcA but also
may assist in analytical characterization of engineered enzymes, as well novel

ASNases coming from biological diversity.
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TABLES

Table 1. Escherichia coli expression strains used in this study.

Strain selection

Strain Characteristics Advantages Source
marks
ArcticExpress Expression of Enhanged fplding _ .
(DE3) genes cpnl0 and properties in the Gentamycin Agilent
cpn60 cytosol
Carries the Uniform IPTG entry on
Tuner (DE3) mutation lacY- host cells i Novagen
ompT and lon Preserves the integrity
BL21 (DES3) deficient of recombinant - Novagen
enzymes
Mutation on Diminishes _
C43 (DE3) LacUV5 promoter expression; |d_eal for - Lucigen
toxic proteins
Inducible Inhibits T7 polymerase New Enaland
Lemo21 (DE3)  expression of T7 activity, slowing Chloramphenicol Biola%s
lysozymes expression

Overexpresses E.
coli chaperones
GroEL/ES
Expresses DsbC
and carries
mutations on trxB
and gor
Favors seleno-
methionine
labeling
Constitutive
expression of T7
lysozymes
Expression of

GroEL (DE3)

Shuffle T7

T7 Express
Crystal

pLysS (DE3)

Rosetta (DE3) tRNA for rare
codons on E. coli
Origami B Carries mutations
(DE3) on trxB and gor

Enhanced folding
properties in the
cytosol

Favors the formation
of disulfide bonds in
the cytosol

Ideal for x-ray
crystallography

Inhibits T7 polymerase
activity, slowing
expression

Suitable for mammal
protein expression

Favors the formation
of disulfide bonds in
the cytosol

Chloramphenicol

Chloramphenicol

Chloramphenicol

Kanamycin/
Tetracycline

Yasukawa et al.
1995

New England
Biolabs

New England
Biolabs

EMD Millipore

Novagen

EMD Millipore
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Table 2. Estimated secondary structure composition of the rECA enzymes by

CD spectra. Comparative secondary structure composition from recombinant

ASNases expressed in different Escherichia coli expression strains with the

commercial enzyme.

Strain a-Helix B-Strand B-Turn Random coill
Kidrolase® 32.2% 18.3% 17.2% 32.2%
ArcticExpress 31.9% 19.3% 17.4% 31.4%
Tuner 24.7% 25.5% 17.3% 32.5%
BL21 22.1% 27.8% 17.0% 33.1%
C43 20.8% 29.1% 16.7% 33.2%
Lemo21 21.4% 28.4% 16.9% 33.2%
GroEL 21.6% 28.1% 16.9% 33.2%
SHuffle 18.2% 34.3% 16.8% 30.8%
Crystal 23,6% 26,4% 17,1% 32,9%
pLysS 25,4% 24,4% 17,2% 33,0%
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Figure and legends
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Figure 1. Results of SDS PAGE from purification by IMAC by imidazole gradient
of the rEcA expressed in different E. coli strains. A) ArcticExpress (DE3), B)
Tuner (DE3), C) BL21 (DES3), D) C43 (DE3), E) Lemo21 (DES3), F) GroEL (DE3), G)
Shuffle T7, H) Crystal and 1) e pLysS (DE3). MM = molecular marker and IF =
Insoluble Fraction.
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Figure 2. Amounts of purified rEcA obtained by distinct expression strains of
E. coli. The rEcA of each strain was purified by imidazole gradient from 1 liter of cell
culture (ODeoo = 0.6-0.8). The amounts obtained were: ArcticExpress (DE3), 4.44 mg
+ 0.99 mg; Tuner (DE3), 6.76 = 0.25 mg; BL21 (DE3), 14.25 mg + 1.32 mg; C43
(DE3), 7.08 mg £ 2.43 mg; Lemo21 (DE3), 4.63 + 2.41 mg; GroEL (DE3), 6.39 mg +
0.39; Shuffle T7, 8.02 £ 2.9 mg; T7 Express Crystal, 5.36 mg + 1.75 mg; e pLysS
(DE3), 3.00 + 0.14 mg.
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Figure 3. Recombinant proteins after concentration. The rEcA of each strain was
purified by imidazole gradient from 1 liter of cell culture (ODeoo = 0.6-0.8). The

amounts obtained were: ArcticExpress (DE3), 4.44 mg £ 0.99 mg; Tuner (DE3), 6.76
+0.25 mg; BL21 (DE3), 14.25 mg = 1.32 mg;
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Figure 3. Circular dichroism spectroscopy profile and rEcA compared with the
commercial enzyme (Kidrolase®). Spectra of the circular dichroism of commercial
EcA Kidrolase® and from the recombinant enzymes produced by different strains. A)
ArcticExpress (DE3), Tuner (DE3), BL21 (DE3), C43 (DE3), Lemo21 (DE3) and B)
GroEL (DE3), SHuffle (DE3), Crystal (DE3) and pLysS (DE3). In both figures the
commercial enzyme Kidrolase® was used as internal control. In all experiments the
buffer used was Tris-HCI 10 mM (pH: 7.4) at 25 °C, while the enzyme concentration

was 3 uM.
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Figure 4. Results from quaternary structure analysis by size exclusion
chromatography. For all rEcAs, samples were applied at a concentration of 1
mg/mL in the HPLC JASCO using BioSEP SEC-S3000 columns (7.8 x 300 mm, 5
cm, separation range of 5 to 700 kDa) (Phenomenex); the mobile phase was
constituted of Tris-HCI (pH= 7.4) and flow of 1 mL x s'1. Bovine y globulin (158 kDa),
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chicken ovalbumin (44 kDa), and horse myoglobin (17 kDa) (BioRad) were used as
molecular weight standards. (A) Kidrolase®, (B) ArcticExpress (DE3), (C) Tuner
(DE3), (D) BL21 (DE3), (E) C43 (DE3), (F) Lemo21 (DE3), (G) GroEL (DE3), (H)
SHuffle (DE3), (I) Crystal (DE3) and (J) pLysS (DE3). The arrows indicate protein
aggregate peaks.
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Figure 5. Result from specific activity determination through Nessler method.
Representative graphic from the specific activity assay using the rEcA obtained from
different strains. The reaction was carried for 20 minutes at 37°C and stopped by
adding TCA (final concentration of 0.3 M). The product from this first reaction was
then mixed with Nessler's reagent and analyzed on a spectrophotometer at 440 mm
to assess the amount of NHs produced. The results were: Kidrolase®, 237.8 + 9.3;
ArcticExpress (DE3), 157.3 £ 5.3; Tuner (DE3), 41.6 + 2.0; BL21 (DE3), 12.5 + 1.2;
C43 (DE3), 22.4 + 1.6; Lemo21 (DE3), 10.9 + 1.2; GroEL (DE3), 2.2 + 2.1; SHuffle

(DE3), 4.9 + 1.9; Crystal (DE3), 57.0 + 1.7; and pLysS (DE3), 89.0 £ 4.4.
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Abstract Heavy metals influence the population size, diver-
sity, and metabolic activity of bacteria. In turn, bacteria can
develop heavy metal resistance mechanisms, and this can be
used in bioremediation of contaminated areas. The purpose of
the present study was to understand how heavy metals con-
centration influence on diversity and distribution of heavy
metal-resistant bacteria in Araca Bay, Sdo Sebastido, on the
Sao Paulo coast of Brazil. The hypothesis is that activities that
contribute for heavy metal disposal and the increase of metals
concentrations in environment can influence in density, diver-
sity, and distribution of heavy metal-resistant bacteria. Only
12 % of the isolated bacteria were sensitive to all of the metals
tested. We observed that the highest percentage of resistant
strains were in areas closest to the Sdo Sebastido channel,
where port activity occurs and have bigger heavy metals con-
centrations. Bacterial isolated were most resistant to Cr,
followed by Zn, Cd, and Cu. Few strains resisted to Cd levels
greater than 200 mg L. In respect to Cr, 36 % of the strains
were able to grow in the presence of as much as 3200 mg L.
Few strains were able to grow at concentrations of Zn and Cu
as high as 1600 mg L™, and none grew at the highest concen-
tration of 3200 mg L™'. Bacillus sp. was most frequently
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isolated and may be the dominant genus in heavy metal-
polluted areas. Staphylococcus sp., Planococcus maritimus,
and Vibrio aginolyticus were also isolated, suggesting their
potential in bioremediation of contaminated sites.

Keywords Bacillus sp. - Bacterial resistance -
Contamination - Heavy metals - Port areas

Introduction

A major concern nowadays is the impact of heavy metal-
release into natural environments by man [1]. This kind of
pollution has ecological consequences and presents a serious
risk to human health because heavy metals are ubiquitous and
very persistent pollutants [2].

The marine environment is often a dump site for contami-
nated wastewater produced by many industries. It is also the
location of oil exploration and active harbors, and it is crossed
by transport routes of large ships. All of these activities can
generate heavy metal contamination [3]. Losses, leaks, and
spills occur during loading and unloading of transport vessels,
during materials storage, during chemical transfers, upon
washing of isocontainers, and during maintenance of wash
bays, and during commercial leaching [4].

Thus, the interest over the impacts of heavy metals on
the marine environment is a growing area of scientific
research. In the sea, these contaminants largely accumu-
late in the sediment, and their deposition generates toxic-
ity to aquatic biota including microorganisms, which are
present in the sediment [5, 6].

Heavy metals play an important role in processes involving
microorganisms in sediments. Metals such as calcium, zinc,
nickel, iron, potassium, magnesium, manganese, and cobalt
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are essential nutrients at low concentrations. These elements
participate in biochemical catalysis, acting as protein and
nucleic acid stabilizers, and enzyme cofactors, and participat-
ing of several biological processes in the cell as osmotic bal-
ance, oxidative phosphorylation, motility, and regulation of
membrane channels activity [7, §].

High metal concentrations are toxic to microorganisms
due to their abilities to affect conformational changes on
the structure of nucleic acids and proteins, and also could
interfere in several biological processes [7]. Abiotic stress
caused by metals can affect the growth, morphology, and
metabolism of bacteria [9, 10]. Consequently, heavy metals
can change the size, composition, and activity of the mi-
crobial community [11], altering, as well, the bacterial den-
sities and diversity [6], which is worrisome, once marine
microorganisms are of critical importance to the health of
the environment, and the life on the planet. They are inte-
gral to all major biogeochemical cycles, fluxes, and pro-
cesses that occur in marine systems where elements move
between oxidized and reduced forms. Microorganisms are
extremely abundant and diverse, and they play a key role in
the regulation of the earth’s climate [12]. Marine microor-
ganisms also provide essential goods and services to hu-
man societies through their production of oxygen, their
support of a sustainable food supply, and their part in reg-
ulating the health of the marine environment [13]. Bacteria
are also the first step in the transfer of toxic compounds to
higher trophic levels of the food chain [14].

Bacteria have developed several defense mechanisms
to combat stress caused by heavy metals. These mecha-
nisms include metal-complex formation, reduction of cer-
tain metals to less toxic species, or efflux of the metals
from the cell [15, 16].

Because these microorganisms are able to transform these
toxic compounds into less toxic or non-toxic, they are poten-
tially useful in bioremediation of contaminated soils and sed-
iments [17]. Such application is especially useful with marine
bacteria, which live in the extreme environments conditions
and can be utilized in situ [18].

Studies to detect, isolate, and monitor the occurrence of
bacteria that are resistant to heavy metals in the marine envi-
ronment are relatively recent and scarce, particularly in Brazil,
but studies on marine areas in several countries have shown
the importance of the presence of these bacteria in marine
environments [12, 19, 20].

Some studies show that heavy metal discharge into the
environment not only causes selection of heavy metal-
resistant bacteria but may also cause selection of antibiotic-
resistant bacteria. This occurs because some mechanisms for
heavy metal resistance function in a similar way of those for
resistance to antibiotics. Thus, an environmental problem in-
volving heavy metal contamination may become a public
health issue [12].

These results reflect the importance of studies on heavy
metal-resistant bacteria in coastal and estuarine areas, particu-
larly in areas that receive domestic and industrial sewage and
waste from harbor activities. Several regions of Brazilian
coast are chronically contaminated by untreated sewage dis-
charge that brings to coastal waters various substances, includ-
ing heavy metals. An example of a contaminated region is the
area in which the Port of Sao Sebastido is located [4].
Additionally, in these areas, the problem is compounded by
the presence of tourist routes, high population densities. At the
same time, there is the presence of rich and important biodi-
versity. For these reasons, studies on heavy metal-resistant
bacteria in polluted areas are very important.

Therefore, this study aimed to isolate and identify heavy
metal-resistant bacteria in Araca Bay and Sao Sebastido
Channel sediments to test the hypothesis that activities that
contribute for heavy metal disposal and the increase of metals
concentrations in environment, like harbors and sewage dis-
charge, can influence in density, diversity, and distribution of
heavy metal-resistant bacteria.

Material and Methods
Study Area

Araca Bay is located in the city of Sdo Sebastido, in north
coast of Sao Paulo State, southeastern Brazil, in an area adja-
cent to the Port of Sdo Sebastido. This port is of significant
economic importance to the country. Its natural setting places
it as the third best port in the world [21].

Araca Bay includes ecosystems such as rocky shores,
sandy beaches, and mangroves. It is part of a sublittoral zone
that extends into the Sdo Sebastido Channel. It also has wide-
spread biological diversity [22].

Because of the proximity of urban human developments,
this set of different ecosystems is exposed to different types of
human activity, including illegal occupation and waste dump-
ing. The bay adjoins the Port of Sdo Sebastido and the
Petrobras Waterway Terminal, where there are frequent oil
spills and other complications. In addition, there is a proposal
to expand the harbor on Araga Bay, threatening all its biodi-
versity [22].

One of the largest oil terminals in Brazil is located in the
center of this region. At the Araca Bay, a marine outfall is
located, by which almost all domestic sewage from the city
of Sdo Sebastido is discharged [23].

Sample Collection and Analysis
Sediment samples were collected quarterly using a corer

(10 cm of length) at 37 sites along the Araca Bay during 1 year.
The Araga Bay was divided in two sample regions: the
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intertidal zone and the sublittoral zone (Fig. 1). The intertidal
zone is dominated by a tidal regime and is exposed during low
tide. The sublittoral zone is not exposed during low tide, has a
greater depth, and is more dominated by currents [24].

For each collection station, the sample of 10 g of sediment
was added to 90 mL of saline solution, homogenized, and
serially diluted to 107, From the serial dilutions, 1 mL of
the 107 and the 10> dilutions was inoculated into Marine
Agar 2216 (MA, Difco) and plated using the pour plate meth-
od. All plates were prepared in triplicate. Inoculated plates
were incubated at 28 °C for 48 h. The colonies were counted
and the densities were expressed as colony-forming units per
gram of sediment (CFU g ).

One hundred colonies were randomly selected and
subcultured three successive times under the same culture
conditions. Resistance testing was then applied to these iso-
lated and purified colonies. Each colony isolated was tested
for heavy metal resistance by determining the minimum in-
hibitory concentrations (MIC). The MICs of four different
heavy metals (Cd, Cr, Cu, and Zn) were determined for each
isolate using Mueller—Hinton agar (Difco), which contained
each metal in concentrations ranging from 12.5 to
3200 pg mL™'. The four heavy metals were tested in the
following form: CdSO4-8/3H,0; ZnSO,4 7H,0; CuSOy4-
5H,0; K,CrO4 (Merck). The isolates were considered resis-
tant if the MICs exceeded that of the control organism.
Escherichia coli K-12 ATCC 25922 and Staphylococcus
aureus ATCC 29213 strains were used as controls organisms
[25, 26]. The isolates that were found to be resistant to the
heavy metals were then molecularly identified.

After identification, an average of the minimum inhibitory
concentration of each species was made.

Identification by Microbiological and Molecular Biology
Approaches

After initial characterization by colony morphology, each iso-
late was then identified on the basis of 16S rRNA gene se-
quencing. For this purpose, each isolate was grown in Nutrient
Broth prepared with sterile and filtered seawater. Its genomic
DNA subsequently extracted using the PureLiink®Genomic
DNA Kit (Thermo Fisher Scientific). The DNA was extracted
following the recommendation of the manufacturer. The DNA
integrity was checked by agarose gel electrophoresis (0.8 % in
TAE 1%, containing 10 uM of ethidium bromide) and the
samples were quantified spectrophotometrically. Gene ampli-
fication was carried out using previously published oligonu-
cleotides sequences: 27S-F (5'-CAAGAGTTTGATCC
TGGCTCAG-3") and 1492-R (5'-GGTTACCTTGTTAC
GACTT-3"). The polymerase chains reactions consisted in:
1x PCR buffer (Invitrogen, Milan, Italy), 1.5 mM MgCl,,
0.25 mM of each dNTP, 15 pmol of each oligonucleotide,
100 ng of genomic DNA, and 1 U of Taq polymerase in a
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final volume of 50 pL. Initial denaturation at 94 °C for 5 min
was followed by 30 cycles consisting of denaturation at 94 °C
for 1 min, annealing at 55 °C for 1 min, and extension at 72 °C
for 2 min. A final extension at 72 °C for 10 min was used. The
amplification of was checked by agarose gel electrophoresis,
as described before, and PCR products were purified using the
PureLink® Quick Gel Extraction and PCR purification
Combo Kit (Thermo Fisher Scientific)

DNA Sequencing and Data Analysis

Purified PCR product (50 ng) was used to cycle sequence the
DNA using the ABI Prism BigDye terminator cycle sequenc-
ing kit (Thermo Fisher Scientific), following the conditions
suggested by the manufacturer and using 5 pmol of the oligo-
nucleotides 27S-F or 1492-R. Then the samples were injected
in the ABI 310 automated sequencer (Thermo Fisher
Scientific). The chromatograms were evaluated using the
Chromas software (twww.technelysium.com.au) and
analyzed using BioEdit software [27]. The 16S rRNA gene
sequences (~1360 nucleotides) were assembled from multiple
readouts (using the forward and reverse primers) and
compared to nucleotide sequences of the NCBI GenBank
using the Blastn (http://blast.ncbi.nlm.nih.gov) to the
organisms’ identification. The multiple sequence alignments
were performed using Clustal Omega [28] Columns and the
gaps were removed. The final tree was obtained using MEGA
6 [29]. The sequences were assigned to species using the
highest-scoring sequence for which species information was
available when the sequence similarity was greater than 97 %.

Evaluation of the Heavy Metal Concentrations
and Organic Matter Content

To determine the organic matter content of the sediment sam-
ples, 100 g of each sample was dried at 105 °C and then heated
to 250 °C for 5 h. Next, the dried sample was weighed, and the
difference between the initial and final weight was deter-
mined. The weight difference was used as a measure of the
organic matter content of the sediment.

Four heavy metal for analyses, chromium (Cr), copper
(Cu), cadmium (Cd), and zinc (Zn), were chosen. These
metals were chosen because they present significant concen-
trations in Brazilian coastal waters near harbors and industrial
areas [30]. To analyze the concentration of these metals, sed-
iment samples were frozen and lyophilized according to the
SW 846 method 3051 from the EPA [31]. Metals were quan-
tified using inductively coupled plasma atomic emission spec-
troscopy (ICP-AES). Certified reference materials (CRMs)
EnviroMAT SS-1 and EnviroMAT SS-2 (SCP Science) were
used as stoichiometry standards in elemental analysis.
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Statistical Analyses

Statistical analyses were conducted using “R” version 2.5.0. All
the environmental and biological parameters were analyzed in
order to evaluate normality through a Shapiro-Wilk test (SW)
and equality of variances through a Levene test (L). Data with
not normal distribution and heteroscedasticity was compare
using Mann—Whitney non-parametric test for independent sam-
ples and correlation was made using Spearman correlation. To
analyze frequency of heavy metal resistance strains, the Chi
square test was used. Finally, a multivariate analysis was made
using Principal Components Analysis (PCA) (Past3).

Results
Bacterial Abundance, Percentage of Organic Matter,
and Metal Concentration in Sublittoral and Intertidal

Zones

The bacterial concentration varied among the stations,
especially among those from the sublittoral zone.

Maximum values reached 85 10* CFU g '. The lowest
values were between 7 and 10* CFU g™'. Cell concentra-
tions were significantly higher in the sublittoral zone
(»p=0.000025) (Fig. 2).

The percentage of organic matter in the sediment
ranged from 4.9 to 14.8 %. The highest peaks were re-
corded at points within the sublittoral zone, which had an
average percentage of 13.7 %. Meanwhile, the average
among the points within the intertidal zone was 6.5 %
(»=0.002). The metal with the highest concentration in
the sediment was Zn: its average concentration was
38.84 mg kg '. It was followed by Cr at 19.8 mg kg ',
Cu at 5.47 mg kg ', and Cd at 0.25 mg kg ' (Fig. 3). All
metal concentrations tested were significantly higher in
the sublittoral zone(Cd: p=0.0088; Cr: p=0.002; Cu:
p=0.037; and Zn: p=0.049).

Since Brazil has no legislation concerning the heavy
metal concentrations in sediment that are able to produce
harmful effects on the biota and in the surrounding eco-
system in this study, we used the reference values of
Canadian Sediment Quality Guidelines (SQG) for marine
sediments [32] (Table 1).
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Fig. 2 Average bacterial density in the sublittoral zones and intertidal
zones. Where black line = mean; box = mean = standard error; whiskers =
mean+5 % confidence interval; and symbol (asterisk) = represents
statistical difference (p <0.05)

Evaluation of the Resistance from Isolated Bacterial
Strains to Heavy Metals

Out of 100 isolated strains (50 from intertidal zone and 50
from sublittoral zone), 53 % were resistant to chromium,
52 % to zinc, 38 % to cadmium, and 10 % to copper
(Fig. 4). The bacteria were more resistant to the metals
that were present at higher concentrations (Cr and Zn) in
the study region. However, despite the low concentration
of Cd in the sediment, a significant percentage of resistant
strains were found.

The tolerance of the isolated bacterial strains for each
heavy metal tested is shown in Table 2. Few strains toler-
ated Cd concentration levels greater than 200 g mL™". In
the case of Cr, 36 % of the strains even grew at a concen-
tration of 3200 pg mL™". In respect to Zn and Cu, few
strains (4 and 2 %, respectively) tolerated 1600 ug mL™,
and none were able to tolerate the highest concentration
(3200 ug mL ™.

A multi-resistance profile of each strain was also evaluated.
Our results revealed that only 23 % of the strains were sus-
ceptible to any heavy metal tested, 49 % were resistant to more
than two heavy metals simultaneously, and 7 % of the bacteria
were resistant to all four metals (Cd, Cu, Cr, and Zn). A higher
percentage of metal-resistant bacteria were found in the sub-
littoral zone (note that this is also the zone in which the highest
concentrations of metals were found). Only the correlation
with cadmium was reverse. In the intertidal zone, both a lower
concentration of metals and a smaller percentage of resistant
strains were observed (Fig. 4).
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In the sublittoral zone, bacteria were more resistant to Zn,
Cu, and Cr, whereas in the intertidal zone, the strains were
more resistant to Cd and Cr (Fig. 4). Note that all higher heavy
metal concentrations occur in the sublittoral zone when resis-
tance to Zn and Cu was considered (Zn: p=0. 0077, X2=17.1,
df=1; Cu: p=0.0003, X2=13.31; df=1).

Spatial Distribution of the Heavy Metals and Resistant
Strains

We also investigated the correlation between the metal-
resistant bacteria and the heavy metal concentration within
the sampling areas. Figure 5 shows the maps of metal concen-
tration distribution in the sampled areas within the Sao
Sebastido Channel and the Araga Bay. The sampling sites in
the sublittoral zone are numbered 1-16, and those in the in-
tertidal zone are numbered 17-37. Notice that all higher heavy
metal concentrations were in the sublittoral zone, which is
most influenced by the harbor.

This pattern is very similar to that of Zn- and Cr-resistant
bacteria, which are present in higher numbers in the areas where
the concentrations of these metals are more abundant. In the case
of Cd-resistant bacteria, this relationship is reversed (Fig. 6).

Multivariate Analysis

Now it is possible to see in Fig. 7 how all variables influence
in each other. To confirm which factor influenced the most in
explaining the data, a PCA was performed. It was possible to
notice that heavy metals concentration had a clear influence in
heavy metal-resistant bacteria in sediment. Only for Cd that
this relationship was inverse. The components 1 and 2 dem-
onstrated higher strength explaining together 76 % of the var-
iance (56.8 and 19.5, respectively).

Evaluation of the Bacterial Strains Abundance by 16S
rRNA Subunit Gene Analysis

The genetic molecular analysis from the gene of 16S rRNA
subunit allowed revealed the prevalence of Bacillus sp. out of
the 50 strains isolated in this study. Quantitatively, only four
species account to ~75 % of the bacterial identified in this
work. Bacillus pumilus occurred most frequently in the sam-
ples (38 %), followed by the Bacillus cereus (18 %), Vibrio
alginolyticus (10 %), and Planococcus maritimus (8 %). The
abundance of other bacteria varied from 2 % (Bacillus
thuringiensis, Bacillus safensis, and Bacillus boroniphilus)
to 3 % (Bacillus aerophilus, Enterobacter asburiae,
Exiquobacterium sp, Micrococcus luteus, S. aureus,
Staphylococcus sp, Staphylococcus epidermidis,
Staphylococcus warneri) (Fig. 8).
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Minimum Inhibitory Concentration Analysis

Each genus responded differently to the heavy metals tested in
this study when MIC was considered. In the case of zinc,

Table 1  References values for heavy metal concentrations in estuarine
sediments as per the Canadian Sediment Quality Guidelines (SQG)
Metal TEL (mg kg ) PEL (mg kg ")
Zn 124.0 271.0

Cr 52.3 160.0

Cu 18.7 108.0

Cd 0.7 42

TEL threshold effect level, PEL probable effect level

*
2
g -
g -
5
o
Intertidal Sublitoral
ronation
S
g
:
Intertidal Sublitoral
zonation

whiskers = mean+5 % confidence interval; and symbol (asterisk) =
represents statistical difference (p <0.05)

Enterobacter sp. and Exiquobacterium sp. exhibited the
highest average MIC (1600 ug mL™"). The lowest MIC
(12.5 pg mL™") was exhibited by Micrococcus sp. (Fig. 9a).

All genera presented high MICs of chromium.
Exiquobacterium sp. reached 3200 pg mL™', followed
by Bacillus sp., Vibrio sp., and Staphylococcus sp., whose
MICs were similar and ranged from 2400 to
2614 pg mL™" (Fig. 9b). Enterobacter sp. had the highest
MIC of copper (1600 ug mL™"). The other genera exhib-
ited values ranging from 250 to 568 pg mL ™" (Fig. 9¢).

Cadmium was the metal with the lowest MIC among
the strains. The highest peak was obtained by
Micrococcus sp. (400 pug mL™"), while the lowest peak
was obtained by Exiquobacterium sp. (12.5 ug mL™").
Concentrations among the other genera ranged from 200
to 249 ug mL ™' (Fig. 9d).
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Discussion

The sediment has been considered to be a layer of the water
column in which pollutants accumulate because of its high
adsorption and storage capacities. In the sediment, pollutant
concentrations are found to be several orders of magnitude
higher than those found in water. Sediments are therefore
good indicators both of acute and chronic pollution [33].

The heavy metal concentrations determined in most of the
samples were below the values established by Canadian law.
However, in some parts of the sublittoral zone, the levels ob-
tained were above the limits. These levels are likely because of
the nearby refineries, fossil fuel burning, and industrial and
domestic effluent discharge, all of which end up influencing
Zn, Cr, Cd, and Cu concentrations found in these sediments
[34].

In the present study, the highest metal concentrations were
observed in the sublittoral zone. The collection stations in the
sublittoral zone are near or even within the Sdo Sebastido
channel, where pollution originating mostly from the harbor,
domestic, and industrial effluents occurs. The local hydrody-
namics also allow the high accumulation of metals and organ-
ic matter in the sublittoral zone. Castro-Filho [35] and Fontes
[36] showed that the circulation of the Sdo Sebastido channel
is characterized by northerly and southerly movements, with
day-long intervals and little influence from tidal currents. This
indicates that part of the pollution coming from the northern

Copper Chrome Zinc

part of the channel, where the harbor and the Almirante
Barroso Waterway Terminal (TEBAR) are located, may have
an influence on the deposition of heavy metals into the sedi-
ments of the Araca Bay:.

Already in 1977, it was found that bacteria in marine envi-
ronments undergo selection or adjustment when heavy metals
are present [37]. It has also been found that heavy metals can
change the size, composition, and activity of the microbial
community [11]. Abiotic stress caused by metals can affect
the growth, morphology, and metabolism of bacteria [9, 10].

In the current study, however, the highest density of bacte-
ria was found in the sublittoral zone, in which the metal con-
centrations are higher. This fact can be explained by the pres-
ence of wastewater discharge close to the sublittoral zone,
where there is a high organic matter concentration that favors
bacterial growth. Another likely factor is that the highest den-
sities of bacteria occur in areas with higher concentrations of
metals because most of the bacteria present there are already
resistant as a result of chronic contamination [20].

Generally, metal contaminations in the environment cause
an increase in the level of resistance among the local bacterial
community [38] and reduce the bacterial diversity as a conse-
quence of bottleneck events [39]. Therefore, the higher the
heavy metal concentration, the higher will be the occurrence
of heavy metal-resistant bacteria. This finding was confirmed
in this study for in the case of Zn and Cr. The higher concen-
tration of these two metals in sediments also presented more

Table 2 Heavy metal tolerance

among bacteria isolated from Metal Percentage (%) of tolerant isolated strain at different Resistant
Araga Bay sediment metal concentrations (g mL ™) isolates (%)
125 25 50 100 200 400 800 1600 3200 >3200
Cadmium 540 51 49 38 22 7 0 0 0 0 38
Copper 100 95 94.1 86 42 25 10* 2.0 0 0 10
Cadmium 100 100 100 100 100 970 658 53* 360 0 53
Zinc 100 960 940 930 720 52 42 4 0 0 52

4 Minimal inhibition concentrations of standard strain E. coli K12
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Fig. 5 Distribution of concentrations of Cd (a), Cr (b), Cu (¢), and Zn (d) in sampled areas in the Sao Sebastido Channel and in the Araca Bay, with a

sublittoral zone [1-16] and an intertidal zone [17-37]

than half of resistant strains identified in this work. Cu that
was found at the lowest concentration presented the lowest
percentage of resistant strains to Cu.

In this study, more bacterial strains were resistant to chro-
mium than to the other metals tested. This difference may be
explained by the relatively low toxicity of chromium com-
pared to the toxicity of the other metals. Chromium (and par-
ticularly Cr(VI)) exhibits little biological activity because of
low interaction with macromolecules and may be considered
less toxic than other heavy metals [40].

It is well known that zinc is a trace element that is essential
for bacterial cell growth, but it is a potent inhibitor of electron
transport in cellular respiration when present at high concen-
trations [41]. However, its toxicity is very low compared to
that of other metals such as Hg, Cd, Cu, Ni, Co, and Pb [42].
This factor may explain the results obtained in this study, in
which more than half of the strains of bacteria isolated from
Araca Bay were resistant to Zn.

The bacteria exhibited low resistance to Cu. This difference
may occur because this metal is associated with acute and
chronic toxicity in bacteria, and because it strongly affects
the enzyme system and essential cellular metabolism [43].

Of the bacterial strains, 38 % were resistant to cadmium,
despite the low concentrations of this metal in the sediments of
the Araca Bay. In fact, several studies have reported the pres-
ence of bacteria that are tolerant of heavy metals, even at sites
with very low heavy metal concentrations [44]. This differ-
ence can be explained by cadmium’s toxicity. Cd is the most
toxic metal for living organisms, and low doses have been
found to have adverse effects on biota [32]. Low Cd concen-
trations are able to select resistant bacteria because higher
concentrations are lethal [45].

The results of PCA analysis confirms the hypothesis pro-
posed in this study, as well all the points discussed above.
Higher bacteria resistance was found in areas with high con-
centration of heavy metals, except for Cd because of it is
extremely toxicity. However, although the Fig. 2 has shown
that intertidal zone, which had a lower heavy metal concen-
tration in general, had a lower bacteria density, PCA showed
that highest concentrations of metals reduce bacterial density
in the marine environment.

Akinbowale, Peng, Grant, and Barton [25] found the same
bacterial resistance to metals tested in this study. The resis-
tance occurred in the following order: Cu> Cr> Zn > Cd.
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Fig. 6 Distribution of bacteria resistant to Cd (a), Cr (b), Cu (¢), and Zn (d) in sampled areas in the Sdo Sebastido Channel and in the Araga Bay, with the

sublittoral zone [1-16] and the intertidal zone [17-37]

Matyar, Kaya, and Dinger [46] studied the sediments of the
Iskenderum Bay in Turkey and found bacteria to be more
resistant to Cd, followed by Cu and Cr. This discrepancy sug-
gests that there are differences in the heavy metal concentra-
tions in sediments from different areas depending on the sur-
rounding anthropogenic activities. These differences may be
reflected in the bacterial resistance profile of the region.

MICs are important to understand the level of strains resis-
tance and may be associated with the concentrations and tox-
icity of metals in the environment. Malik, Khan, and Aleem
[38] isolated bacterial strains from the soil of industrial areas
and reported highest MIC of 2400 ug mL ™" for Cu, Cd, Zn,
and Cr. In this study, the MIC of almost all of the metals
reached maximum values of 3200 pg mL ™. The exception
was Cd, the MIC of which reached a maximum value of
800 pg mL ™!

Malik and Jaiswal [47] also found high MICs in their iso-
lated strains and associated this result with sampling area lo-
cation. Similar to the current study, Malik and Jaiswal [47]
collected their samples from locations close to points of in-
dustrial and domestic effluent discharge. In the present study,
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the collection points were close to domestic sewage and in-
dustrial wastewater discharge points, and were also close of
the Sao Sebastido Port and the TEBAR.

Thus, the distribution of resistant bacteria in the Araca Bay
may be associated with effluent discharge, since both the
highest concentrations of metals and the higher percentages
of resistant strains were found at the points of the sublittoral
zone near the Sdo Sebastido channel. These results also sup-
port the existence of higher heavy metal contamination in the
Sdo Sebastido channel.

Though the metal concentrations found in this study
were below the reference values from Canadian
Sediment Quality Guidelines (SQG) overall, a high fre-
quency of resistant bacterial strains was also found.
These results suggest that the heavy metals likely have
effects on the biota, particularly in the sublittoral area.
The findings also suggest that these populations of micro-
organisms are in the process of undergoing biological and
genetic changes.

This fact is very important, since bacteria are the most
abundant organisms in the sediment and represent the first
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steps of toxic component transfer to higher trophic levels
[14]. Because of these factors, the results suggest the need
for pollution monitoring in the Araca Bay.

A significant portion of the bacteria identified in this study
belongs to the group of Gram-positive bacteria, which is sim-
ilar to findings from other studies [20, 48, 49]. Previous stud-
ies estimated that only 5 % of the bacteria found in the ocean
was gram-positive [50], but more recent studies suggest that
the abundance and diversity of Gram-positive in the sediments
are much larger [49, 51, 52]. The present study suggests a
higher abundance and diversity of gram-positive bacteria in
Brazilian marine sediments.

Fig. 8 Percentages of bacterial
species isolated from sediment
samples and identified by the
analysis of the 16S rRNA subunit
gene

&

39 3%

‘ 2%
2% 3%

The isolates were also identified. The frequency of Bacillus
genus was substantially higher relative to the other genera.
Bacteria resistant to heavy metals were isolated in several
other studies with results similar to ours [53—55]. This consis-
tency may indicate that Bacillus sp. possesses significant po-
tential for the bioremediation of marine and estuarine areas
polluted with heavy metals.

Kamala-Kannan and Lee [56] isolated bacteria resistant
to heavy metals in sediments of the Sunshon Bay in South
Korea. All isolates were identified as Bacillus sp. This
finding suggests that anthropogenic pollution ultimately
selects for resistant species. In this case, Bacillus sp.

= Baciilus pumillus

u Baciilus cereus
Baciilus aerophilus
Baciilus thurigiensis
Baciilus safensis

u Bacillus boroniphilus

» Vibrio alginolyticus

» Planococcus maritimus

= Micrococcus luteus

» Enterobacter asburiae

= Exiquobacterium sp

» Staphylococcus aureus

= Staphylococcus sp

Staphylococcus epidermis

Staphylococccus warneri

@ Springer



592

B. D. B. Zampieri et al.

MIC (pg/ml.)
¥5855E5E

& K & & & & &
\\\\ 2\ \'f ‘\“ » \\\~ o
O > &« N & & o
3 g g
v & " o &
<& & » o 9
&
Cu
1800
1600
31400
E .
= 1200
? 1000
SN
O 00
= 600
400
ol ll i i
0l O .
& & & KN & R &
\\\. K 0‘\ P > » )
\\\ g A W & & &
@ & > N & 5 o
« »* e W W
< & » o <
¢4 :

A

MIC (pg/ml.)
1
1
[
[
|
b= -

N Q \o*“\ & &N K &
N A" v A & W
& & & o S ra o
9 & c\\:l" o J \\\\e \‘\6‘
L & ¥ o S
A% ’
00
49
~ 40
= 0
g
B W
=
2¢h
b 2%
O
E 200
150
100 4
9
o4 —
o 8 & & B o B
o \\‘\ & o & o o
A\ A x ¢ < £
o o i) O o o o
N
L ¢ * & ¥ &
o\ ‘)\‘\‘ K\ Q\\\ A
¥ \_\\o‘ > o N

Fig. 9 Average minimum inhibitory concentration (MIC) of zinc (a), chromium (b), copper (¢), and cadmium (d) for each bacterial genera isolated

was the dominant taxonomic group in the communities of
heterotropic bacteria in the polluted areas.

Staphylococcus sp. is also a genus that may be used in
bioremediation. Staphylococcus sp. may be resistant to multi-
ple heavy metals, findings which are similar to those obtained
in the present study [57]. Several species of Vibrio and
P. maritimus were also isolated from marine sediments in
other studies and exhibited resistance to various metals, as
well as simultaneous resistance to antibiotics [20].

Pollution of the marine environment by effluents from fac-
tories, harbor activities, and other sources containing heavy
metals selects for bacteria that are resistant to various metals.
As a result, this pollution is a problem not only for the local
biota but also for public health, since simultaneous resistance
to metals and antibiotics is a reciprocal phenomenon [57].

Recently, the Scientific Committee on Emerging and
Newly Identified Health Risks suggested that various bio-
cides, including heavy metals, may contribute to the selection
and maintenance of bacteria with antibiotic resistance [58].
This contribution may occur through the horizontal transfer
of genetic elements carrying genes that confer resistance to
antibiotics and biocides or that share the same resistance
mechanisms [58-60].

This problem is exacerbated by the fact that many of these
bacteria are pathogenic and can cause serious problems to
humans. For example, S. aureus has become very relevant in
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recent decades in respect to nosocomial infection with high
levels of morbidity and mortality; in most cases, its multidrug
resistance makes treatment difficult [61]. Another example is
B. cereus, which can cause serious food-borne illness [62].

This effect on public health is another factor that reflects
the need for heavy metal contamination-monitoring in the
environment. This contamination could lead to heavy metal-
resistant bacteria that are more likely to be resistant to
antibiotics.

The points discussed support the hypothesis of this study.
In Araca Bay there is a clear relationship between heavy metal
concentration and selection of heavy metal-resistant bacteria.
There are groups that dominated the environment like Bacillus
sp. Some implications are particularly important: it was pos-
sible to isolate bacteria with great biotechnological potential,
the monitoring of heavy metal pollution has to be encouraging
due the impact in microbial population and to the possibility
of pathogenic strains also be resistant to antibiotics.

Conclusion

In this way, this study showed that the presence of harbor
activities increase heavy metals concentration that influence
the distribution of resistant strains, selecting a larger number
of bacteria resistant to various forms of heavy metals. In
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addition, it may alter the microbial community and ecosystem
function. We isolate several species of heavy metals-resistant
bacteria with high MIC that can be used for future studies of
marine bioremediation of contaminated areas in Brazil.
Moreover, we observed that there is a dominance of Bacillus
sp. in this area and it can have high resistance to metals tested
that could be an indicator of heavy metal-contaminated areas.
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