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4 Resumo

Peptidases sao responsaveis pela hidrdlise de ligacdes peptidicas em cadeias polipeptidicas
e, além do seu papel vital em todos o0s organismos vivos, possuem uma longa histéria de
utilizacdo pela humanidade, principalmente no processamento de alimentos. Estima-se que
o mercado global de enzimas chegue a US$7,1 bilhdes em 2018, dos quais 60%
correspondem ao comércio de peptidases. Porém, a maioria das peptidases disponiveis foi
isolada de organismos mesofilicos e termofilicos. As enzimas psicrofilicas sdo uma
alternativa valiosa, pois sdo ativas em baixas temperaturas, reduzindo os custos energéticos
da sua utilizacdo e sdo facilmente inativadas, sendo Uteis em reacdes que necessitam de
condi¢Ges amenas. Com o objetivo de buscar por peptidases com atividade queratinolitica
em baixas temperaturas, linhagens bacterianas antarticas foram isoladas e, de acordo com a
sua habilidade de degradar residuos queratinosos, trés foram selecionadas e tiveram seus
parametros bioquimicos avaliados. Considerando sua maior atividade queratinolitica, a
bactéria Lysobacter sp. A03 foi escolhida para ter o seu genoma sequenciado e para a
construcao de uma biblioteca genémica a fim de isolar peptidases com potencial industrial e
biotecnologico. Através dessa estratégia, uma serino-endopeptidase, denominada A03Pep1,
foi encontrada, sendo funcional e estruturalmente caracterizada. Seu precursor, de 72,5 kDa,
foi composto por 5 dominios que, através do auto-processamento, originam a forma madura
da enzima, estimada em 35 kDa. A expressao heteréloga foi realizada no vetor pGEX-4T-2
e a peptidase AO3Pepl recombinante foi recuperada principalmente no sobrenadante dos
cultivos da hospedeira E. coli ArticExpress. A atividade 6tima da peptidase ocorreu em pH
9,0 e 40°C, sendo acentuada na presenca de Ca?* até a concentragéo de 25 mM e na presenca
de 10 mM de Na?* NH*" Mg* e Ba®", e foi inibida por 10mM de Zn%. Através da
modelagem 3D, foi predito um sitio de ligacdo ao substrato mais amplo na peptidase
A03Pepl quando comparada a sua homéloga mesofilica AprV2, provavelmente devido ao
encurtamento de uma alca situada préxima ao sitio ativo da enzima, presumivelmente como
uma forma de aumentar a probabilidade de ligacdo ao substrato em baixas temperaturas.
Através da discussdo das caracteristicas funcionais e estruturais da peptidase psicrofilica
A03Pepl, os resultados possibilitam abordagens para o desenvolvimento de enzimas

biotecnologicamente relevantes ativas em temperaturas baixas e moderadas.
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5 Abstract

Peptidases are responsible for the hydrolysis of peptide bonds in a polypeptide chain
and in addition to their critical roles in all living organisms, they have a long history of use
by the humankind, mainly in the processing of food. The global enzymes market was
estimated to be worth US$7.1 billion in 2018, of which the peptidases account for
approximately 60%. However, the majority of the commercially available peptidases were
isolated from thermophilic and mesophilic organisms. Psychrophilic enzymes are a valuable
alternative as they are active at low temperatures, reducing the energy costs of its utilization
and as they can be easily inactivated, being useful in reactions that have to be performed
under mild conditions. Aiming to search for peptidases with keratinolytic activity under low
temperatures, Antarctic bacterial strains were isolated and based on its ability of degrading
keratinous waste, three of them were chosen and had their biochemical parameters evaluated.
Considering its higher keratinase activity, the bacterium Lysobacter sp. A03 was selected to
have its genome sequenced and for the construction of a genomic library to search for
keratinolytic peptidases with biotechnological and industrial potential. Through this
strategy, one serine-endopeptidase, called AO03Pepl, was found and structurally and
functionally characterized. Its precursor, of 72.5 kDa, was composed by five domains that,
by means of autoprocessing, originate the mature enzyme, estimated in 35 kDa. The
heterologous expression was performed in pGEX-4T-2 vector and the recombinant peptidase
A03Pepl was recovered mainly in the supernatants of E. coli ArcticExpress cells cultures.
The optimal activity of the enzyme was at pH 9.0 and 40°C and was enhanced in the presence
of Ca?* until 25 mM and in the presence of 10 mM Na?*, NH*", Mg?* and Ba?* and was
inhibited by 10mM of Zn?*. Based on the 3D structure modelling, was predicted a wider
substrate binding site in A0O3Pepl when compared with its mesophilic homologous AprV2,
probably due to the shortening of a loop region located next to the active site of the enzyme,
presumably as a way to enhance the probability of binding of substrates at low temperatures.
By discussing the functional and structural characteristics found in the psychrophilic
peptidase AO03Pepl, the results provide possible approaches in developing new

biotechnologically relevant enzymes active under low to moderate temperatures.
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6 Introducéo

6.1 Peptidases

As peptidases, também chamadas proteases, proteinases ou enzimas proteoliticas
(RAWLINGS et al., 2014), sdo um grupo de hidrolases que realizam a clivagem das ligacGes
peptidicas em cadeias polipeptidicas e proteinas. Sdo indispensaveis para a sobrevivéncia de
todos os organismos vivos, sendo responsaveis por uma grande variedade de funcfes em
todos os niveis de organizacdo celular, envolvendo-se em tarefas como a digestdo do
alimento, a manutencdo da hemostasia, a resposta inflamatdria e a reprodugdo. Tamanha
importancia é refletida na quantidade de enzimas proteoliticas existentes, uma vez que a
analise de genomas completos evidenciou que aproximadamente 2% de todos os produtos
génicos sdo peptidases, fazendo deste um dos maiores grupos de proteinas funcionais (RAO
et al., 1998, RAWLINGS & SALVESEN, 2013)

As enzimas proteoliticas possuem uma longa histéria de utilizacdo pela humanidade,
havendo registros do uso de renina (quimosina), uma peptidase retirada do quarto estbmago
de animais ruminantes, para coagular o leite usado na producéo de queijos ha mais de 8000
anos (NEELAKANTAN et al., 1999). Alem da manufatura de queijos, as peptidases sdo
utilizadas no amaciamento de carnes, na reducdo do contetdo proteico na farinha utilizada
em paes, no melhoramento do malte durante a producdo de cervejas, na fabricacdo de
detergentes para roupas, para a remocao de corantes de base proteica, e na depilagéo de pecas

de couro.

Atualmente, as peptidases vém ganhando espaco nas industrias de cosméticos, de
diagnostico e na producdo de farmacos, onde destacam-se as enzimas proteoliticas com
atividade anti-inflamatoria e digestiva. Adicionalmente, ja vém sendo realizados testes
clinicos para o uso de peptidases de origem vegetal e bacteriana na remocao de tecidos
necrosados em queimaduras. Entre elas, esta uma protease obtida de Vibrio proteolyticus
que mostrou-se efetiva contra proteinas desnaturadas como aquelas encontradas na pele
queimada (LI et al., 2012; GURUNG et al., 2013).

Devido ao envolvimento em diversas condi¢Ges patofisiologicas, as peptidases

também sdo alvos em potencial para agentes terapéuticos contra doencas como hipertenséo,
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cancer, AIDS, maléria e doenca de Chagas. Como exemplos de sucesso, pode-se citar o
medicamento captopril, que atua inibindo a acdo da metalo-peptidase conversora da
angiotensina (IECA), levando a reducéo da presséo arterial, que constitui a primeira escolha
no tratamento de doencas cardiovasculares; diversos inibidores de aspartato-peptidases do
virus HIV ja licenciadas como drogas para o combate a AIDS; assim como compostos que
sdo efetivos contra peptidases de micro-organismos patogénicos como Aspergillus e
Candida e de parasitas como Plasmodium falciparum (VANDOOREN et al., 2016;
COOMBS et al., 2001).

De acordo com o local de clivagem, as peptidases sdo agrupadas como exopeptidases
ou endopeptidases. As exopeptidases atuam clivando um ou alguns aminoacidos da por¢édo
N- ou C-terminal de uma cadeia polipeptidica, sendo chamadas de amino-peptidases, quando
removem um unico residuo de aminoacido N-terminal, dipeptidil-peptidases, quando
removem dois residuos e tripeptidil-peptidases quando removem trés residuos de
aminoacidos da porcao N-terminal (Figura 1-a). De forma semelhante, as exopeptidases que
agem na extremidade C-terminal, s&o denominadas carboxipeptidases, quando clivam
apenas um residuo ou peptidil-dipeptidases, quando removem dois residuos na por¢do C-
terminal da cadeia polipeptidica (Figura 1-b). As endopeptidases atuam clivando ligacdes
peptidicas internas na cadeia polipeptidica e, de acordo com o seu mecanismo catalitico, o
banco de dados de peptidases MEROPS as divide em aspartato-endopeptidases, glutamato-
endopeptidases, asparagino-endopeptidases, cisteino-endopeptidases, metalo-
endopeptidases, treonina-endopeptidases e serino-endopeptidases, existindo ainda aquelas
cujo mecanismo catalitico ainda é desconhecido (BARRET et al., 2012; RAWLINGS et al.,
2014).

As serino-endopeptidases sdo a classe mais comum de peptidases, sendo encontradas
em todos os dominios da vida e também nos virus. Elas estdo envolvidas em muitos
processos bioldgicos, atuando na digestdo de substratos proteicos utilizados como alimento,
regulando o desenvolvimento dos organismos, atuando na resposta imunoldgica e
participando na infeccdo viral as células. Sdo caracterizadas pela presenca da triade catalitica
Histidina-Serina-Aspartato (His-Ser-Asp), cuja serina ativa é responsavel pelo ataque
nucleofilico do atomo de carbono do grupo carbonila da ligacdo peptidica do peptideo
suscetivel a hidrolise (Figura 2-a) (VOET &VOET, 2013). As serino-endopeptidases estdo
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divididas em tipo-tripsina e tipo-subtilisina, baseadas na sua estrutura. As enzimas Tipo-
tripsina incluem serino-endopeptidases de mamiferos como quimiotripsina, tripsina, elastase
e trombina. Em animais, atuam no processo de digestdo alimentar, hemostasia, resposta
imunoldgica e reproducdo. As enzimas do Tipo-subtilisina sdo encontradas em plantas,
fungos, protozodrios, bactérias e virus, havendo poucos representantes entre os animais.
Geralmente possuem a triade catalitica His-Ser-Asp e sdo alcalifilicas (RAWLINGS et al.,
2014).

Exopeptidase digests terminal peptide
bonds to release amino acids

(Aminopeptidasej [Carboxypeptidasej

I +H.0 l +H,0
H.N COOH
H.N COOH H.N COOH
Amino Acid Amino Acid
H.N COOH
Peptide

(a)

Endopeptidase
digests internal
peptide bonds

+H,0
H,N COOH
H,N COOH H,N COOH
(b) 2 smaller peptides

Figura 1: Mecanismos de acdo das aminopeptidases e carboxipeptidases, os dois grupos
principais de exopeptidases (a); mecanismos de acdo das endoproteases (b). (Imagem
modificada a partir de Silverthorn & Hill, 2012).
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As peptidases nas quais o ataque nucleofilico a ligacdo peptidica suscetivel a
clivagem ocorre por intermédio de um grupo sulfidrila de um residuo de cisteina s&o
denominadas cisteino-endopeptidases (Figura 2-b). Nelas, o doador do préton é sempre um
residuo de histidina, como na maioria das serino-endopeptidases identificadas. Em algumas
familias, somente a dupla Cis-His parece ser essencial para a catalise, enquanto em outras
ha evidéncia de que um terceiro residuo é necessario. Um dos exemplos mais conhecidos de
cisteino-endopeptidases é a papaina, extraida do latex do mamoeiro (Carica papaya),
utilizada no amaciamento de carnes, depilacdo de couros, processamento da Ia e na indUstria
farmacéutica em medicamentos para auxiliar no processo de cicatriza¢ao da pele, preparo de
derivados de tirosina para o tratamento da doenca de Parkinson e no preparo de vacinas
contra o tétano e amostras de imunoglobulina para inje¢fes intravenosas (POLAINA &
MACCABE, 2007; BARRET et al., 2012).

As aspartato-endopeptidases, assim como as metalo-endopeptidases, diferem
das serino-endopeptidases pelo fato de que o ataque nucleofilico a ligacdo suscetivel do
peptideo é ativado por uma molécula de agua, ao invés da cadeia lateral nucleofilica de um
aminoacido. Os aminoacidos que estdo envolvidos na catalise incluem dois residuos de
aspartato que atuam diretamente como ligantes para a molécula de 4gua ativada. O exemplo
mais conhecido de aspartato-endopeptidases é a pepsina, uma enzima digestiva produzida

pelas celulas do epitélio estomacal (Figura 2-c).

Metalo-endopeptidases estdo entre as hidrolases nas quais o ataque nucleofilico a
uma ligacdo peptidica € mediada por uma molécula de &gua. Esta € uma caracteristica
compartilhada com as aspartato-endopeptidases, com a diferenca de que nas metalo-
endopeptidases um cation metalico divalente, geralmente zinco, mas as vezes cobalto,
manganés, niquel ou cobre, é responsavel pela ativacdo da molécula de 4gua. O ion metalico
€ mantido no lugar por aminoacidos ligantes, geralmente histidina, glutamato, aspartato ou
lisina. As metalo-endopeptidases podem ser divididas em dois grandes grupos, de acordo
com o numero de ions metalicos necessarios para catalise. Em varias metalo-endopeptidases,
somente um ion zinco é necessario, mas em algumas familias ha dois ions metalicos que
atuam juntos. As metalo-endopeptidases sdo amplamente distribuidas, existindo mais de
23.000 sequéncias identificadas nos bancos de dados, muitas das quais ainda néo tiveram a

sua importancia fisioldgica estabelecida (Figura 2-d).
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Figura 2: Endopeptidases classificadas de acordo com o seu sitio catalitico. Serino-
endopeptidase (a); Cisteino-endopeptidase (b); Aspartato-endopeptidae (c); Metalo-
endopeptidase (d). As glutamato, asparagino treonino-endopeptidases nao estdo

representadas nesta fiqura. (Fiqura extraida de Neitzel, 2010).

As treonino-endopeptidases sdo um grupo de enzimas proteoliticas caracterizadas
pela presenca de um Unico residuo de treonina N-terminal no seu sitio ativo, que é o
nucleofilo responsavel pela clivagem da ligacdo peptidica. As treonino-endopeptidases
foram descritas pela primeira vez em 1995, quando a estrutura do proteassoma foi resolvida.
Ele é um dos sistemas proteoliticos mais importantes em eucariotos, uma vez que representa
um importante ponto de checagem de qualidade das proteinas expressas em um organismo.
As proteinas que estdo danificadas, mal processadas, ou que ja terminaram de desempenhar
sua funcéo sdo reconhecidas e degradadas no proteassoma (LOWE et al., 1995; RAWLINGS
& SALVESEN, 2013).
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As glutamato-endopeptidases sdo um grupo de proteases recentemente descritas,
compondo a sexta familia de endopeptidases conhecidas. O mecanismo catalitico depende
de um residuo de acido glutdmico no seu sitio ativo. Elas sdo encontradas em fungos
filamentosos patdgenos de animais e plantas, em bactérias e arquéias (RAWLINGS et al.,
2014).

O dltimo grupo de endopeptidases classificadas € o das asparagino-peptidases,
enzimas que tém a capacidade de clivar a si proprias em uma reacdo em que o nucleofilo é
a asparagina. Elas incluem o precursor da enzima Tsh (Temperature-sensitive
hemagglutinin) de Escherichia coli, na qual o grande pré-peptideo C-terminal age como um
auto-transportador, certas proteinas da capsula viral e precursores que sofrem splicing
proteico, como é o caso da subunidade A da DNA girase de Mycobacterium leprae
(MADINGAN et al.2010; RAWLINGS et al., 2011).

6.2 Inibidores de Peptidases

Considerando que a maquinaria proteolitica € a peca chave na mobilizacdo dos
recursos proteicos celulares, ela dever ser altamente seletiva e rigorosamente regulada, ja
que o aumento da destruicdo de proteinas fundamentalmente importantes ou o atraso na
degradacéo de proteinas regulatorias de vida curta pode alterar significativamente as fungdes
celulares (VOET &VOET, 2013).

Devido ao seu potencial para causar danos se fora de controle, os organismos
desenvolveram diversas estratégias para a regulacdo positiva e/ou negativa da atividade
enzimatica que incluem a existéncia de microambientes que permitem que as peptidases
ajam de forma localizada e discreta, a producdo de inibidores especificos que propiciam o
término da acdo enzimatica e a sintese de peptidases na forma de precursores inativos
denominados pro-proteinas ou zimogénios (LAZURE, 2002). Por consequéncia, grupos
altamente diversificados de moléculas inibitorias evoluiram com a funcdo de inativar
reversivel ou irreversivelmente as proteases e, até 0 momento, o banco de dados MEROPS
soma um total de 81 familias de inibidores de peptidases, agrupadas de acordo com a

similaridade entre as sequéncias de aminoacidos, semelhanca com o inibidor tipo (ou
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hol6tipo) da familia ou outra proteina que seja homdloga ao inibidor tipo daquela familia
(RAWLINGS et al., 2014).

Diversos precursores de enzimas sao ativados a partir da clivagem pés-traducional
de ligacdes peptidicas através da autocatalise realizada por um dominio com acdo de
peptidase presente no proprio precursor (figura 3-b superior) ou através da clivagem
executada por outras enzimas (figura 3-b inferior), levando a remogdo de pré-sequéncias
inibitérias que podem ser formadas por poucos residuos de aminoacidos até estruturas com
multidominios (BASAK & LAZURE, 2003).

Nas peptidases que sdo sintetizadas na forma de zimogénios, as proteinas inibitorias
frequentemente fazem da parte da prépria cadeia polipeptidica da enzima, como é observado
nos representantes bacterianos da Familia 19 (figura 3-a). A fim de prevenir qualquer
ativacdo indevida do zimogénio, visto que a traducdo ocorre concomitantemente a
transcricdo, geralmente a pro-sequéncia precede a unidade catalitica, sendo encontrada na
regido N-terminal logo apos o peptideo sinal, no caso das peptidases secretadas. No entanto,
pro-regides C-terminais (PPC) também ja foram descritas, por exemplo, na subtilase de
Pseudoalteromonas sp. SM9913, na metaloprotease VchC de Vibrio cholerae e nas
queratinases KerSMF e KerSMD de Stenotrophomonas maltophilia BBE11-1 (YAN et al.,
2009; FANG et al., 2014, PARK et al., 2015). Foi demonstrado que em muitos casos, esses
dominios atuam ocupando o sitio de ligacdo de forma semelhante ao substrato, inibindo a
acdo da enzima. Porém, o papel dos dominios PPC vai além da simples inibicdo enzimatica,
tendo sido documentada a sua atuacdo como chaperonas intramoleculares auxiliando no
dobramento correto da propria peptidase de que fazem parte. Nesse ultimo caso, os dominios
PPC podem atuar tanto diretamente, reduzindo a barreira de energia necessaria para a
transicdo do zimogénio para a sua forma madura como estabilizando o intermediario durante
seu dobramento (LAZURE, 2002).
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Figura 3: Sintese de peptidases como precursores inativos (a). Entre os mecanismos de
ativacdo, esta a remocao proteolitica do pro-dominio por outra peptidase ou através da

autocatalise (b) (Figura extraida e modificada de Sanman & Bogyo, 2014).

6.3 O mercado mundial de enzimas

No comeco do século XX, o farmacéutico e quimico aleméo, Dr. Otto Rohm, elaborou
0 primeiro preparado enzimatico para uma aplicacdo comercial. Ele isolou tripsina
pancreatica e a adicionou a detergentes para a lavagem de roupas, para a degradacao de
proteinas. No entanto, foi somente a partir dos anos de 1960 que a biocatalise enzimatica
tornou-se industrialmente viavel, com a producdo em massa de peptidases microbianas para
0 uso em detergentes pela empresa dinamarquesa Novozymes (SARMIENTO et al., 2015).
Desde entdo, o mercado de enzimas industriais evoluiu, movimentando uma quantia de US$
2,3 bilhdes de dolares anuais, dos quais 60% correspondem ao comércio de peptidases. (LI
etal., 2012).

De acordo com projecOes de profissionais da industria biotecnoldgica, a demanda

mundial por enzimas tem aumentado em 7% ao ano, devendo chegar a quantia de US$ 7,1



22

bilhdes em 2018, conforme a companhia de pesquisa de mercado americana BCC Research
(BCC RESEARCH, 2014).

Adicionalmente, a catélise enzimatica contribui para que os processos industriais
sejam mais eficientes, pois as enzimas sdo altamente seletivas e rapidas; ambientalmente
sustentaveis, uma vez que as enzimas sdao completamente biodegradaveis, reduzindo a

geracdo de residuos toxicos; e utilizam menos energia nas reacdes (SARETHY et al., 2011).

O aumento da renda per capita em paises em desenvolvimento como india e China
deve alavancar as aplicagdes industriais de biocatalisadores em setores como o de alimentos,
de bebidas, de alimentacdo animal e de produtos de limpeza, pois, conforme as pessoas
elevam o seu padrdo de consumo, aumenta a necessidade do uso de enzimas na manufatura
de produtos de maior qualidade. A elevacdo no consumo de carne, por exemplo, devera levar
ao aumento da demanda por enzimas utilizadas para melhorar a digestibilidade da racéo,
uma vez que os produtores rurais buscam maximizar o ganho de peso animal para satisfazer
0 mercado crescente (BEAUCHEMIN et al., 2003; AMERAH et al., 2011). Outro exemplo
sdo as enzimas utilizadas para melhorar o sabor, a textura e o valor nutricional de pées, de
bebidas e de queijos, produtos cada vez mais consumidos pela classe média em ascenséo
(MOLLER et al., 2013; YARLAGADDA et al., 2014). Também ressalta-se o crescimento
do setor de cosméticos, onde enzimas estdo crescentemente sendo utilizadas na elaboragéo
de cremes, por exemplo, com agentes antioxidantes e fotoprotetores para a pele, como o
acido feldrico, obtido através da reacdo com a enzima feruloyl esterase (AURILIA et al.,
2008).

No Brasil, existe uma clara defasagem na area da chamada Tecnologia Enzimatica,
prevalecendo o uso da catdlise quimica em detrimento da biocatalise nos processos
industriais, fator que eleva os custos de producdo, principalmente devido aos gastos
energéticos, levando a producdo de efluentes com alta carga de residuos quimicos
(POLITZER & BON, 2006; LI et al., 2012). No entanto, apesar de pequeno, o mercado
enzimatico brasileiro movimentou, de acordo com dados de 2005, cerca de US$ 147 milhdes,
dos quais quase US$ 127 milhdes corresponderam a importacdes, deixando visivel a
desvantagem do pais como produtor de enzimas comerciais, ainda mais quando se observa
a importancia do Brasil na producdo mundial de alimentos e de biocombustiveis, setores
estes que fazem grande uso de biocatalisadores (POLITZER & BON, 2006). O mercado
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nacional precisa importar aproximadamente 86% das enzimas empregadas industrialmente,
grande parte delas pelo setor de alimentos. Dessa forma, h4 uma necessidade urgente de
incentivo a trabalhos focados na identificacdo de enzimas microbianas de interesse industrial
a fim de reduzir a caréncia do mercado brasileiro visando a sua produgéo interna (FELLER
& GERDAY, 2003; POLITZER & BOM, 2006; CAVICCHIOLI et al, 2011; SARETHY et
al., 2011).

6.4 Micro-organismos e producdo de enzimas

Os micro-organismos, especialmente fungos e bactérias, sdo a fonte preferencial para
a prospeccdo de enzimas, devido ao seu rapido desenvolvimento, pequeno espago requerido
para cultivo, ampla diversidade bioquimica e facilidade de manipulacdo genética, o que
possibilita a criacdo de novos biocatalisadores com propriedades desejadas com vista a
varias aplicacdes (RAO et. al., 1998; ADRIO & DEMAIN, 2014).

Os continuos avangos biotecnoldgicos, principalmente no que se refere a
manipulacdo de DNA, sequenciamento de Ultima geracdo e ferramentas de bioinformatica
que permitem a busca minuciosa por produtos de interesse em genomas inteiros, estao
levando a uma procura incessante, por parte das industrias, por enzimas customizadas para
a otimizacdo de processos quimicos especificos, como catalisadores que atuem sob
determinado pH, temperatura e salinidade (LI et al., 2012). Por exemplo, os estudos de
metagendmica de micro-organismos de habitats tdo diferentes e inesperados como fendas
vulcanicas, tundra artica, rumen de gado, estbmago de cupins e ambientes marinhos tém
identificado hidrolases microbianas com potencial para aplicagdes biocataliticas como
lipases, oxirredutases, amidases, amilases e proteases (KASANA, 2011). Adicionalmente, o
sucesso recente dos programas de sequenciamento genémico tem resultado em uma exploséo
de informacdo disponivel nos bancos de dados, criando assim a oportunidade de encontrar
novas enzimas, entre outros produtos, através da mineracéo de dados no genoma de micro-
organismos la depositados (ADRIO & DEMAIN, 2014).
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6.5 Enzimas de Micro-organismos psicrofilicos

A maior parte da biosfera terrestre é ocupada por ecossistemas de clima frio, como
as aguas profundas dos oceanos, e as regides polares e alpinas que, apesar de aparentemente
indspitas, foram colonizadas com sucesso por micro-organismos adaptados a baixas
temperaturas, conhecidos como psicrofilos. Esses extremdfilos sdo caracterizados por
apresentarem uma temperatura 6tima de desenvolvimento entre 0 e 20°C, no entanto, micro-
organismos cujo crescimento ocorre em temperaturas abaixo de -12°C j& foram descritos.
Eles apresentam fluxos metabdlicos que sdo mais ou menos compativeis com aqueles
exibidos por mesofilos estreitamente relacionados que vivem em temperaturas moderadas,
demonstrando o envolvimento de mecanismos de adaptacdo a temperatura. Os organismos
psicrofilos, muito mais do que uma curiosidade bioldgica, representam uma fonte para
estudos que buscam novos produtos de interesse biotecnoldgico como, por exemplo, enzimas
ativas em temperaturas reduzidas. (CAVICCHIOLI et al., 2002; KASANA, 2011;
STRUVAY & FELLER, 2012; FELLER, 2013).

As enzimas ativas no frio sdo caracterizadas por uma alta eficiéncia catalitica em
temperaturas baixas a moderadas, nas quais suas homdlogas mesofilicas apresentam pouca
ou nenhuma acdo (Figura 4). Nas enzimas adaptadas ao frio, a baixa energia cinética das
moléculas em reacdo € compensada pela flexibilidade das estruturas, conseguida pela
combinacdo de caracteristicas estruturais, que incluem a reducdo da hidrofobicidade do core
enzimatico, reducdo das interacGes ionicas e eletrostaticas, aumento da carga dos residuos
superficiais, promovendo o aumento da interacdo com o solvente; algas superficiais
adicionais, substituicdo de residuos de prolina por glicina nas alcas superficiais, baixa
relacdo arginina:lisina, interacGes inter-dominios e inter-subunidades mais fracas, menos
interacdes aromaticas e um numero reduzido de pontes dissulfeto. Como resultado, o sitio
ativo e regides adjacentes dessas enzimas permanecem flexiveis, e 0 aumento da
flexibilidade conformacional é acompanhado pelo aumento da sua termolabilidade
(CAVICCHIOLI et al. 2011). Porém, observa-se que a adaptacdo a baixas
temperaturas ndo é perfeita e, mesmo que a atividade especifica de enzimas psicrofilicas seja
muito alta, ela permanece mais baixa do que aquela de enzimas mesofilicas atuando a 37°C
(STRUVAY & FELLER, 2012).
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Figura 4: A atividade de enzimas psicrofilicas (circulos abertos, linha azul) quando
comparada a mesofilicas (circulos fechados, linha preta) em diversas temperaturas ilustra
as duas principais propriedades de enzimas adaptadas ao frio: atividade em temperaturas
inferiores aquelas de enzimas mesofilicas e labilidade térmica. Amilases (a). Celulases (b).

(Figura extraida e modificada de Struvay & Feller, 2012).

Apesar do conhecimento acerca das estruturas tridimensionais das enzimas adaptadas
a baixas temperaturas ter aumentado consideravelmente nas tltimas duas décadas, o nimero
de estruturas cristalograficas disponiveis ainda é limitado. Acredita-se que um dos principais
motivos para isso seja a dificuldade na obtencao de cristais de enzimas psicrofilicas, devido
a sua maior flexibilidade. Uma forma encontrada para contornar o problema é a modelagem
estrutural por homologia, que tem auxiliado na elucidacdo da forma 3D de diversas proteinas
de organismos psicrofilicos e que, juntamente com os dados cristalograficos, tem
demonstrado que cada enzima psicrofilica adota a sua propria estratégia adaptativa a
temperatura ajustando-se para aumentar a resiliéncia global ou local da estrutura proteica
(GEORLETTE et al., 2004).

Os estudos estruturais em enzimas psicrofilicas tém revelado que a flexibilidade pode
ser encontrada tanto uniformemente quanto restrita a regido ao redor do sitio ativo e/ou

fazendo parte dele, de forma que em determinadas enzimas, apenas uma pequena mudanca
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no sitio de ligacdo do substrato aumente a sua eficiéncia catalitica quando comparada a uma
enzima mesofilicas homologa. Por exemplo, uma metaloprotease dependente de zinco
encontrada em uma linhagem de Pseudoalteromonas isolada do Oceano Artico, demostrou
ser globalmente flexivel, como resultado da reducéo das ligacdes de hidrogénio em toda a
enzima (XIE et al., 2009). Ao contrario, D’ Amico e colaboradores (2003), trabalhando com
a a-amilase AHA de uma linhagem psicrofilica de Pseudoalteromonas haloplanktis
demonstraram que a flexibilidade da enzima estava localizada na regido do seu sitio ativo,
que parecia desnaturar em temperaturas mais baixas em comparacdo aos demais
componentes estruturais. Comparando-se a estrutura da a-amilase AHA com aquele da a-
amilase pancreatica suina, constatou-se que na enzima psicrofilica os loops que margeiam o
sitio ativo eram marcadamente mais curtos, favorecendo a acessibilidade do substrato
(Figura 5). Esses exemplos ilustram as formas especificas atraves das quais as enzimas
adaptadas ao frio podem apresentar flexibilidade e o seu conhecimento pode ser de grande
importancia na prospec¢do e na manipulacdo genética de enzimas de microrganismos

psicrofilicos de interesse biotecnoldgico (SHERIDAN et al., 2010).

Vaérios trabalhos possibilitaram a descoberta de enzimas adaptadas ao frio que sdo
utilizadas comercialmente, como a fosfatase alcalina da empresa New England Biolabs, a
lipase 435 da empresa dinamarquesa Novozymes e a celulase IndiAge da Genecor, utilizada
no processamento de jeans pela industria téxtil. Dentre os fungos, um dos exemplos mais
conhecidos de utilizacdo de micro-organismos psicrofilicos ¢ o da levedura Candida
antarctica, produtora de duas lipases, uma delas propriedade da Novozymes, atualmente
aplicada no processamento de alimentos, na industria farmacéutica e de cosméticos. Além
disso, 0 nimero de patentes requeridas para essas peptidases tém aumentado nos ultimos
anos, como para uma beta-galactosidase que hidrolisa a lactose do leite em baixas
temperaturas, uma caracteristica interessante para o processamento de laticinios para
individuos com intolerancia a lactose, sem alteracdo nas propriedades organolépticas do
produto (HOYOUX et al., 2001), e uma peptidase alcalina extracelular obtida de uma
bactéria marinha relacionada com o género Pseudomonas cujo gene foi clonado em E. coli,

expressando com sucesso a enzima recombinante (WANG et al., 2010).
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Figura5: Flexibilidade local observada no sitio ativo da a-amilase psicrofilica AHA (azul)
quando comparada a sua homologa mesofilica suina (vermelho) (a). O substrato é
mostrado no centro da figura (amarelo). Vista tangencial da superimposicdo das duas

estruturas (b). (Figura extraida de Georlette et al., 2004).
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A expressdo heterdloga de genes de enzimas obtidas de micro-organismos
psicrofilicos tem se mostrado vidvel em linhagens comerciais de E. coli, tendo como
vantagem adicional a formag&o de menos corpos de inclusdo e um aumento na recuperagéo
de proteina soltvel, como visto na protease extracelular PRO-2127 da linhagem antértica de
Pseudoalteromonas sp. QI-1(YING et al., 2011) e na lipase adaptada ao frio da linhagem
IFO 3458 de Pseudomonas fragi, que reteve grande parte da atividade em baixa temperatura
encontrada na enzima nativa quando expressa na linhagem hospedeira (ALQUATI et al.,
2002).

As caracteristicas estruturais Gnicas das enzimas adaptadas ao frio fazem com que
elas possam ter aplicacdes tdo diversas quanto na industria de detergentes domésticos, de
alimentos, de tecidos, na area de biologia molecular e de analises laboratoriais. Por exemplo,
elas podem ser utilizadas para a transformacdo de alimentos em baixas temperaturas,
evitando assim a sua deterioracdo e a perda das propriedades nutricionais e sensoriais que
poderia ocorrer com o aquecimento. Na industria cosmética, a sintese de compostos volateis
e sensiveis ao calor, como fragrancias, é facilitada em baixas temperaturas. Na biologia
molecular, enzimas termolabeis séo vantajosas pela sua inativacdo por tratamento térmico
mais suave e sem interferéncia nas reacfes subsequentes. Na inddstria téxtil, as enzimas
adaptadas ao frio podem ser utilizadas para a otimizacéo do processo de lavagem de tecidos
em temperaturas mais baixas, poupando energia (CAVICCHIOLI et al., 2002; FELLER,
2013).

Enzimas proteoliticas sdo rotineiramente adicionadas a composi¢cdo de detergentes
de roupas de uso doméstico. No entanto, devido aos habitos dos consumidores, que tendem
a preferir a lavagem das roupas em temperaturas acima dos 30°C, a maioria das proteases
contidas nesses produtos sdo termofilicas ou termotolerantes. Essa mentalidade vem sendo
modificada ao longo das ultimas décadas, ja que a preocupacdo com o aquecimento do
planeta, causado pelas a¢Ges humanas, tem atingido parte da populacdo, que agora tem
optado por produtos que possam reduzir a sua “pegada ecoldgica” sobre a Terra, medida,
entre outros parametros, pelas emissdes de carbono de cada individuo (WACKERNAGEL
& REES, 2004).

A relacdo entre a reducdo na temperatura e a diminui¢do do consumo de energia, com

consequente impacto nas emissbes de carbono, foi reconhecida pelos fabricantes de
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detergentes que, ao combinarem um detergente padréo contendo 0,4% da enzima Savinase
(uma enzima mesofilica) com outras derivadas de micro-organismos adaptados ao frio,
observaram que ao baixar a temperatura de lavagem de roupas de 40°C para 30°C conseguiu-
se uma economia de 30% na eletricidade utilizada, mantendo o0 mesmo desempenho obtido
a 40°C, o que significou uma reducdo de 100g nas emissdes de carbono por lavagem
(NIELSEN, 2005; PROCTER & GAMBLE, 2009).

6.6 Queratinases

A queratina ¢ uma proteina insoltvel que constitui o principal componente da
estrutura de penas, unhas, cabelos, cascos, 13s e chifres. Ela ¢ classificada em a- ¢ B-queratina
de acordo com a extensdo e distribuicdo das ligacdes dissulfeto internas que ligam os
residuos de cisteina. A a-queratina € encontrada em todos os vertebrados, notoriamente em
mamiferos, e sua estrutura secundaria ¢ formada principalmente por duplas de a-hélices
paralelas superenroladas que se unem até formarem uma fibra de 32 unidades. A B-queratina
é encontrada exclusivamente em répteis e aves e € constituida principalmente por folhas-f
“pregueadas” e ligadas entre si, que sdo estabilizadas e enrijecidas por ligagdes dissulfeto

(KESSEL & BEN-TAL, 2010).

A consequente rigidez da queratina faz com que esta proteina seja altamente
recalcitrante e ndo degradavel por peptidases como tripsina e papaina. No entanto, observa-
se que a queratina ndo se acumula no ambiente, devido a atividade de peptidases
especializadas denominadas queratinases. Geralmente, elas sdo enzimas extracelulares
classificadas principalmente como serino-endopeptidases com grande similaridade com as
sequéncias de subtilisinas, mas seu mecanismo de ac¢do ndo esta completamente elucidado,
de forma que, de acordo com o Comité de Nomenclatura da Unido Internacional de
Bioguimica (NC-IUMB), elas sdo classificadas como um grupo de peptidases de mecanismo
desconhecido. No entanto, sabe-se que a degradacao da queratina envolve a acdo cooperativa
entre a reducdo das ligacdes dissulfeto e a quebra das ligacdes peptidicas (BANERJEE et
al., 2014).
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Dados os varios tipos de substratos queratinosos presentes no ambiente e seus
arranjos moleculares distintos, é razodvel a afirmativa de que existam diferentes tipos de
enzimas para agir sobre cada um deles. De fato, os estudos tém revelado que existe uma
maior similaridade no nivel de género entre as sequéncias de amino acidos nas queratinases
bacterianas que pode indicar a sua especificidade ao substrato de acordo com o tipo de
queratina (BANERJEE et al., 2014)

Enzimas queratinoliticas sdo encontradas principalmente em bactérias do género
Bacillus, embora algumas bactérias Gram-negativas como Chryseobacterium, Pseudomonas
e Burkholderia tenham sido reportadas como linhagens produtoras de enzimas
queratinoliticas, assim como alguns fungos dos géneros Aspergillus e Trichophyton. A
maioria das queratinases sdo ativas em pH neutro e alcalino e s&o isoladas
predominantemente de organismos mesofilicos e termofilicos, com temperaturas 6timas de
atividade variando entre 40°C em algumas espécies de Bacillus e 100°C em
Fervidobacterium islandicum, ficando clara a falta de representantes psicrofilicos entre elas
(BRANDELLI et al., 2010; GOPINATH et al, 2015) (Tabela 1).

As queratinases possuem um amplo potencial para aplicacdo industrial e
biotecnologica, como na formulacdo de detergentes domésticos e industriais, preparo de
suplementos proteicos, na manufatura do couro, na industria téxtil e no processamento de
residuos de penas que podem ser utilizados como fertilizantes e na racdo de animais.
(BRANDELLI et al., 2010). Além disso, foi demonstrado recentemente o potencial para
utilizacdo de enzimas queratinoliticas em formulacfes para a degradacdo de proteinas
infecciosas, as chamadas prions (OKOROMA et al., 2013), para melhorar a acessibilidade
de drogas para o tratamento de micoses nas unhas (SHIVAKUMAR et al., 2014) e na

industria cosmética, principalmente em produtos para o cuidado capilar (VILLA etal, 2013).
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Microrganismo Tipo Catalitico Massazl(rg;l)e cular 6520 Tg?rggr?)tg; a
Bacillus sp. SCB-3 Metallo 134 7 40
Bacillus cereus DCUW Serine 80 8.5 50
Bacillus licheniformis FK14 Serine 35 8.5 60
Bacillus licheniformis K-508 Thiol 42 8.5 52
Bacillus licheniformis MSK103 Serine 26 9-10 60-70
Bacillus licheniformis PWD-1 Serine 33 7.5 50
Bacillus licheniformis RPk Serine 32 9.0 60
Bacillus pumilis Serine 65 8.0 65
Bacillus subtilis KD-N2 Serine 30.5 8.5 55
Bacillus subtilis KS-1 Serine 254 7.5 -
Bacillus subtilis MTCC (9102) Metallo 69 40
Bacillus subtilis RM-01 Serine 20.1 45
Clostridium sporogenes - 28.7 55
Chryseobacterium sp. kré Metallo 64 8.5 50
Chryseobacterium indologenes TKUO014 Metallo P1: 56 P1:10 P1: 30-50
Chryseobacterium indologenes TKU015 Metallo P2: 40 p2: 7-8 P2: 40
Chryseobacterium indologenes TKU016 Metallo P3: 40 P3:8-9 P3: 40-50
Fervidobacterium islandicum AW-1 Serine >200 9 100
Fervidobacterium pennavorans Serine 130 10 80
Kocuria rosea Serine 240 10 40
Kytococcus sedentarius Serine 30-50 7-75 40-50
Lysobacter sp. NCIMB 9497 Metallo 148 - 50
Microbacterium sp. kr10 Metallo 42 75 50
Nesternkonia sp. AL-20 Serine 23 10 70
Nocardiopsis sp. TOA-1 Serine 20 >12.5 60
Stenotrophomonas maltophilia Serine 35.2 7.8 40
Streptomyces sp. S7 Serine-metallo 44 11 45
Streptomyces sp. strain 16 Serine Kl: 203.2 KI: 9 Kl: 50
Streptomyces sp. strain 17 Serine KIlI: 100.8 KIl: 9 KII: 50
Streptomyces sp. strain 18 Serine KIll: 31.8 KII: 9 KIlI: 50
Streptomyces sp. strain 19 Serine KIV:19.2 KIV: 9 KIV: 60
Streptomyces albidoflavus Serine 18 6-9.5 40-70
Streptomyces pactum Serine 30 7-10 40-75
Streptomyces gulbagensis DAS 131 - 46 9 45
Streptomyces thermoviolaceus - 40 8 55
Thermoanaerobacter sp. 1004-09 Serine 150 9.3 60
Thermoanaerobacter keratinophilus Serine 135 8 85
Xanthomonas maltophilia Serine 36 8 60

Tabela 1: Principais linhagens bacterianas produtoras de queratinases destacando o seu

tipo catalitico, massa molecular, pH e temperatura étimos de atividade. (Tabela

modificada a partir de Brandelli et al., 2010).
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6.7 Lysobacter

Lysobacter ¢ um género de bactérias Gram-negativas com formato de bastonete
pertencente a familia Xhantomonadaceae, dentro da classe Gammaproteobacteria.
Atualmente, sdo reconhecidas 30 espécies dentro do género, descrito em 1978, sendo a
espécie tipo Lysobacter enzymogenes, conhecida pela vasta produgdo de enzimas
(CHRISTENSEN & COOK, 1978). As espécies de Lysobacter sao isoladas principalmente
do solo e agua e t€ém como caracteristicas distintivas a sua motilidade por deslizamento, um
alto contetido de G+C e a produgao de enzimas liticas ativas contra outros micro-organismos,
incluindo outras bactérias, fungos € nematdédeos (KRASOVKAYA et al., 2013). A protease
a-litica, isolada de L. enzymogenes, foi a primeira enzima bacteriana a apresentar homologia
com serino-endopeptidases pancredticas, sendo extensivamente estudada através de
cristalografia de raios-X devido a facilidade de purificagdo, o que possibilitou o seu estudo
espectroscopico por Ressonancia Magnética Nuclear e identificagdo de um tnico residuo de
histidina localizado no seu sitio ativo (EPSTEIN & WENSINK, 1988). Recentemente, foi
evidenciada a produgdo de produtos bioativos por linhagens de Lysobacter, como
ciclodepsipeptideos ativos contra linhagens de Staphylococcus aureus resistentes a

meticilina (XIE et al., 2012).

Linhagens de L. enzymogenes foram identificadas como potenciais agentes para
controle biologico. Por exemplo, foi comprovada a a¢ao do isolado L. enzymogenes C3 no
biocontrole de fungos causadores da podriddao em raizes de trigo (EKEN & YUEN, 2014).
A mesma espécie foi identificada como fonte de metabolitos secundarios bioativos, como o
Fator Antifiingico termoestavel (HSAF), com agdo contra fungos patogénicos de plantas e
animais (QIAN et al., 2013) . Também para o controle biologico, a linhagem L. antibioticus
13-1 foi utilizada no combate da bactéria Xanthomonas oryzae pv. oryzae causadora da
mancha foliar em arroz, com eficiéncia na supressdo da doenga de quase 70% (JI ef al.,

2008).

Até recentemente, somente linhagens mesofilicas e uma termofilica (L. thermophilus
— WEI et al., 2012) de Lysobacter haviam sido descritas, mas o trabalho de Fukuda e
colaboradores (2013) descreveu pela primeira vez uma nova espécie, chamada L.

oligotrophicus, isolada de um lago da Antartida. Em seguida, a publicagdo de Kimura et al.
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(2015) descreveu-a como produtora de um pigmento marrom escuro semelhante a melanina,

porém soluvel, com potencial aplicagdo industrial.

Membros do género Lysobacter também sdo conhecidos por degradar quitina e outros
polissacarideos, além de apresentarem uma alta atividade proteolitica, através da producao
de proteases extracelulares de interesse ecologico, médico e agricola, como a enzima AlpB
produzida pela linhagem Lysobacter sp. XL1 e a serino protease LepB produzida pela
linhagem Lysobacter sp. I1B-9374, esta tltima disponivel comercialmente (CHOHNAN et
al., 2004; KRASOVKAYA et al., 2013). Como representante psicrofilico, o isolado
Lysobacter sp. A03, isolado do ambiente Antartico, mostrou-se produtor de proteases
extracelulares capazes de degradar a queratina proveniente de residuos da industria avicola

em temperaturas abaixo de 20 °C (PEREIRA et al,. 2014).
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7 Objetivos

O objetivo deste trabalho foi a identificagdo, clonagem e expressao de peptidases
queratinoliticas de interesse industrial e biotecnologico ativas em temperaturas reduzidas
produzidas pela linhagem psicrofilica Lysobacter sp. A03 através do screening funcional de

uma biblioteca gendmica.

7.1 Objetivos Especificos

- Constru¢ao de uma biblioteca gendmica de Lysobacter sp. A03;

- Screening funcional da biblioteca em busca de peptidases ativas em baixas temperaturas,
- Clonagem dos genes de peptidases;

- Expressao e purificagdo das peptidases,

- Caracterizagdo funcional das peptidases;

- Caracterizagdo estrutural da peptidase através de modelagem por homologia;

-Sequenciamento do genoma de Lysobacter sp. A03 para a busca de novas enzimas de

interesse biotecnolodgico.



8 Resultados — Capitulo 1
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8.1 Artigo Publicado - Isolation of three novel Antarctic psychrotolerant feather-
degrading bacteria and partial purification of keratinolytic enzyme from Lysobacter
sp. A03. International Biodeterioration & Biodegradation, v.88, p.1-7, 2014
PEREIRA, J.Q.; LOPES, F.C.; PETRY, M.V.; MEDINA, L.F.C. & BRANDELLIL A.
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Three psychrotolerant bacteria (designated as AD3, ADE and ATTU) were isolated from penguin feathers
collected in the Elephant Island, Antarctic. They wem able to grow in feather meal as sole carbon and
nitrogen source at 9 =C, 20 *C and 30 =C. Based on 165 rDNA sequencing, the strains were identified as
belonging to the genera Lysobacter, Arthrobocter and Chryseobocterium, respectively. The isolate Lyso-
bacter sp. AD3 was capable to degrade feather meal amost completely in 7 days of cultivatdon at 20 =C,
which was also the optimal growth temperature for Arthrobocter sp. ADE and (hryseobacerium sp. A17LL
Despite the optimum growth temperature of the isolates was in the range of psychrotolerant microor-
ganisms, the enzyme extracts showed maximum caseinolytic and keratinolytic activities under tem-
peratures between 15 and 20 °C above that point, which is expected when enzymes are isolated from
their source organism. For Lysobacter sp. AD3, proteolytic activity was strongly inhibited by serine pro-
tease inhibitor PMSF, while for Arthrobacter sp. ADE and Chryseobacterium sp. A T7U the enzymatic ac-
tiwity was inhibited by EDTA and partially inhibited by PMSF and 1,10-phenantroline. These results were
in agreement with those found in zymograms. The protease of Lysobecer sp. AD3, partally purified by
two-step ion exchange chromatography, was only inhibited by PMSF. The peptide bands were analyzed
by mass spectrometry resulting in the absence of significant homology to other Lysobacter proteins or
microbial proteases of MCBI database. The production of keratinolytic proteases by these cold-adapted
bacteria can be valuable for the reduction of energy costs in the application of enzymes in industrial
processes as an alternative to mesophilic and thermophilic microorganisms.

& 2013 Elevier Lid. All rights reserved.

1L Introduction

et al, 2004: Cary et al., 2010; Teixeira et al., 2010}, but fewer have
beeninterested on biotechnol ogical characteristics, such as enzyme

The Antarctic continent has a great potential for prospectng
new cultivable microorganisms with biotechnological relevance, A
growing number of works have been focused on the diversity of
bacterial taxa from this environment (Bowman et al, 1997; Shivaji

o Sclentific relevance: The present article describes the efficient degradation of
keratim by three novel psychrobolerant Antarctic bacteria isolated from penguin
feathers. These bacteria cam be wseful for development of emergy-saving bio-
processes for the management of recalol trant kera tin wastes, and as a viable option
for ohitaining cold-active keratinoyic enzymes. The keratinases showed inte resting
properties for application in the enzymatic hydrolyss of proteins, partiouwlarly
feather keratin

* Correspond ing suthar. Fax 455 51 3308 70«48,

E-ml addres: abrandiPufres br (A Bramdelli)]

OE4-8305(% — see front matter & 2013 Elsevier Lod. All rights reserved.

production by psychrophilic and psychrotrophic strains.

The South Shetland [slands and Antarctic Peninsula is the nest-
site of various birds, including two penguin species (Pygoscelis
papua and Pygoscelis adelioe) that, after the breeding season, go
through one complete molt (del Hoyo et al., 1992}, Their feathers,
although highly recalcitrant, do mot accumulate in the environ-
ment, suggesting the action of the soil microbiota (Lucas et al,
2003; Park and Som, 2009). Furthermore, keratin wastes are
generated by poultry industry on the order of millions of ons per
year (Park and Son, 2009; Agrahari and Wadhwa, 2010}, Such
feathers can be processed by high-pressure cooking and milling to
generate a valuable additive in amimal feed as a protein supple-
ment. Howewver, this approach has nutritional limitations because it
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leads to a loss of essential amino acids and to a poor digestibility
{Onifade et al, 1998; Brandelli, 2008). Thus, enzymatic digestion by
microorganisms has been wsed as an alternative to convert keratin
waste in a valuable and environmental-friendly product.

Keratinases are the enzymes that target the hydrolysis of kera-
tinous substrates such as wool, nails and feather These enzymes
are produced by microorganisms belonging @ the three domains of
life {Brandelli et al, 2010). The majority of keratinases described to
date originate from mesophilic and thermophilic organisms
(Riessen and Antranikian, 2001 ; de Azevedo et al., 2006; Park and
Son, 2009) and, despite their advantages, the application of these
enzymes may be restrictied due to high energy consumption,
increased possibility of byproducts formation and degradation of
thermolabile substrates and prodwcts. The production of kerati-
nases by psychrophilic and psychrotrophic strains has been poorly
reported and can provide agood alternmative to transfo rm substrates
at low energy cost (Joshi and Satyanarayana, 2013).

Thus, the aim of this work was the identification of feather
degrading bacteria, isolated from penguin feathers collected in
Elephant [sland, Antarctic, besides the characterization of proteases
produced by these isolates, in order to find novel enzymes with
potential biotechnological applications.

2. Materials and methods
21, Isolation of MiCrOOrganisms

The microorganisms were isolated from decomposing penguin
feathers collected in Elephant [sland (coordinates UTh 588004,
3210090, zone 21), in December 2009, Fragments of feathers were
collected aseptically, flooded in 90 mLof sterile saline solution (8.5 g/
L Ma(l) and serially diluted to 10°% A wolume of 100 ul of each
dilution was streaked on feather meal agar (FMA) (10 g/L feather
meal, 0.5 gL NaCl, 0.3 gL K;HPO,, 04 g/LEKH;PO3and 12 g/Lagar)as
unique source of carbon and nitrogen (Riffel et al, 2003). After pe-
ricds of incubation at room Emperature (20-25 =C) that ranged
from one to four weeks, the single colonies were picked and trans-
ferred toTrypticSoy Agar (TSA Jand maintained at4 *C. The long term
stwrage of bacterial strains was performed in TSB (Tryptic Soy Broth )
containing 20% (vfv) glycerol followed by freezing storage at —20C
(Laboratorio de Biologia Molecular, Unisinos, S80 Leopoldo, Brazil ).

22 Screening of proteolytic adivity

For primary screening of proteolytic activity, isolates were
inoculated in skimmed milk agar plates (SMA) (5 g/l pepione, 3 gL
yveast extract, 100 mL/L sterile UHT skimmed milk, and 12 g/L agar)
and incubated at temperatures that ranged from 9 to 30 <C and pH
between 5.0 and 11.0, for periods that ranged from one to seven
days. The diameter of the clearing zones around the colonies was
used as a criterion for selection of the strains and the optimal
temperature and pH of proteolytic activity was used for cul tivation
in feather meal broth (Pillal and Archana, 2008 ).

23, Molecular id entification

Total DMA ofisol ates able to grow bothin FMA and in SMA plates
was extracted and the partial 165 rDNAwas amplified with universal
primers 27F (5-AGAGTTTCATCMTGLGCTCAG-3') and 1525R (5-
AAGCAGGTCWTCCARCC-3"). The PCR products were sequenced
with forward primers 27F and 518F (5 -CCAGCAGCCGOCGTAATACG-
3" at least three times from inde pendent reactions to avoid artifacts
introduced by the infidelity of Tag polymerase during amplification.
The sequences ob@ined were submitted to the BLAST search algo-
rithm present on GenBank database {(www.nchbinlmunih.gov|

BLAST), edited using Bioedit software and aligned with Clustal X
using default parameters (Thompson et al, 1997) to create
consensus sequences that were deposited in the GenBank database.

2.4, Growth conditions

The selected isolates were cultivated in feather meal broth
(FMB) (10 g/L feather meal, 0.5 g/l MaCl, 0.3 g/l K:2HPOy, 0.4 g/L
KH,;POy4) at 125 rpm for seven days, at the temperatures of 20 °C,
30*Cand 40°C and optimal pH, according to results of SMA plates.
Culture supermatants obtained after centrifugation at 10,000« g for
10 minwere used as crude extracts for the subsequent analysis. The
bacterial growth was determined in the temperature of maximum
enzymatic activity achieved, using serial dilutions of the cultures
until 107 in saline solution (8.5 g/L Ma(l) followed by plating on
TSA for CFU counting after 48 h incubation at 20°C

2.5, Bvaluarion of feather meal degradation

The medium alkalinization was measured daily as an indicative
of keratin hydrolysis (Riffel et al, 2003). The soluble proteins were
determined in the supematants according to the Folin phenaol re-
agent method {Lowry et al, 1951), using bovine serum albumin as
standard.

2.6. Proteolytic assay

Enzymiatic assays were performed using azokeratin and azoca-
sein as substrates (Daroit et al, 2009) with modifications. Azoker-
atin was synthesized according to the method described by Riffel
et al (2003), Assays were conducted for 1 h by incubating 100 pL
of enzymatic supermatant in 300 pL of a 10 mg/mL suspension of
azokeratin in phosphate buffer, pH 7.0 at 30 “C. The reactions were
stopped by adding 200 uL of 10% (wfv) trichloroacetic acid (TCA L
The tubes were centrifuged at 10000 rpm for 5 min and the
enzymatic activity was measured by the increase of the absorbance
at 440 nm. The assays were performed in triplicate and the controls
were prepared by adding 10% TCA before incubation. One unit of
keratinolytic activity was defined as the amount of enzyme that
resulted in an increase in absorbance at 440 nm of 001 after re-
action with azokeratin for 1 h{Daroitetal., 2009). To determine the
proteslytic activity, a similar protmcool was used with azocasein
(Sigma, St. Louis, USA) as substrate, except for the addition of 200 pL
of 1.8 M MaOH to the reaction after centrifugation followed mea-
surement at 420 nm {Daroit et al, 2009).

2.7, Efect of temperature and pH on proteolytic activities

To determine the best conditions of protease activity in the
supernatant of isolates cultivated in FMB at the optimal tempera-
ture for feather degradation measured in Section 2.4, enzymatic
assays were carmied out at temperatures of 10, 20, 30, 40, 50, 60 and
70 *C, according to above protocol for azocasein, and at pH that
ranged from 5.5 to 9.5 in 0.1 M sodium citrate {pH between 5.5 and
70) and 01 M Tris—HCI {pH between 7.5 and 9.5) buffers.

2.8 Efect of protease inhibitors

The protease inhibitors phenylmethylsulfonyl fluoride (PMSF),
ethylenediaminetetraacetic acid (EDTA), 1-10-phenanthroline,
indoacetamide and pepstatin A were used to investigate the type of
proteases present in the supernatants. The enzyme preparations
were incubated for 10 min with the inhibitors before adding the
substrate. The inhibitors were used at a final concentration of
1 mM, excepting for pepstatin A that was used at 5 phl
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29 Zymography Tabile 1
Maolecul ar ldentfication of Antanctic kol ates based on 165 rDNA gene squencing
Zymograms were carried out under non-reducing conditions kolate  Sequence dentity Sequence Similarity ~ GenBank
with the samples of the optimum time of cultivation in FME by length (bp) (%] accession
loading 15 uL of the supematants in 12% polyacrilamide gels con- number
tining gelatin (1 mg/mL). After electrophoresis, gels were washed AlE Lysabacter sp. 1150 o AMIT1012
twice for 30 min in a solution of 2.5% (v/v) Triton X-100ina 0.1 M AlE Arthrabager sp. 1224 bl FREE26TT
AU Chryseohacterium sp. 1278 o] AYSEI203

Tris—HC buffer, pH 8.0 to remove 505, incubated in development
buffer (0.1 M Tris—HCL pH 80; 5 mM CaCly; 200 mM MaCl) over-
night at 37 “C, both without and in the presence of proteases in-
hibitors PMSF (10 mM) or EDTA {10 mM ), stained with Commassie
Brilliant Blue B-250 and destained with a solution of 10% acetic acid
and 40% methanol in distilled water. Proteclytic bands appeared as
clear spots in the blue background of gels (Lopes et al, 2011}

210. Partial purification of Lysobacter proteases

A partial purification protocol was developed for Lysobacter sp.
AD3 strain, which achieved the best results in terms of keratin waste
degradation. The culture supematant obtained in FMEB was
concentrated 8-fold using an Amicon Ultra-15 30K centrifugal filter
unit {Millipore ). The concentrated supernatant was applied to a Ch-
Sephadex CL-6B cation exchanger column equilibrated with 50 mM
phosphate buffer pH 8.0 and el uted with the same buffer followed by
alinear gradient from0 to 2 M NaCl. The fractions were collected and
those that showed proteolytic activity on azocaseinwere pooled and
dialyzed. The sample was then subjected to an anion exchanger
chromatography on Q-Sepharose column eluted with a linear
gradient from0 to 2 M NaClin the same buffer. The fractions showing
proteolytic activity were pooled and tested in the presence of the
same protease inhibitors as described in item 2.8, The sample was
analyzed by SDS-polvacrylamide gel electrophoresis (SDS-PAGE)
using a 12% gel stained with Coo mmassie blueG-250. Protein bands
were excised from gels, extracted by in-gel digestion with trypsin
(Shinetal., 20068) and analyzed by electro-sprayionization (ESI)-MS/
WS in a guadrupole acceleration time-of-flight (Q-TOF) mass spec-
mometer. An M5/MS ion search was performed wsing the Mascot
search engine (hitp://www. matrixscience.com), The default search
parameters used were enzyme = trypsin, fixed modification =
carbamidomethyl (C), mass values = monoisotopic, peptide and
fragment mass tolerances = 05 Da and maximum missed
cleavages = 2. Proteins with a Mascot score of more than 58
(p = 0.05) were considered reliable for using in the study.

3. Results
3.1 Characterization of proteolytic strains

Six morphologically distinct isolates named as AD1, AO3, AD4,
A0S, ADE and A17U were able to grow on feather meal agar plates as
unique source of carbon and nitregen at 9, 20 and 30 *C After seven
days, all isolates grew in all temperatures and pH tested. However,
only three strains (A03, AR and A17U) produced clear zones,
indicative of proteolysis on skimmed milk agar plates, preferably at
temperatures around 20 *C and pH between 5.0 and 9.0. In pH 110,
colomy growth was observed for all strains, but clear zones of
proteolytic activity were not visualized. The largest clear zone was
observed for isolate A17L, with a diameter of 174 mm, followed by
ADE (9.5 mm) and AD3 (8.0 mm).

32 Bacterial identification
The strains AD3, A0S and AT7U, which showed proteolytic ac-

tvity, were submitted ™ 165 rDNA sequencing. The sequences
containing the hypervariable 165 rDMA regions V2, V3 and V6 were

used to construct the data matrix together with sequences from
related genera compilated from NCBEI data bank. As seen in Table 1,
theisolate named as AD3 was identified, with 99% of simil ari ty with
the species of Lysobacter sp. (family Xhantomonadaceae); the strain
AR was associated with Arthrobacter sp. (family Actinomycetes),
with 98% similarity, and the strain A17U0 was close to the species of
Chryseobacterium sp., which belongs to the Flavobacterium family,
with a similarity of 99%. The sequences obtained from Antarctic
isolates were deposited in the GCenBank database under accession
numbers 995768, J0995769 and JO895770.

33, Keratin degradation

The three strains identified as proteolytic in SMA plates were
tested for their capability to degrade feather meal The isolate
Lysobacter sp. AD3 was able o degrade the substrate within a range
of temperatures between 20 “C and 30 *C, with a maximum pro-
teolytic activity at 20 =C (Fig. 1). After seven days at 20 °C, feather
meal was almost all degraded and the visual result was corrobo-
rated by the increase in the amount of soluble protein that reached
2.35 mgfmL (Fig. 2).

The strain Arthrobacter sp. A08 showed a similar result, with a
maximum release of proteins of 2.05 mg'mL (Fig 2), preferably at
temperatures below 30 *C (Fiz. 1) Chryseobacerium sp. A17U
showed minor keratin degradation during cultivation, with
amounts of soluble proteins in the range of 0.65-1 mg/mL (Fig. 2],
but also showing increased activity at 20 *C(Fig. 1). The increase of
initial pH of the culture media from 7.0 to 8.0—8.5 was verified for
all bacteria growing in feather meal broth.

34 Proteolytic and keratirolytic activiges

Proteolytic and keratinolytic activities of the three isolates were
evaluated during growth in FME for 7 days at optimum growth
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Fig. L Protease production by ol tivation of Lobacer sp. AD3, Amhmbacer sp. ADE
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means + sem of three inde pendent experimenits.



4
o
E
£ o
g.
o
- R
=]
Wy
0 -

T T — T r T 1 A
] 2 40 B0 a0 0 120 140 160
Cuitivation time (h)
Fig 2_ Sahihle protein produced by hacteria cultivated in feather meal roth for 7 days

at A °C, 125 rpm (W) Lysobacer sp A03; (@) Artrobacter sp ADR; (& ) Chrys-
eobarrrium sp. A1 TLL Values are the means + sem of three independ ent soperiments.

temperature of 20 =C. The assays on both azocasein and azokeratin
demaonstrated that the three bacteria pmoduce proteases with ker-
atinolytic activity. The strain Lysobocter sp. AQ3 showed an inrease
in the proteolytic actvity on azocasein over the first days, with a
peak in the fifth day (Fig. 3A ) This result was in agreement with a
major release of soluble protein, in the day after the peak of pro-
teolytic activity, and was ooincident with the maximum bacterial
counts for the isolate. The optimal keratinolytic activity on azo-
keratin was achieved in the sicth day. For the isolate Arthrobacrer
sp. ADE, both proteolytic and kemtinolytic activities reached the
maximum in the third day during the exponential growth phase
(Fg. 3B), with the peak of soluble proteins in the supernatant
registered two days after. Similady to Lysobocrer sp. AD3, the
optimal proteolytic activity in (hryseobecierm sp. A7 strainwas
coinddent with the maximum CFU counts, oocumed in the thind
day of incubation, while the kemtinolytic adivity was observed
during the dedine phase. The amount of soluble proteins in su-
pernatants of sirain A17U remained stable during the seven days of
cultivation (Fg. 3C).

35 nfluence of temperamre ond pH on protenlyoc aotivity

The optimal temperature of proteolytic acivity in azocasein and
azokeratin was about 40 “C that is, 20 “C abow the optimum

40
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wultivation tempemture for [ysobocrer sp AD3 and (Thrs-
eopbacterium sp. AT7U, while for Amhrobocter ADE the maximum
proteclytic actwvity was achieved amund 35 =C, 15 *C above the
optimum for cultivation (Fig. 4A). For all three Antarctic isolates, the
enzymes retdined approximately 60% of the maximum actvity in
the mnge of 30—50-C during 1 h of incubation Theeffect of pH was
evaluated in the optimal temperature for each tested bacteria
(Fig. 4B). The proteases of the isolates were active in neutral and
dlkaline condidons. For Lysobacter sp. A3 the optimal activity was
achieved at pH 9.5, although the enzymaticextract was stable over
a wide range of pH values bebseen 7.0 and 9.5 Similarly, Arthro-
bacter sp. ADE and Chryseobacterium sp. AI17U showed maximum
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Table2 Table 3
Effects of protease inhibitors on the proteol ytic activity of three Antarctic bactena Purification steps of Lysobacter sp. protease.

Inhibixr Concentration (mM) Residual activity () Step Protein Total Specific Purification Recovery

(mg/mL) activity activity factor (%)
A A0S Al7U (UjmL) U/mg)

Control - 100 100 100

PMSF ) 23 75 - Q):;:::t:(:“ 1434 155 108 1 100

EBTA 1 55 36 18

1.10-Phenanthroline 1 95 82 7 g.i-s '&“:"‘ (')'3? g ;56; if :: (')

lodosce tamide 1 98 103 110 Sepnitete : :

Pepstatin A 0.005 89 106 100

The results are the average of three independent experiments and are expressed a5
percentages

adivity at alkaline pH, with an optimal at 85. However, for
Chryseobacterium sp. AT7U, at higher pH, the proteolytic activity
decreased. At pH 5.5-6.5, the three isolates showed minor pro-
teolytic activities.

3.6. Effect of inhibitors on enzymatic activity

The effect of inhibitors is shown in Table 2. The crude extract
from Lysobacter sp. A03 was inhibited by the serine protease in-
hibitor PMSF in 77% and in a minor degree by the chelating agent
EDTA Nevertheless, the specific metalloprotease inhibitor 1,10-
phenanthroline had virtually no effedt on the enzymes activity as
well as the inhibitors iodoacetamide and pepstatin A, suggesting
the presence of serine protease-type enzymes, On the other hand,
the strains Arthrobacter sp. A08 and Chryseobacterium sp. A17U had
the proteolytic adtivity inhibited by EDTA, and partally inhibited by
both 1,10-phenanthroline and PMSF, while the other inhibitors do
not affect the enzymatic adivity.

3.7. Zymography

The zymography of the enzyme extracts of the three bacteria,
cultivated under the optimal conditions in FMB, are showninFig 5.
Lysobacter sp. AD3 presented five clear zones of proteolytic activity.
Two bands were inhibited by incubation of the zymogram gel with
10 mM PMSF, while no inhibition was observed by 10 mM EDTA,
indicating the presence of serine proteases. For Arthrobacter sp.
A0S, a single proteolytic band was identified (Fig 5), which was
inhibited by the addition of either PMSF or EDTA. The strain
Chryseobacterium sp. A17U showed a similar result. The three bands
of proteolytic activity were partially inhibited by incubation of the
gel with PMSF or EDTA (Fig 5).

A B C
a b c a b c a b c
— -
.
—
—
-
—
Fig.5. Zymogram analysis of keratinolytic protexses secreted by Iysobacesr sp AO3(A),

Arthrobaceer sp. AOS (B) and Qrryseobacterium sp. A17U (C) Arrows indicate bands of
proteolytic activity. (a) Contral, (b) 1 mM PMSF and {¢) 1 mM EDTA

R

3.8. Partial purification of Lysobacter proteases

The partial purification of Lysobacter sp. AO3 proteases is sum-
marized in Table 3. Starting from concentrated supernatant, a vield
of 10% and a 3.4 purification fold were achieved by the two-step
chromatographic procedure. The proteolytic assay with protease
inhibitors resulted in adecrease of 73% in the enzymatic activity in
presence of PMSE  whereas the inhibitors EDTA, 1-10-
phenanthroline, iodoacetamide and pepstatin A had no effect on
the activity (data not shown). The partally purified sample showed
five protein bands in SDS-PAGE, with molecular masses of
approximately 110, 50, 45 40 and 20 kDa (Fig. 6). These bandswere
excised from the gel and analyzed by ESI-MS/MS. The results of
Mascot search are summarized in Table 4. No significant matches
were observed among the amino acid sequences of the Lysobacter
peptdes and non-redundant protease sequences of NCBI database.
The sequences of four peptides matched with proteins of the
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Fig G SDS-PAGE analysis ol keratinol ytic protease secretsd by Lysobadter sp AG. (M)
20—200 kDa Protein Marker, (1) Concentrated by ultra-filtr aion super natant (2) OM-
Sephadex chromatography (3) Q-Se pharose chramatography. Arrows indicate protein
bands that were subject of mass spectrometry analysis.
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Table 4

Resulis of the Mascot MS/MS ion search for digested profein bands of partially purified protease from Lysobacter sp. AD3.

Estirnated protein mass (kDa) Protein name NCE| acoession Species M ascot soore MS/MS peptide sequence
il Hypothetical protein WP_021817662 Halomonas sp. T4 GEDAYMNQALSER

40 Hypathetical protein WP 19184562 Seenorophomonas maloophilia 58 DEAS AQYGSDATACVINIVLE
45 Hypaothetical protein WP_0N 7172060 Xanthamonas axonapadis 58 DEASADYG SDAIAGVVNIVLE
50 Catalase ABN56031 Sraphydococcuws epidermidis 102 TOOGIENYTDEEAAK

110 Nitrous cxide red uctase ACMNOTIET Halomonas gudaone nss 549 GMAYTTLADSQIVE

Gammaproteobacteria class, one of them corresponding to a
nitrous oxide reductase protein from Halomonas gudoonensis and
the other three to hypothetical proteins from Halomonas sp., Sten-
otrophomonas maltophilia and Xanthomonas axonopodis, these two
last belonging to the same order of Lysobacter (Xanthomonadales).
The exception was the peptide obtained from the band of 50 kDa,
which showed similarity with the catalase of Staphylococcus
epid ermidis.

4. Discussion

Six bacterial strains isolated from penguin feathers collected in
Elephant Island were able to grow in FVA plates, and three of these
isolates produced clear zones of up to 17 mm in SMA plates at
psychrophilic temperatures, Riffel and Brandelli (2006) reported
colony diameter/halo diameter ratios of 10 mm and 50 mm at 22 °C
and 30 °C, respectively, for Chryseobacterium sp. kG, after 24 h
growth. Working with a psychrophilic strain of Flovobacteriim
limicola, Tamaki et al. (2004 ) observed an optimum growth tems-
perature of about 15—20 *C, while maximum proteolytic activity
was 5 °C

On the basis of 165 DMNA sequencing, the proteolytic isolates
were identified as Lysobacter sp. AD3, Arthrobacter sp. ADE and
Chryseobacterium sp. A17U The genus Lysobacter was related with
the production of extracellular keratinases only by the study of
Allpress et al. (2002 ), which reported the first metal loprotease with
keratinolytic activity. Species of Archrobacter have been largely
associated with cold environments like Antarctic soils and ice
sheets {Bowman et al,, 1997 ; Wang et al., 2009 . However, the genus
was only associated with the production of keratinases by the
studies of Lucas et al. (2003) and Milegaonkar et al. ( 2002). The
protealytic potential of Chryseobacterium spp. has been previouslhy
described (Wang et al., 2008, which lead to the identification of
three distinct metalloproteases with keratinase and elastase ac-
tivities in the isolate Chryseobacterium indologenes TKUO14. In
addition, the high capacity for degradation of kerati nous wastes by
bacteria belonging to this genus has been described (Erandelli,
2005; Riffel and Brandelli, 2006),

The measurements of the release of soluble protein during
cultivation on feather meal indicate that the Antarctic isolates have
a high potential for biotechnological purposes. Moreover, all bac-
teria caused the alkalinization of the medium, which can be used as
an important indicative of proteolysis, due to deamination re-
actions, that generally increases with keratinolytic activity (de
Azeredo et al, 2006).

In this study, the crude extract of the three isolates showed
maximum protease activity in azocasein and azokeratin at 15—
20 *C above the optimal cultivation temperature, which was in the
range of psychrotrophic microorganisms. Since the optimal growth
temperature is the result of several parameters, enzymes may have
an optimal activity from 10to 20 #C higher than the optimal g rowth
temperature of their origin organisms ( Sheridan et al., 2000} For
Lysobacter sp. AD3 and Chryseobacterium sp. Al7U maximum pro-
tease activity was achieved at 40 °C, whereas for Arthrobacter sp.
ADE the optimum temperature for proteolysis was determined at

35 °C. Cold-active proteases of Pseudomonas and Flavobacte rium
isolates from Antarctic alsoshowed activity at higher temperarures
( Martinez-Rosales and Castro-Sowinski, 2011). This shift toward
higher temperatures of activity than that of cultivations can be
explained by the fact of, once isolated from cells that have a lower
resilience against temperature changes, the extracellular enzymes
of psychrophilic and psychrotrophic microorganisms have the
possibility to adjust their catalytic parameters to achieve the opti-
mization of catalysis before a point where the protein denaturation
occurs | Feller and Gerday, 2003 ).

The three bacteria presented alkaliphilic features, a common
characteristic in keratinases that can be valuable for its use in
detergent industries, since activity and stability at high pH are re-
quirements for compatibility with the chelating and oxidizing
agents used in its production (Rao et al., 1998 ). Furthermore, ker-
atinases can be useful in situations where other enzymes, such as
trypsin, papain and pepsin, fail to act (Xie et al., 2010).

Most of the keratinases described belongs to the extracellular
family of serine proteases (Gradisar et al.,, 2005), but examples of
metalloproteases with keratinolytic activity have been increased,
particularly among Gram-negative bacteria {Brandelli et al., 2010).
In this work, the proteclytic activity of Lysobacter sp. A03 was
inhibited mainly by serine protease inhibitor PMSF and in a minor
degree by metalloprotease inhibitor EDTA. In the zymograms, five
proteolytic bands were visualized, suggesting that the keratinol-
ysis is due the action of an enzyme consortium, with the contri-
bution of both serine proteases and metalloproteases. A similar
result was obtained by Xie et al. (2010), which described four
keratinases from Streptomyces sp. 16, The proteolytic activities of
Arthrobacter sp. AD8 and Chryseobacterium sp. A17U were largely
inhibited by EDTA. According tozymogram analysis, only one band
of proteolysis could be detected in Arthrobacter sp. ADE, suggesting
that a single metalloprotease is associated to the keratinolytic
activity of this bacterium. For Chryseohacterium sp. A17U, three
proteolytic bands were identified and inhibited by EDTA, con-
firming the production of extracellular metalloproteases by this
strain.

The partial purification of Lysobacter sp. A03 protease confimmed
that serine proteases are associated with the proteolytic activity.
The absence of correspondence of the peptides obtained by Mascot
search with those of the genus Lysobacter might be explained by the
deficiency of studies about proteolytic enzymes other than the
already investigated Alpha-lytic, Beta-lytic and Lys-C proteases
from the species [ysobacter enzymogenes and the Lysil-
endopeptidase from Lyvsobacter sp. IB-9374 (Jekel et al., 1983;
Chohnan et al, 2002, 2004; Ahmed et al, 2003; Lapteva et al,
2012). A search for the Lysobacter proteases in the Protein Data
Bank (www.rcsb.org) results in only 48 hits, all of them related to
the Alpha-lytic protease structure. Similarly, a search for the same
terms at the MCEI protein data bank returns 99 results, all of them
associated with Alpha-lytic and Lysil-endopeptidase from Lyso-
bacter species. Thus, there is an urgent need for novel information
on Lysobacter proteases, once the genus is very interesting as a
source for biotechnologically relevant enzymes and other com-
pounds. Further work of purification and cloning of the proteases
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from Lysobacter sp. AD3 are in progress to elucidate their sequences
and catalytic characteristics.

In conclusion, three novel keratinolytic bacteria collected from
Antarctic samples were isolated by cultivation in feather meal agar.
On the basis of sequence and phylogenetic reconstruction, they
were identified as Lysobacter sp. AD3, Arthrobocter sp. ADE and
Chryseobacterium sp. A17U. These strains produce a variable array
of proteolytic enzymes that may be useful to bioconversion of
keratin-rich waste. The production of keratinolytic proteases by
cold tolerant microorganisms might be attractive as an altemative
forthe reduction of energy input for biotechnological processes and
its industrial wrilization.
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ysobacter is a genus of Gram-negative bacteria first described in

1978 (1) that belongs to the family Xanthomonadaceae, within
the Gammuaproteobacreria. They are characterized by gliding mo-
tility, a high G+ C content, and the production of a broad range of
proteases and antibiotics, thus representing a source of biocontrol
agents (2).

The Antarctic strain AD3 was isolated from decomposing-
penguin feathers collected on King George Island, Antarctica, and
was identified as a Lysobacter sp. by both 165 rRNA and 165-235
rRNA intergenic transcribed spacer gene sequencing. The isolate
was able to grow preferentially in feather meal broth (FMB) sub-
strate and showed high proteolytic activity at temperatures of ap-
proximately 20°C, within the range of psychrophilic microorgan-
isms (3). Considering its biotechnological potential, mainly due to
its production of various extracellular proteases, the genome se-
quence of the Lysobacter sp. AD3 strain was obtained and the pre-
liminary analysis is presented here.

A03 whole-genome shotgun sequencing was performed on the
MiSeq lllumina platform using the MiSeq reagent kit, version 2. A
total of 109,889 paired-end reads were obtained, with an average
length of 240 bp and approximately 18-fold coverage. The assem-
bly was performed using CLC Genomics Workbench (http:/fwww
.clebio.com/products/clc-genomics-workbench/), AS-miseq (4),
CISA (5), and SPADES (6), and considering the lower No;, value
(51,277} and the smaller number of contigs (101}, the assembly
constructed by SPADES was chosen. The CheckM (7) program
was used to assess the quality of the microbial genome, and the
automatic annotation of the genome sequence was performed in
the RAST server (8).

The draft genome sequence of strain A03 comprised
2,873,548 bp representing approximately 99.1% of the genome
size, with a G+C content of 65.79%. A total of 2,615 coding se-
quences (CD5s), 46 tRNA genes, and 2 rtRNA genes were pre-
dicted. As expected, many peptidase-coding genes were found,
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including a sequence coding for an extracellular keratinase; fur-
thermore, three genes involved in cold shock response (2 cspA and
1 cspis) and six beta-lactamase resistance genes were predicted.

The availability of the genome sequence from Lysobacter sp.
AD3 may provide methods for searching for new biotechnologi-
cally relevant enzymes and might increase the understanding of
the possible mechanisms that lead to the cold adaptation of life.

Nucleotide sequence accession numbers. This whole-genome
shotgun project has been deposited at GenBank under the acces-
sion no. JX5500000000. The version described in this paper is
version JX5501000000.
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Supporting Information

Figure S1: Lysobacter sp. A03 genome assembly evaluation using the Quality Assessment
Tool QUAST showing the statistics of the four programs used. Despite of the lower number
of contigs generated by CISA, the SPADES assembler was chosen due to its lower N50 and
absence of mismatches per 100 Kb.

QUAST report
15 December 2014, Monday, 14:18:22

All statistics are based on contigs of size == 500bp, unless otherwise noted (e.g., "# contigs (== 0 bp)" and "Total
length (== 0 bp)" include all contigs.)

Extended report worst best

Statistics without reference =~ A5_Lysobacter = CISA_Lysobacter =~ CLC_Lysobacter =~ SPADES_Lysobacter

# contigs 132 53 274 101
Largest contig 240136 204117 76302 202722
Total length 2844265 2950465 2813107 2862096
N30 43 307 71521 21192 51277

Mismatches
# N's per 100 kbp 60.54 5.8 49.91 a
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Figure S2: Lysobacter sp. A03 genome G+C content estimated by the assembler programs
A5, SPADES and CLC WorkBench. Contigs are broken into nonoverlapping 100 bp
windows. Plot shows numbers of windows for each GC percentage.
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10.1.1.1 ABSTRACT

Functional genomic library using fosmids as vectors was constructed to search for
keratinolytic peptidases produced by the psychrophilic strain Lysobacter sp. A03, isolated
from decomposing penguin feathers at the Antarctic environment. After subcloning in
pGEM-T easy vector, one proteolytic clone was selected, its insert was sequenced and the
enzyme, belonging to S8 family of subtilisin-like peptidases was structurally characterized.
The A03Pepl peptidase precursor has an estimated molecular mass of 72.5 kDa and showed
to be composed of five domains: an N-terminal signal peptide, a propeptide inhibitor
belonging to 19 family, the catalytic domain, a bacterial pre-peptidase (PPC) sequence and a
pro-protein convertase (PC) domain. The enzyme was overexpressed in pGEX-4T-2 vector
and showed optimal activity at pH 9.0 and 40°C. The SDS-PAGE analysis showed that the
mature enzyme has approximately 35kDa, a result in agreement with that predicted by the
bioinformatics tools. The activity of the AO3Pepl keratinase was enhanced in the presence
of Ca?* metal ions until 25 mM and in the presence of 10 mM Na?*, NH*, Mg?* and Ba?*
and was inhibited by 10mM of Zn?". Based on the 3D structure modelling, was predicted
that the shortening of a loop next to the catalytic site might be responsible for the
enlargement of the substrate binding pocket in AO3Pepl when compared with its mesophilic
homologous AprV2, presumably as a way to enhance the probability of binding of substrates
at low temperatures. By discussing the functional and structural characteristics found in the
psychrophilic peptidase AO3Pepl, the results provide possible approaches in developing

new biotechnologically relevant peptidases active under low to moderate temperatures.

Keywords: fosmid library, functional screening, peptidases, psychrophilic, 3D Modelling
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10.1.1.2 INTRODUCTION

Enzymes are used in many industries, from textile production and bakery products to
animal feeding, biofuels, laundry detergents, pharmaceuticals and as a basic biological
research tool [1]. When compared with chemical catalysis, enzymes exhibit indisputable
advantages, as they work under mild reaction conditions, have a long half-life and produce
much less pollutants [2-3]. Peptidases are the largest class of commercial enzymes,
accounting for approximately 60% of the global enzyme market. Microorganisms are the
main source of proteolytic enzymes, as they can be easily cultivated, produce large amounts
of the desired product, can be selected according to the application, and can be genetically

modified to enhance their properties [2].

Among peptidases, keratinases are the group of biocatalysts responsible for the
degradation of the recalcitrant protein keratin, found mainly in structures such as feathers,
wool, hair, nails and horns, and have a broad biotechnological and industrial applications as
in detergent formulation, preparation of protein supplements, leather manufacture, textile
processing, feather meal processing for animal feed and fertilizer production and waste
management [4]. Furthermore, it was demonstrated the potential for using keratinolytic
enzymes in formulations for prion degradation [5] and to enhance ungual drug delivery [6].
Keratinases are found mainly in bacteria of the genus Bacillus, although some Gram-
negative bacteria such as Chryseobacterium, Pseudomonas and Burkholderia were reported
as keratinase-producing strains. Most keratinases are classified as serine- and metallo-
proteases, are active at neutral to alkaline pH and are isolated predominantly from
mesophilic and thermophilic organisms, with optimal activity at temperatures ranging from

40°C in some Bacillus species to 100°C in Fervidobacterium islandicum. [4-7].
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In recent years, it has increased the number of studies showing the advantages of
using enzymes coming from psychrophilic microorganisms, i.e. those organisms able to live
in permanently cold environments as the Polar Regions, the depths of the oceans and the
high altitudes [8]. Cold active enzymes showed to have features that make them very
attractive for use in biotechnology: they have a high activity at lower concentrations,
reducing the amount of enzyme needed in a reaction, they are heat labile, being easily and
selectively inactivated under moderate heat input and they remain efficient at ambient
temperature, saving energy both at domestic and industrial levels [8-9]. It was demonstrated
that such characteristics of cold active enzymes are due to their flexible structure, that
compensates for the low kinetic energy at cold environments, achieved by some features as
decreased core hydrophobicity, while there are an increased surface hydrophobicity, weaker
interactions inter-domains and inter-subunits, decreased secondary structure content and a
bias toward some amino acid residues rather than others. Nevertheless, there are still many
questions about structure-function relationships in cold adapted enzymes to be answered

[10].

Lysobacter is a genus of Gran-negative gliding bacteria that belongs to the
Gammaproteobacteria Class, generally isolated from soil and freshwater habitats. Its species
are known by the production of many biotechnologically relevant compounds as biocontrol
agents with activity against plant pathogens [11], antibiotics as lysobactin [12] and enzymes,
giving up attention to those produced by strains of L. enzymogenes. Recently, a psychrophilic
strain of Lysobacter named as Lysobacter sp. A03, isolated from penguin feathers in
Antarctica, was identified as a keratinase producing strain [13]. It was able to grow
preferentially at temperatures around 20 °C and to not grow above 35 °C. The strain showed

maximum peptidase production after 96 h of cultivation in feather meal broth as sole source



56

of nutrients, producing a wide range of enzymes. The enzymatic activity was high at
temperatures between 20 and 30 °C, but presented an optimal temperature of incubation of
40 °C at pH9.5 and was demonstrated to gradually loss its activity at temperatures above
50°C. Considering the ability of A03 strain to degrade keratin as other sources of proteins
under lower temperatures in comparison to its mesophilic homologues, it was selected for
the construction of a genomic library to search for cold-active peptidase genes of
biotechnological and industrial interest and, by the functional analysis and comparative
structural modelling, provide new insights on the molecular mechanisms responsible for

enzyme activity at low temperatures.

10.1.1.3 MATERIALS AND METHODS

Bacterial strain and plasmids. The genomic library samples were prepared using
Escherichia coli EPI1300 (Epicentre, Madison, WI, USA) and E. coli JM109 (Promega,
Fitchburg, WI, USA) as hosts for Fosmid pCC1FOS (Epicentre, Madison, WI, USA) and
plasmid pGEM-T easy (Promega, Fitchburg, WI, USA), respectively. The a0301 gene
cloning was made using E. coli BL21 (New England Biolabs, MA, USA) as hosts for pPGEM-
T easy vector. The enzyme expression was made using E. coli ArcticExpress (Agilent

Technologies) as hosts for pGEX-4T-2 vector.

DNA extraction and fosmid library construction. The Antarctic bacterial strain
Lysobacter sp. AO3 was isolated from decomposing penguin feathers and cultivated in
Feather Meal Agar 1% (FMA) as sole source of carbon and nitrogen [13]. The genomic DNA
was extracted using the Wizard Genomic DNA Purification kit (Promega) according the

manufacturer’s protocol and was quantified by using a NanoDrop spectrophotometer
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(NanoDrop Technologies, Inc.). Approximately 30 ug of DNA was randomly sheared by
pipetting to generate fragments of about 30 Kb which were gel-purified, their ends were
repaired and then ligated to fosmid pCC1FOS (Epicentre). After phage-packaging, fosmids
were propagated in E. coli EP1300, which was then plated on Luria Bertani (LB) Agar
containing 12.5 pg/mL of chloramphenicol. A negative control was made transforming
pCC1FOS in E. coli EP1300 without DNA insert. The resulting clones were resuspended in

2 mL of LB media and stored at -70 °C in glycerol at a final concentration of 20% until use.

Library screening. The clones from Lysobacter sp. A03 library were replicated in Luria
Bertani (LB) plates amended with Chloramphenicol 12.5pug/mL and 10% skimmed milk and
were incubated during 24- to 48-h at 28 °C. The proteolytic activity was verified by the
presence of a clear halo around the colonies, as an indicative of the milk casein hydrolysis.
The positive clones were isolated and cultivated in LB broth containing 12.5ug/mL
chloramphenicol plus 0.1% arabinose for fosmid extraction and partial sequencing to select

unique clones.

Sub-cloning of the protease-encoding gene. The unique fosmids, positive for proteolytic
activity, were cleaved with different combinations of EcoRlI, Nsil, Pstl and Sphl (Promega),
enzymes, then fragments around 3-5kb were ligated into pGEM-T easy vector (Promega)
cleaved with the same pair of enzymes. The resulting sub-cloned vectors were used to
transform E. coli JM109 cells that were screened for proteolytic activity in LB plates
containing ampicillin 100 pg/mL, 0.5 mM IPTG, 80 pug/mL X-Gal and 10% skimmed milk.
The positive clone, chosen also based on its stable and higher protease production was
isolated and cultivated in LB broth containing ampicillin 100 pg/mL for plasmid extraction

and insert sequencing using M13 Forward and Reverse primers (Promega), as well as
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internal specific primers designed to obtain the full sequence of the protease-containing

fragment.

Sequence analysis of gene coding for a0301 peptidase. To define the Open Reading Frame
of the Lysobacter sp. A03 keratinase gene, named a0301, and its amino acid sequence, the
ORF Finder tool was used and the search for homologous sequences was made using the
nucleotide-nucleotide Basic Local Alignment Search Tool (BlastN) and the protein—protein
basic local alignment search tool (BlastP), from the National Center for Biotechnology
Information website (http://www.ncbi.nlm.nih.gov). The amino acid composition was
evaluated using the Composition Profile web tool [14], by comparing the sequence of the
peptidase with the SwissProt databank. The enrichment or depletion of a particular amino
acid was considered significant with p< 0.05. To predict the presence and cleavage site of
an N-terminal signal peptide, was used the program SignalP 4.1, with a cutoff of 0.8
(http://www.cbs.dtu.dk/services/SignalP/). The prediction of conserved domains was
performed by the BLAST analysis of conserved domains, also implemented at the NCBI
website and through the Pfam database of protein families [15]. The classification of the
A03Pepl protease was performed by comparing the sequence to the MEROPS peptidase
database (http://merops.sanger.ac.uk) [16]. To predict the secondary structure of A03Pepl
polypeptide, was used the PSIPRED Protein Sequence Analysis Workbench

(http://bioinf.cs.ucl.ac.uk/psipred/) and the phyre2 protein folding recognition server [17].

Heterologous expression of the gene coding for a0301 peptidase. Based on the ORF
sequence defined by the Orf Finder tool, the gene encoding the a0301 peptidase was entirely
amplified using two primers containing EcoRI and Xhol (Promega) restriction sites. The
amplified product was gel-purified using the Wizard SV Gel and PCR Clean-Up System

(Promega) and inserted into a pPGEM-T easy vector used to transform E. coli IM109 cells.
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To facilitate the selection of the peptidase-bearing plasmids, the proteolytic colonies were
screened in LB plates amended with ampicillin 100 pg/mL, IPTG 0.5 mM, X-Gal 80 pg/mL
and skimmed milk 10%. After the confirmation of the insert sequence, the plasmid
containing the peptidase gene was digested with EcoRI and Xhol and then ligated into the
pPGEX-4T-2 expression vector, cleaved with the same restriction enzymes and then used to
transform E. coli ArcticExpress (Agilent Technologies) cells. The selection was made in LB
plates containing ampicillin at 100 pg/mL and gentamycin at 20 pg/mL and the resistant
clones were isolated and cultivated in LB broth containing the same antibiotics at 37 °C until
the ODeoo Value reaches 0.6, then the temperature was reduced to 15 °C and the expression
of the recombinant protein was induced by the addition of 0.5 mM IPTG following
cultivation for additional 24 h. The purified peptidase was analyzed by SDS PAGE 12% and

by zymography under non-denaturing conditions.

Effect of pH and temperature on enzymatic activity. The expressed keratinase and
azocasein solution (Sigma, St. Louis, USA) 1% (w/v) were prepared over a pH range of 6.0
— 10 by using 0.1 M sodium phosphate buffer (pH 6.0-8.0) and 0.1 M carbonate-bicarbonate
buffer (pH 9.0-10). Assays were conducted by incubating 100 pL of enzyme in 200 uL of a
10 mg/mL suspension of azocasein in each pH, at 37 °C for one hour. The reactions were
stopped by adding 500 pL of 10 % (w/v) trichloroacetic acid (TCA). The tubes were
centrifuged at 10,000 rpm for 5 min and the supernatants were added to 200 pL of a 1,8 M
NaOH solution. The enzymatic activity was measured by the increase of the absorbance at
440 nm. The assays were performed in triplicate and the controls were prepared by adding
10 % TCA before incubation. One unit of proteolytic activity was defined as the amount of
enzyme that resulted in an increase in absorbance at 440 nm of 0.01 U after reaction with

azocasein for 1 h [18].
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The effect of temperature on the protease activity was examined at 10, 20, 30, 40, 50
and 60 °C for one hour at the optimum pH. The thermo-stability was determined by
measuring the residual activity in azocasein at the optimal pH and temperature after
incubating the enzyme at 37, 55 and 70°C for 5, 15, 30, 60 and 120 minutes. The assays were
conducted by incubating 100 pL of the treated keratinase in azocasein as above and the initial

activity was defined as 100%.

Effect of metal ions and inhibitors on the enzymatic activity. In order to investigate the
effects of metal ions on the enzymatic activity, Na*, NH*, Zn?*, Mg?*, Ba** and Ca?* were
added individually into the reaction mixture to the final concentration of 10 mM. The effect
of the specific inhibitor of serine-peptidases phenylmethylsulfonyl fluoride (PMSF) 5 mM,
metallopeptidase inhibitor ethylene diamine tetraacetic acid (EDTA) 5 mM and organic
solvent isopropyl alcohol 5% (v/V) was also evaluated. The activity was measured at the
optimum pH and temperature in azocasein and the activity of the control without any

additive was defined as 100%.

To further investigate the effect of Ca®* on the peptidase activity, the enzymatic
assays were performed in increasing concentrations among 0 and 40 mM of Ca?* in the same

conditions as above mentioned.

3D structure prediction. The prediction of the 3D structure of the AO3Pepl peptidase by
homology modeling was performed using Modeller [19], and the online protein folding
recognition servers Phyre2 [17] and Swiss-Model [20]. The refinement of the predicted
model was done with ModRefiner [21]. To validate the stereochemical quality of the
predicted model, was used the PROCHECK [22] program and the Molprobity [23] web

service tool, by analyzing the overall structure and residue-by-residue geometry of proteins,
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that was then plotted as Ramachandran diagrams. To identify the binding cavities and to
calculate the volume of the active site cavity in the structure of AO3Pepl, was used the
Computed Atlas of Surface Topography of proteins (CASTp) server, with a probe radius of
1.4 A [24]. The graphical representations where visualized and edited using the Pymol

software version 1.8 (Schrodinger, LLC).

10.1.1.4 RESULTS

Genomic library screening. Using pCC1FOS to construct the genome library were
generated approximately 28,000 insert-bearing E. coli clones, with insert sizes of 30 Kb on
average. Through the functional screening in LB agar plates amended with skimmed milk,
were detected 12 potentially protease-positive clones after 48 h of incubation at 28 °C.
Controls made with E. coli EPI 300 carrying pCC1FOS without DNA insert did not shown
the presence of haloes even after prolonged times of incubation. Starting from the 12 initial
protease positive fosmid clones, which were sequenced in order to search for those probably
bearing different peptidase genes, four of them were selected to carry out the subcloning in
the pGEM-T easy vector. From them, only one, cleaved with the combination of EcoRI and
Sphl enzymes, was able to retain its proteolytic activity when incubated in LB + skimmed

milk agar plates, being selected for sequencing and the subsequent analysis (Fig. S1).

DNA and Protein sequence analysis. The insert sequence of 6 Kb obtained by subcloning
was submitted to the Orf Finder tool and the putative peptidase gene, comprising 2,133bp,
was denominated a0301. The search for homologous sequences performed at the BLAST
tool implemented on the NCBI website showed an identity of 78% with the keratinase kerF

from Stenotrophomonas maltophilia YHYJ-1, which has an ORF of 1,818 bp (GenBank
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accession number HM590650) and the same homology with the keratinase KerSMF from
strain BBE11-1, encompassing an ORF of 1,743 bp, also from a strain of S. matophilia

(GenBank accession number KC763971) [25-26].

As many biologically important enzymes, the AO3Pepl peptidase was shown to be
synthesized as a large inactive precursor composed by 710 amino acids with a deduced
molecular weight of 72,5 kDa, that consists in five domains: a signal peptide, a propeptide
inhibitor, the catalytic domain, a bacterial pre-peptidase (PPC) sequence and a pro-protein
convertase (PC) domain (Fig. 1). The amino acid sequence was deposited in Genbank under
the accession number WP_043958332. The comparison between the amino acid
composition of AO3Pepl and its closest homologue, KerSMF, showed a bias toward more
flexible amino acid residues in the psychrophilic enzyme, remarkably alanine and threonine

and the reduction in the content of less flexible residues, mainly glutamic acid and lysine

(Fig. 2)

In the AO3Pepl, the signal peptide was predicted to be 28 amino acid residues in
length, with the cleavage site between Ala(28) and Ala(29) in a region composed by an
alpha-helix “interrupted” by a small turn exactly at the putative cleavage site (Fig. S2). The
propeptide domain, belonging to the 19 family, was formed by five B-sheets and two a-
helices surrounded by loops which, in the 3D structure modelling (data not shown) appeared

to be a very disordered region.

Alignments of AO3Pepl with homologous sequences of subtilisin-like peptidases
performed using T-Coffee tool [27] allowed predicting the mature sequence of the enzyme,
which consists in 334 amino acids residues with a molecular weight of approximately 33

kDa (Figure 3). The major sequence identity of the predicted mature peptidase was with the
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subtilisin-like serine peptidases S8 from Stenotrophomonas maltophilia, with which
A03Pepl shared 72% of similarity. The overall secondary structure of the catalytic domain
is very similar to that of serine-endopeptidases. The proposed catalytic triad (Asp41, His98
and Ser270) was found in conserved regions of the enzyme and, next to the His residue,
between positions 90 and 91, was observed a deletion of 7 amino acids in relation to its
homologous AprV2 subtilisin-like peptidase, where that region correspond to a loop that
partially occludes the substrate binding site and that is presumed to mediate enzyme-
substrate interactions [28]. A small deletion, of 4 amino acid residues, at that same region

was observed when comparing A03Pepl with KerSMD and KerSMF.

Following the catalytic domain, at the AO3Pepl C-terminus, were predicted a PPC
(Bacterial Pre-peptidase C-terminal) domain and a Proprotein convertase P-domain (PC)
both composed almost exclusively by B-sheets surrounded by loops, assuming a beta-roll
conformation. In AO3Pepl, the PPC structure was shown to be similar to that at the C-
terminal of KerSMD keratinase, also from S. maltophilia BBE11-1, with 67% of sequence
identity. At the C-terminal of AO3pepl peptidase was found an unusually large PC domain.
The alignment between the A03Pepl PC domain with those from others related enzymes
showed a very low sequence identity among them. In addition, was found a slightly higher
asparagine content in the convertase domain of A03Pepl, a feature commonly seen in

psychrophilic proteins that can be related to the heat sensibility of such amino acids [29].

Heterologous expression of A0O3Pepl keratinase. The construction pGEX-4T-2-A03Pepl
vector was expressed in E. coli ArcticExpress, but the attempts to purify the peptidase from
the cell lysate were unsuccessfully, maybe due to the auto-processing of the N-terminal
domains of the precursor protein leading to the cleavage of the GST tag. Thereby, once a

large amount of the target protein was expressed in the supernatant and the SDS-PAGE
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showed that after ultrafiltration with an Amicon Ultra-15 10,000 MWCO filter (Millipore)
followed by an another step of ultrafiltration with an Amicon Ultra-15 30,000 MWCO the
enzyme was purified almost to homogeneity (Fig. 4-a), we decided to perform the enzymatic
assays assuming that the activity observed in that fraction was exclusively due to the
A03Pepl peptidase, as showed by the zymogran (Fig. 4-b). The A03Pepl molecular mass
observed was of approximately 35 kDa, a result in agreement whit that predicted by the
sequence alignments and domain analysis. The enzyme showed the highest activity at pH
9.0 (Fig. 5-a) and 40°C (Fig. 5-b), losing about 60% and 90% of its original activity at 55°C
and 70°C, respectively after 15 minutes of heat treatment (Fig. 5-c). The activity of AO3Pepl
peptidase was measured in the presence of metal ions. As shown in table 2, the enzymatic
activity only was inhibited by 10 mM Zn?"and was enhanced in the presence of 10 mM Ca?*
Na?*, NH**, Mg?* and Ba?*. As the Ca?* showed the highest positive effect among the metal
ions on the enzymatic activity, assays in increasing concentrations were performed. As seen
in figure 6, Ca?* enhanced in 60% the activity of AO3Pep1 at the maximum of 25 mM. From
table 3, it has been noticed that the activity of A0O3Pepl was completely inhibited by PMSF,

was strongly inhibited by the presence of EDTA and was enhanced by isopropyl alcohol.

Predicted 3D structure of AO3Pepl. The three dimensional structure of the catalytic
domain of Lysobacter sp. AO3Pepl was predicted using Modeller v. 9.15, Swiss Model and
Phyre2. Among the three models, that predicted by Modeller was the best with 98% of the
residues found in the allowed region of the Ramachandran plot and a QMEAN score of 0.73.
Among the models available, the highest identity was with the crystal structure of the
subtilisin-like protease AprV2, from Dichelobacter nodosus (PDB accession number
3LPA), with 56% of similarity and a coverage of 46% [28] which was also used to model

KerSMD keratinase, with which AprV2 share 47% of similarity [26]. The overall 3D
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structure of AO3Pepl was shown to be very similar to that of the majority of serine-
peptidases, with six B-sheets involving the central a-helices and a hairpin situated next to the
catalytic center, with the catalytic triad found at the end of the central a-helices (Fig. 7-a).
The enzyme has two disulfide bridges, between residues Cys-89 and Cys-134 and between
residues Cys-176 and Cys-213, being that the first was shown to form a loop which is a part
of the predicted substrate binding site. Interestingly, the superimposition of the 3D structure
of AO3Pepl, AprV2 and AprB2, this last also a serine peptidase from D. nodosus, (Fig. 7-b)
showed the shortening of this loop in the psychrophilic enzyme and, apparently, this feature
facilitates the access to the substrate binding site. Furthermore, according to CASTp server
(Fig. 8) the predicted substrate binding site of AO3Pepl was showed to be wider than that of
AprV2, once the shorter loop in A03pepl, with the aid of the disulfide bridge between
residues Cys-89 and Cys-134, seems to pull back the structure, facilitating the access to the
catalytic site. This feature was the main structural difference observed between the mature
A03Pepl and its mesophilic homologous enzymes, being commonly found in others

psychrophilic hydrolases [8].

10.1.1.5 DISCUSSION

Starting from a genomic library, we found a cold-active peptidase gene with
keratinolytic activity. The enzyme, named A03Pepl was classified as a Subtilisin-like serine
protease, belonging to family S8, according to MEROPS peptidase database. The amino acid
sequence showed that the enzyme is closed related to the Keratinases from
Stenotrophomonas maltophilia strains YHYJ-1 and BBE11-1. These two Keratinolytic

strains have been target of recent researches aiming the heterologous cloning and expression
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of their keratinases genes and, for strain BBE11-1, was shown a great potential for industrial
application of their peptidases KerSMD and KerSMF when expressed in E. coli, showing
optimal enzymatic activity under mesophilic to thermophilic temperatures and alkaliphilic

conditions [26].

The biochemical parameters of the recombinant AO3Pepl showed a cold-tolerant to
mesophilic character, with the optimal enzymatic temperature of 40°C and pH 9.0, and a
thermal stability below 50°C, although the optimal temperature of Lysobacter sp. AO3
cultures were situated around 20°C. This shift towards higher optimal temperatures of
enzymatic activity in psychrophilic enzymes was demonstrated to be the result of the kinetic
effect of heat under the reaction rate, and the studies showed that the optimal temperature of
activity is generally 10 to 20 °C above that of maximal growth [30]. Furthermore, the
temperature is not the only factor controlling the existence of psychrophilic organisms and
most strains from cold environments can grow at temperatures well above what they
encounter in their habitats, reflecting simply the highest temperature that they can tolerate

[31].

The properties of A03Pepl in terms of effect of pH, metal ions and inhibitors,
indicated that the enzyme is an alkaliphilic serine peptidase whose activity is enhanced by
the presence of some metal ions, manly Ca?* at an optimum concentration of 25 mM. A
similar result was observed for the keratinase from Bacillus sp. P45, in which the presence
of increasing concentration of Ca?" and Mg?* enhanced the enzymatic activity. Maximum
activity was recorded with 3 mM and 4 mM of Ca?* and Mg?*, respectively [32]. It was
demonstrated that in the keratinase produced by Purpureocillium lilacinum LPSC #876, the
presence of Ca?" increases the enzyme thermal stability significantly, with 10 mM of Ca?*

being the ideal concentration in the assays at 55°C for 1 h [33]. According to the SDS-PAGE
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analysis, the molecular mass of the mature AO3Pepl peptidase was about 35 kDa, very
similar to the keratinase KerSMF (36 kDa), from Stenotrophomonas maltophilia, which was
demonstrated to degrade keratin at lower temperatures than its homologue KerSMD ant to

possess a low thermostability [34].

The domain prediction showed that the precursor protein has some structural features
that make them unusually larger than its mesophilic homologous KerF and KerSMF but
more similar to the halophilic cold-adapted subtilase MCP-03, from Pseudoalteromonas sp.
SM9913, an enzyme structurally closely related to AO3Pepl, with an ORF of 2,130bp and
an estimated molecular mass of 72.6 kDa that also consists of five domains: a signal peptide
sequence, an N-terminal prosequence, a catalytic domain and two C-terminal extensions
[35]. The propeptide domain, belonging to the 19 family, also called activation peptide, is
found in subtilisin-like serine peptidases of family S8 being, as in A0O3Pepl, synthesized as
part of a larger precursor protein which, during enzyme maturation, is responsible for the
modulation of the folding of the pro-enzyme, but also acting as a temporary inhibitor by
protecting the substrate binding site of the enzyme until its releasing by cleavage [36]. The
serine peptidase Alpha Lytic (a-LP), from Lysobacter enzymogenes, also showed a signal
sequence and a pro-region unusually large. The pro-region act as a very strong inhibitor of
a-LP, but it is necessary for protease folding. Cloning experiments in E. coli demonstrated
that the precursor is translocated into the periplasmic space, where it is rapidly folded and
processed through the cleavage between the pro-region and the catalytic domain followed
by secretion across the outer membrane [37]. The A03Pepl pro-region could play an
important role in the correct folding of the peptidase at low temperatures, as the structures
of cold-active peptidases have a lower number of interactions such as hydrogen and disulfide

bonds, which may difficult its maturation in these conditions. Furthermore, the insertion of
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the propeptide into the active site of AO3Pepl peptidase might protect that region from
denaturation until the release of the mature enzyme, once the active site of psychrophilic

enzymes is known to be more flexible and more hydrophilic than their mesophilic [38].

Next to the putative substrate binding site was observed the deletion of 7 and 4 amino
acids residues in relation to its homologous AprV2, from Dichelobacter nodosus and
KerSMF/KerSMD, from Stenotrophomonas maltophilia, respectively. It was revealed that
in AprV2, that region corresponds to a loop tethered by the disulfide bond between residues
Cys89-Cys141, next to the primary substrate binding site and it was demonstrated that this
structure is required for optimal proteolytic activity [28]. In psychrophilic enzymes as the a-
amylase AHA from Alteromonas halopanctis A23, were observed small deletions in loops
bordering the catalytic site that was believed to be one way to enlarge that region, as a
strategy to reduce de energy required for substrate accommodation and release of the product

[39].

Additionally to the N-terminal domains, A03Pepl exhibit two C-terminal domains.
The PPC domains are found at the C-terminal of secreted metallopeptidases from families
M4, M9 and M28 as well as in the serine peptidase family S8 in bacteria and archaea and
was inferred that they contribute to protein folding, being cleaved off after secretion, but
previous to activation of the peptidase [36]. The actual function of them is not clear but it
was shown that removing or replacing the PPC C-terminal domain seems to aid the
expression of recombinant bacterial serine proteases. For example, when the PPC domain
from the keratinase KerSMF, from S. maltophilia BBE11-1, was used to replace the N- and
C-terminal domains of its homologue KerSMD, the resultant mutant protein exhibited high
activity to degrade feather waste under mesophilic conditions [34]. The extracellular serine

protease HP70, also from a strain of S. maltophilia was successfully overexpressed in E. coli
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after a structural modification that removed part of the C-terminal domain. The enzyme was
most active at 40 °C and pH 7-11 and has a potential application in the industry of detergents
[40]. Similarly, through cloning and deletion mutagenesis experiments, was shown that the
subtilase MCP-03 PPC domains, from the psychrotolerant strain Pseudoalteromonas sp.
SM9913 are unnecessary for enzyme secretion through the E. coli membrane, as both native
and mutants enzymes could be purified directly from fermented broth. In addiction, was
shown that the PPC domains had inhibitory effects on MCP-03 catalytic efficiency and might
play a role increasing the enzyme thermostability [35]. The subtilisin-like extracellular
peptidase AprVV2, which crystal structure was used to make the comparative modelling of
A03Pep1, also was shown to be synthesized as an inactive precursor with an N-terminal pre-
pro-region, a serine peptidase domain and a C-terminal domain of unknown function. The
active form of the enzyme is produced by cleavage of the N- and C-terminals and, by targeted
mutagenesis studies, was demonstrated that a disulphide-tethered loop located next to the
primary substrate binding site act mediating the interaction between the enzyme and the

subtract [28].

At the A03Pepl C-terminal, was found a pro-protein convertase domain that makes
the keratinase longer them its mesophilic counterparts. Convertases are endopeptidases
associated to peptidases from family S8B, the kexin subfamily, and have been identified in
all eukaryotes, in Cyanobacteria, Streptomyces avermitilis and in members of the
Gammaproteobacteria class [41]. It was demonstrated that they can act as cold shock
chaperones, avoiding the misfolding of the enzyme when submitted to low temperatures, as
seen in others psychrophilic proteins that act both at the transcription and in the translation
levels [42]. The presence of such domain could explain the enhancement of the activity of

A03Pepl in the addition of Ca?*, as the convertases are Ca2* dependents. Therefore, as the
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19 inhibitor and the PPC domains block the peptidase activity, the convertase could act
removing those structures and aiding in the correct folding of the enzyme, which might be
valuable to the folding of AO3Pepl, as the hydrophobic forces, which are crucial for protein

folding and stability, are weakened under low temperatures[8].

The most striking feature found in AO3Pepl peptidase was a wider substrate binding
site when comparing the 3D structure of the enzyme with that of AprV2 crystal. Considering
that the substrate binding is one of the most temperature-sensitive steps in an enzymatic
reaction, this characteristic is frequently found in cold-adapted enzymes, as above mentioned
by the a-amylase AHA, once a large active site facilitates the binding of the substrate at low
temperatures, where the reaction rates are slowly. Additionally, was demonstrated that non-
specific psychrophilic enzymes can accept a broad range of substrates than the mesophilic
homologues, because substrates slightly different can fit in the active site [9]. In the other
hand, such characteristic lead to a decrease in the stability of the interaction enzyme-
substrate, giving rise to higher Km values, which represents a measure of the affinity of the

enzyme for the substrate.

In summary, the subtilisin-like serine peptidase A03Pepl, identified by genomic
library screening of the Antarctic bacterial strain Lysobacter sp. A03, showed to have some
remarkable characteristics commonly associated to cold-loving enzymes, highlighting its
high activity under low to mesophilic temperatures, its relatively low thermostability and the
wider predicted substrate binding site when compared to mesophilic homologous proteins.
We presume that such features could account for the high keratinolytic and overall
proteolytic activities observed in the AO3Pepl enzyme at low temperatures. Our analyses
improve the knowledge about psychrophilic peptidases and their mechanisms of activity,

providing new insights to the development of new biotechnologically relevant enzymes.
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10.1.1.7 FIGURE AND TABLES LEGENDS

Tables

Table 1. Effect of metal ions on the activity of AO3Pepl peptidase.

Table 2. Effect of inhibitors on the activity of AO3Pepl peptidase.

Figures

Fig. 1 Schematic diagram of AO3Pepl precursor showing the domains found and the position

of the residues of the catalytic triad (Asp, His, grey lozenge , Ser red lozenge).

Fig. 2 Comparison between the amino acid composition of A03Pepl and KerSMD against
the SwissProt database. More flexible residues are shown in green and less flexible are

shown in red. A particular enrichment or depletion is statistically significant when p< 0.05.

Fig. 3 Alignment of the predicted mature sequence of A0O3Pepl with the serine-peptidase of
known 3D structure 3LPA and the keratinases KerSMF and KerSMD. The identical residues
are shaded in black boxes and the catalytic triad is indicated by the bottom black arrows. The

secondary structure of the AO3Pepl peptidase is shown on the top.

Fig. 4. 12% SDS-PAGE (a) and zymography (b) analysis of the purified A03Pepl
Keratinase. Lane 1, protein molecular mass marker; lane 2 induced cell lysate of E. coli
Arctic Express harboring pGEX-4T-2; lane 3, supernatant of the induced culture with

activity; lane 4, purified A0O3Pepl keratinase after ultrafiltration.

Fig. 5 Effect of pH (a), temperature (b) and thermal stability (c) of the purified A03Pepl

peptidase on azocasein. The enzyme activity without pre-treatment was taken as 100%.
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Fig. 6 Effect of Ca2+ concentration on the AO3Pepl keratinase activity. The activity of the

control without Ca2+ was defined as 100%.

Fig. 7 Modeled structure of the predicted mature form of AO3Pepl keratinase showing the
catalytic triad (Asp, His, Ser) and the two disulfide bridges (a); superimposition of the 3D
structures of A03Pepl (blue), AprV2 (light pink) and AprB2 (dark pink). The grey arrow
indicates the location of the main structural difference among the three molecules, where

AO03Pepl showed a shorter loop at the entrance of the putative substrate binding site (b).

Fig. 8 Comparison of the binding pockets of A0O3Pepl (A) and its homologue subtilisin-like
peptidase AprV2 (PDB 3LPA) (B). The volumes of the binding pockets were calculated

using the CASTp server and a probe radius of 1.4 angstroms.



10.1.1.8 Tables

Table 1
Table 1. Effect of metal ions on the activity of AO03Pepl
peptidase.
Metal lon  Final Concentration (mM)  Relative activity (%)
None 0 100
Na** 10 108.06 +1.12
NH* 10 110.07 £ 4.5
Mg?* 10 117.13 +3.2
Zn** 10 67.63 +1.18
Ba?* 10 106.38 £ 4.4
Ca?* 10 1319121
Relative activity represents the mean = SD (standard deviation) of three
individual experiments at optimum condition, pH 9.0, temperature 40°C.
Table 2

Table 2. Effect of inhibitors on the activity of AO3Pepl

peptidase.
Inhibitor Final concentration Residual activity (%)
PMSF 5mM 0+ 0.00
Isopropyl alcohol 5% (VIV) 115.3+ 0.26
EDTA 5mM 48,79+ 3.48

Relative activity represents the mean + SD (standard deviation)
of three individual experiments at optimum condition, pH 9.0,
temperature 40°C.
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10.1.1.9 Figures

Figure 1.
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Figure 3
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Figure 8
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10.1.1.10 SUPPLEMENTAL MATERIAL

Fig. S1 Skimmed milk agar plate of the transformation of the peptidase gene in pGEM-T
easy vector after 48 h of incubation at 28°C. The haloes around the colonies are indicative
of proteolytic activity.
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Fig. S2. Secondary structure prediction of the AO3Pep! precursor calculated using PsiPred.
The blue bars indicate the confidence of the prediction.
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11 Discussao Geral

A demanda industrial por preparagdes altamente ativas de biocatalisadores com
estabilidade e especificidade apropriadas em termos de pH, temperatura, ions metalicos e
surfactantes continua a estimular a busca por novas fontes de peptidases. Ainda assim, a
prospeccao de enzimas proteoliticas esteve, durante muito tempo, focada na identificagao de
proteases provenientes de micro-organismos cujo desenvolvimento 6timo situa-se na faixa

de temperatura mesofilica e termofilicas (FELLER, 2013).

No entanto, nos ultimos 20 anos, tém crescido o interesse na descoberta, isolamento
e investigacdo de micro-organismos provenientes de ambientes extremos, os chamados
extremofilos. Entre eles, os organismos psicrofilos sdo de particular interesse, pois suas
enzimas sdao capazes de agir e permanecer estaveis em temperaturas nas quais suas
homologas mesofilicas apresentam pouca ou nenhuma funcdo. Em habitats
permanentemente frios, as baixas temperaturas obrigaram os organismos a desenvolver
mecanismos enzimaticos inicos que tornassem as taxas metabodlicas compativeis com a vida.
Estas proteinas sdo de especial interesse comercial, tanto diretamente quanto como modelos
para a engenharia de biocatalizadores com caracteristicas especificas para um dado processo
industrial (BAE & PHILLIPS, 2004). Além disso, elas proporcionam uma oportunidade
unica para estudos académicos focados nas relacdes entre estabilidade, dinamica e fungao

de proteinas.

A bactéria Lysobacter sp., A03, isolada de penas de pinguim coletadas na Antartida
juntamente com outras linhagens bacterianas, foi selecionada com base na sua capacidade
de degradar residuos de penas preferencialmente em temperaturas entre 15 e 20°C, ou seja,
dentro da faixa de crescimento de organismos psicrofilicos. Apesar disso, a temperatura
Otima para a atividade proteolitica extracelular foi de 40°C, refletindo o resultado do efeito
cinético do aquecimento sobre a taxa de reacdo, de forma que os estudos demonstram que a
temperatura 6tima de atividade de uma enzima encontra-se geralmente entre 10 e 20°C acima
daquela de crescimento maximo (SHERIDAN et al., 2000). No entanto, nos ensaios em
azocaseina, verificou-se que a atividade enzimatica foi rapidamente reduzida em
temperaturas superiores a 50°C, ressaltando a caracteristica de termolabilidade dos

biocatalizadores de organismos psicrofilos (CAVICCHIOLI et al., 2011).
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A habilidade de enzimas adaptadas ao frio de catalisar reacdes em temperaturas
baixas e moderadas ¢ de grande interesse industrial e biotecnologico, ainda mais
considerando-se a crescente preocupagao com o aquecimento global e os esforgos que vém
sendo realizados para economizar energia (STRUVAY & FELLER, 2012). Por exemplo, o
uso de linhagens bacterianas produtoras de queratinases ativas em temperaturas baixas a
moderadas seria de grande relevancia para a industria de processamento do couro, ndo
somente pela economia de energia, mas também pela redugdo dos impactos de produtos
quimicos utilizados normalmente no processo de depilagdao das pecas (SHERIDAN et al.,
2000, BRANDELLI et al., 2010). Além disso, o uso de linhagens de micro-organismos
queratinoliticos psicrofilicos seria uma alternativa promissora na industria avicola, onde os
residuos queratinosos, principalmente penas, sdo convertidos em complementos para racao
animal através de moagem e coccao sob pressao. Esse processo, além de energeticamente
custoso, produz suplementos com baixa digestibilidade e reduzido valor nutricional, dada a
insolubilidade da queratina e a degradacdo de alguns aminoacidos durante o processo

(GOPINATH et al., 2015).

Em adicdo aos processos industriais, em alguns dos quais € possivel o uso direto de
linhagens proteoliticas nao patogénicas ou de seus extratos brutos, a purificagao enzimatica
€ necessaria nos demais processos biotecnologicos que envolvem quimica fina, como na
producao de farmacos, cosméticos e reagentes utilizados em laboratério. Dessa forma, o
desenvolvimento de meios para a purificacao rapida e de baixo custo de enzimas constitui
uma parte importante no estudo de biocatalizadores comercialmente relevantes. Muitos
trabalhos desenvolvem técnicas cromatograficas para chegar a esse objetivo. No entanto, em
muitas circunstancias a expressao para purificacao da enzima de interesse diretamente no
organismo de origem pode ser dificultada, seja pela presenca de fatores de viruléncia que
inviabilizam sua utilizagdo em larga escala ou pela expressdo em niveis insatisfatorios da
proteina alvo. Assim, a clonagem e expressdo heterdloga ¢ uma das melhores alternativas

disponiveis.

Considerando a relevancia do isolado A03 como produtor de peptidases
extracelulares e a sua capacidade de degradar residuos queratinosos, foi realizada a
construcdo de uma biblioteca gendmica para o screening funcional de enzimas proteoliticas

ativas em baixas temperaturas. A partir dessa abordagem, uma peptidase foi isolada e
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subclonada com sucesso em vetor pGEM-t Easy o que permitiu a determinagdo do Open
Reading Frame do gene a0301 e sua expressao em E.coli a partir do vetor pGEX-4T-2. A
enzima, denominada AO3Pepl, apresentou maior identidade com as queratinases de
linhagens de S. maltophilia, uma bactéria filogeneticamente proxima de Lysobacter, também
pertencente & Ordem Xanthomonadales, com linhagens reconhecidamente produtoras de

queratinases em condi¢des mesofilicas de temperatura (FANG et al., 2014).

Apesar de a expressao heterdloga ter sido realizada com sucesso, ndo foi possivel a
purificacdo da enzima A03Pepl fusionada a glutationa S-transferase (GST) através de
cromatografia por afinidade, observando-se que a atividade enzimatica foi quantificada em
grande quantidade no sobrenadante dos cultivos. Um dos motivos seria a autolise da proteina
precursora da queratinase e remo¢do de GST juntamente com os dominios N-terminais,
durante o processamento que da origem a forma madura da enzima. Fendmeno semelhante
foi relatado por Fang e colaboradores (2014) durante o estudo da queratinase KerSMD, de
Stenotrophomonas maltophilia BBE11-1, na qual a tentativa de purificacio por
cromatografia de afinidade ao niquel, através da adi¢ao de uma cauda de histidina a porcao
C-terminal da enzima nao foi possivel. Os autores argumentam que a autdlise dos dominios
PPC C-terminais de KerSMD seria responsavel pela remocgao da etiqueta de histidina durante
a maturacao da enzima. Uma estratégia para contornar esse problema, seria a adi¢ao da cauda
de histidina imediatamente apds o término da sequéncia madura da queratinase, no entanto,
a auséncia dos dominios C-terminais poderia comprometer o dobramento correto da enzima
e por consequéncia a sua atividade. Ainda assim, foi possivel a purificacdo da peptidase
A03Pepl diretamente dos sobrenadantes dos cultivos para indugdo da expressao através de
duas etapas de ultracentrifugacao, tornando possivel a avaliagao dos parametros bioquimicos

da enzima.

Nos ensaios enzimaticos realizados com o substrato azocaseina, verificou-se que a
peptidase AO3Pepl foi mais ativa a 40°C e pH9,0, apresentando alta atividade na faixa entre
30 e 40°C, resultado bastante similar aquele observado nos ensaios realizados com os
sobrenadantes brutos do cultivo de Lysobacter sp. AO3. Uma possibilidade seria o fato de
que a maior parte da atividade enzimatica extracelular da bactéria seja devida a peptidase
AO03Pepl, uma vez que ela pode desempenhar o papel principal na degradagao dos substratos

queratinosos tornando-os acessiveis as enzimas secundarias.
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O efeito de inibidores de peptidases e ions metélicos confirmou que a enzima
AO03Pepl ¢ de fato uma serino-peptidase, pois sua atividade foi completamente perdida na
presencga do inibidor especifico PMSF. No entanto, a atividade foi reduzida a menos de 50%
pelo inibidor de metalo-peptidases EDTA. Esse resultado aparentemente contraditério ¢é
explicavel pelo fato de que o EDTA ¢ um forte quelante de ions metalicos, os quais
influenciam fortemente a estabilidade de serino-peptidases. Adicionalmente, verificou-se o
aumento da atividade da queratinase na presenca de diversos ions, ressaltando-se Ca*".
Daroit et al. (2011), trabalhando com a queratinase produzida por Bacillus sp. P45
demonstraram o efeito positivo do Ca®" sobre a estabilidade térmica da enzima na
concentracdo 6tima de 3 mM. Na protease alcalina PAP da linhagem psicrofilica de
Pseudomonas sp. TAC 18 foi relatado que a ligagdo de um ion calcio no dominio proteolitico
é responsavel por uma mudanga conformacional de 13-A em um loop que torna o sitio ativo
da enzima mais acessivel na comparacdo com a forma mesofilica da mesma protease

(AGHAJARI et al., 2003).

A fim de avaliar a estabilidade térmica da queratinase AO3Pepl, a enzima foi
incubada em diferentes temperaturas por até¢ 120 minutos. Observou-se que ap6s 15 minutos
de tratamento térmico a 55 e 70 °C, a enzima perdeu aproximadamente 60 e 90 % da
atividade original, respectivamente. A caracteristica de maior termolabilidade das enzimas
adaptadas ao frio pode representar uma vantagem quando do seu uso em substratos sensiveis
ao calor, como alimentos e medicamentos, por exemplo. No entanto, essa caracteristica
também pode trazer desvantagens para o emprego industrial direto de biocatalizadores
provenientes de micro-organismos psicrofilicos, uma vez que sua baixa estabilidade dificulta
a sua estocagem e incorporacao as formulacdes. Dessa forma, o conhecimento da estrutura
¢ mecanismos de a¢do das enzimas psicrofilicas também pode fornecer uma alternativa
indireta para o desenvolvimento, através da engenharia genética, de enzimas que aliem uma
maior estabilidade, tolerancia em pH elevados e atividade em temperaturas reduzidas. Esse
foi o caminho encontrado pela industria de detergentes, onde as subtilisinas que compde
formulagdes ativas em baixas temperaturas foram “engenheiradas” para apresentarem essa
caracteristica baseando-se na estrutura da subtilisina de linhagens Antarticas de Bacillus

(NARINX et al., 1997).
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No entanto, enquanto diversos estudos estruturais t€ém sido realizados a fim de
identificar as bases moleculares da adaptagdo ao calor das proteinas dos organismos
termofilicos, principalmente devido a facilidade de obteng@o de cristais, os mecanismos
moleculares da adaptacdo ao frio permanecem relativamente desconhecidos, devido ao
namero limitado de estruturas resolvidas de proteinas de psicrofilos, provavelmente por
causa da sua termolabilidade e flexibilidade que dificultam os estudos cristalograficos
(CAVICCHIOLI et al, 2011). Os métodos de modelagem comparativa oferecem uma
alternativa e podem auxiliar na elucida¢do das bases moleculares da atividade de enzimas
ativas no frio. Dessa forma, a estrutura tridimensional da peptidase A0O3Pepl foi inferida
através de modelagem por homologia. Apesar da estrutura geral da enzima ter se mostrado
bastante semelhante aquela da homodloga mesofilica AprV2, utilizada como modelo,
observou-se que o encurtamento de um loop proximo a regido do sitio ativo pode facilitar o
acesso do substrato ao sitio de ligacao, o que pode responder pela alta atividade catalitica
em baixas temperaturas. Na enzima AprV2, acredita-se que esta alca encubra parcialmente
o sitio ativo, apesar da argumentagdo dos autores de que ela auxiliaria na ligagao do substrato
(KENNAN et al., 2010). Varios trabalhos tém demonstrado que a estrutura das enzimas
adaptadas ao frio ¢ bastante similar aquela das enzimas mesofilicas € que em muitos casos
pequenas substituicdes em alguns aminodcidos, principalmente proximos ao sitio ativo,
auxiliam na flexibilizagdo da estrutura e maior eficiéncia em temperaturas reduzidas

(FELLER, 2013).

Este estudo permitiu identificar uma nova peptidase com atividade queratinolitica em
temperaturas reduzidas, a partir do screening funcional do genoma da bactéria psicrofilica
Lysobacter sp. A03. Essa enzima representa uma nova alternativa ao uso daquelas
provenientes de micro-organismos mesofilicos e termofilicos, principalmente em termos de
economia de energia em processos industriais como também contribui para o conhecimento

dos mecanismos de adaptacdo das hidrolases provenientes de organismos de climas frios.
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12 Conclusdes

- Micro-organismos produtores de queratinases extracelulares ativas em baixas temperaturas

foram isolados com sucesso do ambiente antartico;

- Eles foram capazes de degradar principalmente o substrato farinha de penas 1% a 20°C sob

condi¢des alcalifilicas;

- O isolado Lysobacter sp. A0O3 mostrou-se superior aos demais na sua capacidade de
degradar queratina, sendo capaz de degradar farinha de penas quase completamente em 96

h;

- A constru¢do de uma biblioteca gendmica do isolado Lysobacter sp. A03 permitiu a

identificacdo de um novo gene de uma peptidase queratinolitica denominado a0301;

- A maior identidade da sequéncia do gene foi com as serino-peptidases queratinoliticas

KerSMF e KerSMD de Stenotrophomonas maltophilia;

- A analise dos dominios funcionais revelou que a enzima ¢ sintetizada na forma de um
precursor inativo formado por cinco regides, sendo elas um peptideo sinal, um inibidor N-
terminal pertencente a Familia 19, o dominio catalitico pertencente a Familia S8 de serino-
peptidases, um dominio PPC ¢ um dominio PC relacionado as convertases da familia da

kexina;

- O gene foi expresso com sucesso no vetor pGEM-T Easy e no vetor pGEX-4-T 2 ¢ a

enzima, denominada AO3Pep1 foi recuperada principalmente no sobrenadante dos cultivos;

- Nao foi possivel a purificagdo da enzima expressa a partir de cromatografia por afinidade,
uma vez que possivelmente a etiqueta GST tenha sido clivada durante o processamento da
peptidase, dessa forma, uma nova estratégia de purificacdo através de ultrafiltracdo foi

empregada com sucesso para a obten¢do da peptidase;

- Os ensaios enzimaticos revelaram que a peptidase foi mais ativa a 40°C, em condi¢des

alcalifilicas e sua atividade foi aumentada na presenca de ions cdlcio;

- A peptidase A03Pepl apresentou termoestabilidade abaixo dos 50°C, perdendo atividade

rapidamente em temperaturas superiores;
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- A modelagem por homologia da estrutura 3D mostrou que a peptidase é bastante
semelhante as serino-peptidases mesofilicas da familia S8 e que a maior diferenca
encontrada foi a dele¢do de alguns residuos de aminoacidos em uma regido de alga situada
préxima ao sitio ativo que aparentemente facilita o acesso do substrato ao seu sitio de
ligagdo, podendo ser responsavel pela atividade da enzima AO3Pepl em temperaturas

reduzidas.
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13 Perspectivas

- Realizar a superexpressdo da peptidase AO3Pepl através da clonagem em vetor pET23a

para a purifica¢do da enzima utilizando-se cromatografia por afinidade;

- Avaliar, através de Ressonancia Magnética Nuclear (RMN) a estrutura da peptidase
A03Pepl a fim de obter novas informacgdes estruturais sobre a enzima e sua atividade em

baixa temperatura;

- Continuar a prospec¢do de hidrolases de interesse biotecnoldgico e industrial através de
Genome Mining a partir do genoma ja sequenciado de Lysobacter sp. A03, visando a sua

clonagem e expressao;
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