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Com o texto a seguir, dedico este trabalho aos meus avos.

Era uma vez, no antigo pais das fabulas, uma familia em que havia um pai, uma méae, um avd
que era o pai do pai e aquela ja mencionada crianga de oito anos, um rapazinho. Ora sucedia
que o avd ja tinha muita idade, por isso tremiam-lhe as méos e deixava cair a comida da boca
quando estavam a mesa, 0 que causava grande irritacdo ao filho e a nora, sempre a dizerem-
Ihe que tivesse cuidado com o que fazia, mas o pobre velho, por mais que quisesse, ndo
conseguia conter as tremuras, pior ainda se lhe ralhavam, e o resultado era estar sempre a
sujar a toalha ou a deixar cair comida ao chdo, para ja ndo falar do guardanapo que lhe
atavam ao pescoco e que era preciso mudar-lhe trés vezes ao dia, ao almogo, ao jantar e a ceia.
Estavam as cousas neste pé e sem nenhuma expectativa de melhora quando o filho resolveu
acabar com a desagradavel situacdo. Apareceu em casa com uma tigela de madeira e disse ao
pai, A partir de hoje passara a comer aqui, senta-se na soleira da porta porque é mais facil de
limpar e assim ja a sua nora ndo tera de preocupar-se com tantas toalhas e tantos guardanapos
sujos. E assim foi. Almogo, jantar e ceia, 0 velho sentado sozinho na soleira da porta, levando a
comida a boca conforme lhe era possivel, metade perdia-se no caminho, uma parte da outra
metade escorria-lhe pelo queixo abaixo, ndo era muito o que Ihe descia finalmente pelo que o
vulgo chama o canal da sopa. Ao neto parecia ndo lhe importar o feio tratamento que estavam
a dar ao avd. Até que uma tarde, ao regressar do trabalho, o pai viu o filho a trabalhar com
uma navalha um pedaco de madeira e julgou que, como era normal e corrente nessas épocas
remotas, estivesse a construir um brinquedo por suas préprias méos. No dia seguinte, porém,
deu-se conta de que ndo se tratava de um carrinho, pelo menos ndo se via sitio onde se Ihe
pudessem encaixar umas rodas, e entdo perguntou, Que estas a fazer. O rapaz fingiu que néo
tinha ouvido e continuou a escavar na madeira com a ponta da navalha. N&o ouviste, que estas
a fazer com esse pau, tornou o pai a perguntar, e o filho, sem levantar a vista da operacéo,
respondeu, Estou a fazer uma tigela para quando o pai for velho e Ihe tremerem as méos, para
quando o mandarem comer na soleira da porta como fizeram ao av6. Foram palavras santas.
Cairam as escamas dos olhos do pai, viu a verdade e a sua luz, e no mesmo instante foi pedir
perddo ao progenitor e quando chegou a hora da ceia por suas préprias médos o ajudou a
sentar-se na cadeira, por suas préprias maos lhe levou a colher a boca, por suas proprias maos

Ihe limpou suavemente o queixo, porque ainda o podia fazer e 0 seu querido pai ja ndo.

José Saramago
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PURIFICACAO E IMOBILIZACAO DE UMA PROTEASE

QUERATINOLITICA PRODUZIDA POR Chryseobacterium sp. linhagem kr6

RESUMO

Queratinases (E.C. 3.4.21/24/99.11) sdo um grupo de enzimas proteoliticas que
catalisam a hidrdlise da queratina. A linhagem queratinolitica Chryseobacterium sp. kré
apresenta elevada producdo de queratinases extracelulares, demonstrando potencial para
bioconversdo de substratos constituidos por queratina. O presente trabalho teve como
principal objetivo purificar e imobilizar uma queratinase produzida pelo
Chryseobacterium sp. kr6. As condigdes Otimas para a atividade proteolitica da
queratinase foram estabelecidas com o auxilo das ferramentas estatisticas de
planejamento experimental e superficie de resposta. Os resultados demonstraram que
tais condi¢bes foram atingidas ao utilizar pH na faixa de 7,4 a 9,2, 35°C a 50°C e
concentragdo de NaCl de 50 a 340 mmol L. A especificidade da queratinase frente a
diferentes substratos também foi investigada, indicando a preferéncia da enzima por
residuos hidrofébicos ou positivamente carregados. A completa purificacdo da
queratinase envolveu a precipitagdo com sulfato de amonio, cromatografias de
permeacdo em gel e troca anidnica. A amostra obtida apds as referidas etapas
apresentou um fator de purificacdo de 40,2 vezes e atividade especifica de 21.466
U mg'l de proteina. A massa molecular da enzima, determinada por SDS-PAGE, foi, de
aproximadamente, 20 kDa. Os pardmetros cinéticos e termodindmicos para a inativagao
térmica da queratinase, sob diferentes condicdes, foram estimados. A partir dos
resultados obtidos, observou-se que a presencga de célcio aumenta significativamente a
estabilidade térmica da enzima. Comparando com as amostras controles, o tempo de
meia vida da enzima purificada na presencga de Ca®" aumentou 7,3, 20,2 e 9,8 vezes, a
50°C, 55°C e 60°C, respectivamente. A atividade enzimatica foi significativamente
inibida na presenca de EDTA e 1,10-fenantrolina, sugerindo se tratar de uma
metaloprotease. O desenvolvimento de um suporte a base de quitosana para a
imobilizacdo covalente da queratinase purificada foi investigado. Para isso, foram
avaliados os efeitos de diferentes concentracdes de glutaraldeido e tempo de contato
deste com as esferas de quitosana, sobre o percentual de imobilizagdo da enzima. Os
melhores resultados obtidos para a imobilizacdo da queratinase ao suporte foram ao
utilizar concentracéo de glutaraldeido na faixa de 34 a56 g L™ e um periodo de ativacéo
das esferas na faixa de 6 a 10 h. Sob tais condi¢des, obteve-se 80% de imobilizagdo da
enzima. A partir das condi¢cGes Gtimas para a imobilizacdo da enzima ao suporte,
apontadas pela metodologia de superficie de resposta, estimou-se a capacidade de carga
méaxima do suporte, sendo esta de 58,8 U g™. A enzima imobilizada apresentou maior
estabilidade térmica quando comparada com a forma livre, além de reter 63,4% da
atividade enzimética inicial ap6s cinco reutilizag@es.



PURIFICATION  AND IMMOBILIZATION OF A PROTEASE
KERATINOLYTIC FROM Chryseobacterium sp. strain kr6
ABSTRACT

Keratinases (E.C. 3.4.21/24/99.11) are a group of proteolytic enzymes that are able to
catalize the keratin hydrolysis. The keratinolytic Chryseobacterium sp. kr6 strain shows
high extracellular keratinases production, suggesting potential for bioconversion of
keratinous substrates. The present work had as main objective to purify and immobilize
a keratinase from Chryseobacterium sp. kr6. The optimal conditions for proteolytic
activity were established with aid of experimental design and response surface
methodology. The results demonstrated that the best conditions were at pH range of 7.4
to 9.2, 35°C to 50°C and NaCl concentration from 50 to 340 mmol L. Keratinase
specificity for various substrates also was investigated, suggesting that the enzyme had
preference for hydrophobic and positively charged residues. The keratinase purification
involved precipitation with ammonium sulphate and chromatographic techniques of gel
permeation and anionic exchange. The final sample obtained after the purification steps
presents a purification factor of 40.2-fold and specific activity of 21,466 U mg™* of
protein. The molecular weight of the enzyme, determined by SDS-PAGE, was around
20 kDa. The Kinetics and thermodynamics parameters for thermal keratinase
inactivation, under different conditions, were estimated. From results, it was possible to
observe that the calcium affect significantly the thermal stability of the enzyme.
Comparing with the control samples, the half-life time of the purified enzyme with
calcium increased about 7.3, 20.2 and 9.8-fold, at 50°C, 55°C and 60°C, respectively.
The enzyme activity was significantly inhibited in the presence of EDTA and 1,10-
phenanthroline, suggesting that the enzyme belongs to metalloprotease group. The
developing of a chitosan support for covalent immobilization of the purified keratinase
was investigated. The effects of different glutaraldehyde concentrations, as well as, the
activation time required for the chitosan beads on the enzyme immobilization were
investigated. The optimal conditions for enzyme immobilization were at glutaraldehyde
concentration ranging from 34 to 56 g L™ and activation time of 6 to 10 h. Under these
conditions, above 80% of added enzyme was covalently immobilized on the support.
From the best conditions, indicated by response surface methodology, the load capacity
of the macrospheres was estimated, being of 58.8 U g*. The immobilized enzyme
presented higher thermal stability when compared with free one, besides it retained
63,4% of the initial enzyme activity after five cicles of reuse.
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1. INTRODUCAO

A producdo de diversos setores agroindustriais é responsavel pela geracdo de
uma variada gama de subprodutos, sendo que muitos destes possuem elevado conteido
de biopolimeros, como celulose, lignina, quitina e queratina. Tais residuos apresentam,
atualmente, reduzido valor agregado, em virtude da inexisténcia de tecnologias que
visem seu aproveitamento. A degradacdo dessas macromoléculas depende de enzimas
extracelulares que possuem habilidade de atuar na superficie desses substratos
geralmente recalcitrantes.

As indUstrias de processamento de aves geram residuos com elevado conteildo
protéico, principalmente penas, que sdo constituidas de queratina. Esta, em sua forma
nativa, apresenta reduzido valor nutricional, em fun¢éo da composigdo e configuragéo
molecular dos seus aminoacidos constituintes, que proporcionam uma rigidez estrutural
caracteristica. ModificagBes na estrutura da queratina através de processos fisico-
quimicos, como tratamento térmico ou alcalino, possuem desvantagens relativas ao
custo elevado, aléem de promoverem a destruicdo de alguns aminoacidos essenciais.

A aplicacdo de técnicas de bioconversdo, enzimatica ou microbiana, € uma
alternativa atraente para o tratamento e, consequentemente, melhor aproveitamento dos
residuos queratinosos. Tais técnicas sdo, em geral, operadas em condi¢es moderadas,
requerendo reduzido aporte energético e, ainda, sdo ambientalmente amigéveis. O
mercado industrial de enzimas est4 em constante crescimento em funcdo da melhoria
das tecnologias de producédo, avancos na &rea de engenharia de proteinas, bem como a
diversificagdo do campo de aplicag&o.

As queratinases microbianas despertam a atengdo dos pesquisadores,
particularmente em funcéo das suas multiplas possibilidades de aplica¢bes industriais,

em especial, nas industrias de fertilizantes, farmacéutica, de detergentes, coureiras,



racdo animal e alimentos. No entanto, a aplicacdo de enzimas em escala industrial é,
muitas vezes, dificultada em funcdo do elevado custo de producéo e purificagdo, bem
como inconvenientes relacionados a sua instabilidade em determinadas condi¢Ges
operacionais e sua solubilidade no meio reacional. A utilizagdo de enzimas em
processos industriais é vidvel apenas se estas permanecerem estaveis frente a variacdes
de temperatura, pH e presenca de substancias quimicas.

A imobilizagdo de enzimas em suportes sélidos €, provavelmente, uma das
estratégias que apresenta maior potencial para incrementar a estabilidade operacional
desses biocatalisadores. As principais vantagens do uso de enzimas imobilizadas estdo
relacionadas com o fato da enzima tornar-se um catalisador heterogéneo, possibilitando
a sua separacdo e reutilizagcdo. A possibilidade de desenvolvimento de sistemas
continuos, maior estabilidade, bem como uma diversidade de desenho dos biorreatores
sd0 outras caracteristicas interessantes atribuidas as enzimas imobilizadas.

Dentre as principais aplicacOes para proteases imobilizadas, destacam-se a
hidrdlise de proteinas em aminoécidos, investigacdo da estrutura de proteinas através da
hidrdlise controlada, avaliacdo da digestibilidade de proteinas.

Nesse contexto, o presente trabalho visa fornecer informagOes relacionadas a
purificagdo e imobilizagdo de uma protease queratinolitica produzida por
Chryseobacterium sp. kr6, visando contribuir para a sua aplicagdo em processos de

bioconversao.



2. REVISAO BIBLIOGRAFICA

2.1 Proteases

A clivagem proteolitica das ligacfes peptidicas é uma das mais frequentes e
importantes modificacbes enziméticas das proteinas (BEYNON & BOND, 1996). As
proteases sdo uma classe Unica de enzimas, haja vista sua imensa importancia
fisiologica e comercial (RAO et al, 1998). Elas possuem propriedades tanto
degradativas quanto sintéticas, pois catalisam a hidrolise das ligagbes peptidicas em
ambiente aquoso e sintetizam-as em ambiente ndo aquoso (AFRIN et al., 2000; GUPTA
& KHARE, 2006). Por serem fisiologicamente necessérias, estdo ubiquamente
distribuidas em animais, plantas e microrganismos. Estes Ultimos sdo a fonte preferida
para producdo comercial de enzimas, em fungdo do seu répido crescimento, reduzido
espaco requerido para os cultivos, bem como a facilidade com que podem ser
manipulados geneticamente para produzir enzimas com propriedades diferenciadas. As
proteases microbianas possuem longo histdrico de aplicacdo na industria de alimentos e
de detergentes (RAO et al., 1998). Representam um dos trés grandes grupos de enzimas
industriais, contribuindo com 60% do total das enzimas comercializadas no mundo

(MUKHERJEE et al., 2008).

2.1.1 Classificacdo

Segundo o Comité de Nomenclatura Enziméatica (EC) da Unido Internacional de
Bioquimica e Biologia Molecular (NC-1UBMB;
www.chem.gmul.ac.uk/iubmb/enzyme/), as peptidases sdo enzimas que pertencem a
classe 3 (hidrolases) e a subclasse 3.4 (peptideo hidrolases ou peptidases. As peptidases

que clivam ligagbes no interior da cadeia polipeptidica sdo classificadas como



endopeptidases e as que atuam nas extremidades da cadeia, de exopeptidases. As
exopeptidases que atuam na regido N-terminal da proteina sdo classificadas como
aminopeptidases e as que atuam na regido C-terminal sdo denominadas
carboxipeptidases.

Entretanto, a especificidade das proteases néo se relaciona apenas a posicdo da
ligacdo peptidica ou ao tamanho na cadeia de residuos de aminodcidos, existindo
também seletividade em relagdo a sequéncia de aminoéacidos vizinhos & ligag&o.
Comumente, utiliza-se uma classificacdo baseada na estrutura quimica do sitio ativo.
Nesse sistema, as carboxipeptidases sdo subdivididas em serina-, metalo- e cisteina-
carboxipeptidases. As endopeptidases sdo subdivididas em serina-, cisteina-, aspartico-,
metalo e treonina-endopeptidases. Existe, atualmente, um sexto tipo catalitico, as
glutdmico-peptidases (BON et al., 2008). De acordo com o pH 6timo para a atividade
enzimatica, as proteases também sdo referenciadas como &cidas, neutras ou alcalinas
(RAO et al., 1998).

As serina endo- e exo-peptidases estdo amplamente distribuidas, apresentando
funcbes diversas. Existem muitas familias distintas, sendo estas agrupadas em seis clas,
dos quais os dois maiores sdo 0s clas tipo-(quimo)tripsina e tipo-subtilisina (SIEZEN &
LEUNISSEN, 1997). As serina-proteases sdo reconhecidas por serem irreversivelmente
inibidas por 3,4-dicloroisocumarina (3,4-DSI), L-3-carboxitrans-2,3-epoxipropil-
leucilamido (4-guanidina) butano, diisopropilfluorofosfato (DFP), fluoreto de
fenilmetilsulfonil (PMSF) (BARRET, 1994; RAO et al., 1998). Segundo LIN et al.
(1995), muitas proteases serinicas, produzidas por Bacillus, tém sido sequenciadas,
clonadas e caracterizadas.

As proteases asparticas, comumente conhecidas como proteases &cidas, sdo

endopeptidases que dependem de residuos de &cido aspéartico para sua atividade



catalitica, exercem atividade catalitica maxima em valores de pH na faixa de 3,0 a 4,0.
Um potente inibidor é a pepstatina, um hexapeptideo que no estado de transi¢do se
parece com o substrato (BEYNON & BOND, 1996).

A atividade de todas as cisteino proteases depende de uma diade catalitica,
cisteina e histidina, sendo que a ordem desses residuos difere dentro das familias. Em
geral, as cisteina-proteases sdo ativas apenas na presenca de agentes redutores, tais
como HCN, ou cisteina, sdo suscetiveis a agentes sulfidrilicos, porém, ndo sdo afetadas
por DFP, nem por agentes quelantes de metais (RAO et al., 1998).

As metaloproteases sdo 0 grupo que apresenta maior diversidade de sitios
cataliticos, caracterizadas por requererem ions metélicos divalentes para sua atividade.
Cerca de 30 familias de metaloproteases sdo reconhecidas, das quais 17 contém somente
endopeptidases, 12 contém somente exopeptidases e 1 (M3) contém tanto endo- quanto
exopeptidase. Sdo inibidas por agentes quelantes, tais como EDTA, mas ndo por agentes

sulfidrilicos ou DFP (RAO et al., 1998).

2.1.2 Queratinases microbianas

As queratinases (E.C. 3.4.21/24/99.11) sdo um importante grupo de enzimas
proteoliticas com capacidade para catalisar a degradacdo de substratos queratinosos
(GUPTA & RAMNANI, 2006). Estdo amplamente distribuidas na natureza, sendo
produzidas por uma variedade de microrganismos, isoladas, principalmente, em
efluentes da indUstria avicola (RIFFEL & BRANDELLLI, 2002).

Dentre os fungos queratinoliticos, destacam-se os géneros Chrysosporium (EL-
NAGHY et al., 1998), Acremonium, Alternaria, Aspergillus, Curvularia, Paecilomyces,
Penicillium (FARAG & HASSAN, 2004; MARCONDES et al., 2008; VESELA &

FRIEDRICH, 2009), Scopulariopsis (KAUL & SUMBALI, 1997; ANBU et al., 2005),



Cladosporium, Doratomyces (VIGNARDET et al., 2001; FRIEDRICH et al., 2005),
Trichophyton (SINGH, 1997; ANBU et al., 2008).

Na ordem Actinomycetales, mais conhecida por actinomicetos, o género
Streptomyces, como o S. fradiae (YOUNG & SMITH, 1975; KUNERT, 1989),
Streptomyces sp. (MUKHOPADHYAY & CHANDRA, 1990; LETOURNEAU et al.,
1998; CHAO et al., 2007; TATINENI et al., 2007; MABROUK, 2008), S. pactum
(BOCKLE et al., 1995), S. albidoflavus (BRESSOLLIER et al., 1999), S. gulbargensis
(DASTAGER et al., 2009) e o género Thermoactinomyces, como o T. candidus
(IGNATOVA et al., 1999), sdo correntemente descritos como degradadores de
queratina, demonstrando habilidade para atuar em uma ampla variedade de substratos
queratinosos, incluindo cabelos, pelos e penas.

Bactérias gram-positivas do género Bacillus (LEE et al., 2002; DAROIT et al.,
2009), em especial, B. subtilis (KIM et al., 2001; SUH & LEE, 2001; MACEDO et al.,
2005), e B. licheniformis (WILLIAMS et al., 1990; ROZS et al., 2001; KORKMAZ et
al., 2004), B. cereus (NILEGAONKAR et al., 2007) e B. megaterium (PARK & SON,
2007), Lysobacter (ALLPRESS et al., 2002), Nesterenkonia sp. (GESSESSE et al.,
2003; BAKHTIAR et al., 2005), Kocuria (BERNAL et al., 2006) e Microbacterium sp.
(THYS & BRANDELLI, 2006) sdo frequentemente reportadas como produtoras de
queratinases. Todavia, poucas linhagens de bactérias gram-negativas, entre elas, Vibrio
(SANGALI & BRANDELLI, 2000), Xanthomonas (DE TONI et al., 2002),
Stenotrophomonas (LUCAS et al., 2003; CAO et al., 2009) e Chryseobacterium
(SANGALI & BRANDELLI, 2000, RIFFEL et al., 2003; WANG et al., 2008) sdo
relacionadas & producéo de proteases queratinoliticas.

Apesar da produgdo de proteases com capacidade queratinolitica estar

amplamente distribuida em uma diversidade de microrganismos, poucos sdo aqueles



que atingiram o estagio de exploracdo comercial. Uma excecdo é a queratinase
produzida por Bacillus licheniformis PWD1 - fonte da Versazyme — a primeira
queratinase comercial desenvolvida por WILLIAMS e colaboradores (1990) e LIN e

colaboradores (1992).

2.1.2.1 AplicagOes

Queratinases microbianas tém atraido uma grande parcela de atencéo,
particularmente em fungdo de suas mdltiplas possibilidades de aplicacdes, dentre elas
destacam-se as industrias de racdo animal, fertilizantes, detergentes, coureira e
farmacéutica (GUPTA & RAMNANI, 2006). Em especial, as enzimas queratinoliticas
bacterianas possuem potencial para aplicagdo em processos biotecnolégicos nédo
poluentes que visem a bioconversdo de efluentes ricos em queratina (BRANDELLI,
2008).

O incremento nutricional da farinha de penas através da aplicacdo de
queratinases tém sido descrito em alguns trabalhos (ONIFADE et al., 1998;
GRAZZIOTIN et al., 2006). Conforme relato de LEE et al. (1991) e ODETALLAH et
al. (2003) o uso da queratinase bruta aumentou significativamente a digestibilidade
aminoacidica de penas ndo tratatas e de farinha de penas comercial.

O processamento biotecnoldgico do couro envolve a utilizacdo de uma mistura
de enzimas, dentre as quais estdo as proteases, lipases e carboidrases (GUPTA &
RAMNANI, 2006). A aplicacdo de proteases queratinoliticas sem atividade
colagenolitica e com moderada atividade elastinolitica possibilita a exploragdo destas na
etapa depilatéria, em substituicdo ao sulfeto de sddio (MACEDO et al., 2005). Ha,
ainda, uma considerdvel quantidade de efluente orgénico gerado durante o
processamento do couro. A biodegradacdo desse efluente tem sido investigada, um

exemplo é a habilidade demonstrada por Streptomyces e Bacillus para hidrolisar



queratina oriunda de cabelos e pelos (HOOD & HEALY, 1994). Outras caracteristicas
que merecem destaque sdo a completa remog&o dos pelos, elevada eficiéncia, redugéo
do contetdo de enxofre no efluente e catélise seletiva (BRANDELLI, 2008). Linhagens
proteoliticas de Bacillus subtilis e B. amyloliquefaciens, anteriormente caracterizadas,
apresentaram propriedades adequadas para o processamento do couro (GEORGE et al.,
1995; VARELA et al., 1997; GIONGO et al., 2007).

Efluentes ricos em queratina também sdo considerados fertilizantes de solo. As
penas possuem cerca de 15% de nitrogénio, apresentando um grande potencial para
serem utilizadas como fertilizantes com liberagéo lenta de nitrogénio. Caso a estrutura
da queratina seja modificada enzimaticamente, a taxa de mineralizagdo aumenta
(WILLIANS et al., 1990). VESELA & FRIEDRICH (2009) produziram uma mistura
contendo proteina soltvel, peptideos e amino&cidos, a partir da hidrélise de um efluente
rico em queratina por uma queratinase produzida por Paecilomyces marquandii,
sugerindo potencial para produgéo de fertilizante foliar.

As queratinases que ndo hidrolisam substratos como o colageno possuem
caracteristicas adequadas para propositos cosmeéticos e farmacéuticos, visto que o
colageno ndo deve ser danificado. Dentre as aplicacbes potenciais estdo: como
ingrediente em produtos para depilacdo ou em formulacdes para uso topico, auxiliando
a remocdo de calos (VIGNARDET et al., 2001).

Observa-se o aumento no interesse pelo desenvolvimento tecnologias
envolvendo a bioconversdo de queratinas em filmes e coberturas biodegradaveis, tanto
para aplicacfes na agricultura quanto biomédicas (SCHROOYEN et al., 2001).

As enzimas proteoliticas dominam o mercado de detergentes, sendo que as
proteases alcalinas respondem por aproximadamente 89% da comercializagdo desse

grupo de enzimas (GUPTA et al., 2002). N&o obstante, h4 uma incessante busca por



novas enzimas com propriedades que permitam ampliar a utilizagcdo de detergentes a
base desses biocatalisadores. Nesse sentido, as queratinases sdo atrativas, pois possuem
a habilidade de se ligar e hidrolisar substratos sdlidos, caracteristica interessante para
formulagOes de detergentes, que requerem enzimas capazes de atuar sobre substratos

protéicos ligados a superficies solidas (GUPTA & RAMNANI, 2006).

2.1.2.2 Purificacao de queratinases

Muitas vezes, os avancos em biotecnologia dependem do desenvolvimento de
técnicas eficazes para a purificacdo de biomoléculas. O sucesso da purificacdo de
proteinas esta na selecdo da técnica mais apropriada, combinando-a de forma légica
para maximizar o rendimento e minimizar o nimero de etapas requeridas. A maioria dos
protocolos de purificacéo utiliza como etapa inicial a concentracdo da amostra através
de agentes precipitantes, em geral, sulfato de amonio, e subsequentemente, técnicas
cromatograficas (SAXENA et al., 2003).

WANG et al. (2008) purificaram trés metaloproteases queratinoliticas
produzidas por Chryseobacterium indologenes TKUO014. Para tal, utilizaram
precipitacdo do caldo bruto com sulfato de amonio, seguida por cromatografia de troca
idnica e interacdo hidrofdbica. Esta Ultima etapa cromatogréafica rendeu trés picos com
atividade queratinolitica, denominados P1, P2 e P3, resultando em fatores de purificacdo
de 16, 22 e 11, respectivamente, e rendimento global de 9%. A obteng&o de mais de um
pico com atividade queratinolitica, durante a purificacdo de queratinases j& havia sido
reportada por RIFFEL et al. (2007), ao desenvolver um protocolo para purificacdo de
uma queratinase produzida por Chryseobacterium sp. kr6, onde foram detectados trés
picos com atividade queratinolitica. O processo desenvolvido pelos referidos autores
envolveu cromatografia de interacdo hidrofobica e permeagdo em gel, sendo que ao

final das etapas de purificagdo obteve-se um fator de purificacdo de 14,26 vezes e um



rendimento global de 1,18%. Fatores de purificacdo elevados s&o, muitas vezes,
atingidos ao se utilizar uma extensa sequéncia de etapas cromatogréficas. DE TONI et
al. (2002), ao purificar uma queratinase produzida por Xanthomonas maltophilia,
utilizando quatro passos cromatogréaficos, obtiveram um fator de purificacdo de 177
vezes, no entanto o rendimento final foi de apenas 0,9%. Rendimentos na faixa de 20 a
45% sdo normalmente obtidos para purificacdo de queratinases, utilizando duas a trés
etapas cromatogréficas (LEE et al., 2002; GESSESSE, et al., 2003; FARAG &

HASSAN, 2004; ANBU et al., 2005; THYS & BRANDELLI, 2006).

2.2 Queratinas

A queratina é uma proteina mecanicamente durdvel e quimicamente néo reativa
que ocorre em todos os vertebrados superiores. E o principal componente da rigida
camada externa da epiderme e de seus apéndices relacionados, como cabelos, chifres,
unhas e penas. As queratinas tém sido classificadas em a-queratinas, onde predominam
segmentos de polipeptideos em a-hélice, que se enrolam e formam uma estrutura
bastante rigida; e B-queratinas, cujas folhas 3 formam filamentos flexiveis e macios.
Cada mamifero possui cerca de 30 variantes de queratina, cuja expresséo varia de tecido
para tecido (BON et al., 2008; VOET et al., 2008).

A a-queratina é rica em residuos de cisteina, que formam ligac6es dissulfeto
responsaveis pela ligacdo cruzada entre cadeias polipeptidicas adjacentes. As a-
queratinas sdo classificadas como “duras” ou “moles” se possuirem alto ou baixo teor
de enxofre, respectivamente. As queratinas “duras”, como as constituintes do cabelo,
chifres e unhas, sdo menos flexiveis do que as queratinas “moles”, como da pele e de

calos, resistindo a deformacéo devido as ligacoes dissulfeto (VOET et al., 2008).
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2.3 Estabilidade das enzimas

As enzimas sofrem uma variedade de reagOGes desnaturantes durante sua
producéo, armazenagem e utilizacéo na industria. A desnaturacdo é o desdobramento da
estrutura terciéria da enzima gerando um polipeptideo desordenado, no qual residuos
chave ndo estdo mais alinhados proximos o suficiente para continuar participando das
interagdes de estabilizagdo estrutural ou funcional (IYER & ANANTHANARAYAN,
2008). A estabilidade in vitro de enzimas e proteinas permanece um assunto critico na
biotecnologia, visto que tanto a estabilidade operacional quanto a de armazenagem
influenciam consideravelmente a aplicacdo de produtos e processos enzimaticos
(FAGAIN, 2003).

A baixa estabilidade conformacional das enzimas as tornam muito suscetiveis a
desnaturacdo por alteracdo do balanco das forgas fracas (que ndo as de ligagdo) que
mantém a conformagdo nativa. A desnaturagdo pode ocorrer por uma variedade de
condigBes: aquecimento, variagdes de pH, presenca de detergentes e agentes caotropicos
(VOET et al., 2008). A desnaturacéo pode ser revertida por meio da retirada do agente
desnaturante, no entanto, a proteina pode vir a sofrer mudancas quimicas que induzam a
uma perda irreversivel da atividade (IYER & ANANTHANARAYAN, 2008).

De acordo com o modelo amplamente aceito de Lumry-Eyring, a inativagdo
enzimética é um fendmeno de, pelo menos, duas etapas: o desdobramento reversivel da
enzima nativa, seguida pela etapa cineticamente irreversivel, a qual induz a agregacédo
ou mudangas covalentes na enzima. Visando incrementar a estabilidade das enzimas,
trés principais rotas de pesquisa séo focadas:

a) Isolamento de enzimas produzidas por extremofilos;

b) Producdo de enzimas estaveis via manipulagdo genética de organismos

mesofilos;
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c) Estabilizacdo de enzimas instdveis por métodos como: engenharia de
proteinas, modificagbes quimicas, uso de aditivos e imobilizagdo (FAGAIN, 2003;

IYER & ANANTHANARAYAN, 2008).

2.4 Imobilizagdo de enzimas

A imobilizacdo de enzimas, técnica especificamente desenvolvida para restringir
a liberdade de movimento destas, € obtida através da fixacdo da enzima “em” ou “no
interior” de suportes sélidos, resultando em um sistema heterogéneo (BICKERSTAFF,
1997; KRAJEWSKA, 2004). Quando comparada com as enzimas livres, as
imobilizadas sdo mais robustas, além disso, a heterogeneidade do sistema imobilizado
possibilita maior facilidade de recuperagéo tanto do catalisador quanto do produto,
multiplas reutilizacbes, operacbes em processos continuos, bem como uma maior
flexibilidade na escolha dos diversos modelos de biorreatores (KRAJEWSKA, 2004;
CAOQ, 2005).

O termo “enzima imobilizada” inclui:

* A modificacdo das enzimas de forma as torna-las insoluveis em agua.

* A utilizacdo de enzimas na forma solivel em reatores equipados com
membranas de ultrafiltracdo, que permitem o escoamento dos produtos da reagdo, mas
retém a enzima no interior do reator.

* A restricdo da mobilidade da enzima pela ligacdo a outra molécula, que torna o
sistema insolivel no meio de reacdo. O sistema imobilizado permite a conducdo de
reagdes em reatores continuos, com facil separagdo de catalisador-produto, aumento da
produtividade do processo (BON et al., 2008).

As enzimas podem ser imobilizadas por uma variedade de técnicas, sendo quatro
destas consideradas as principais: a) adsorcdo; b) reticulacdo; c) encapsulagéo; d)

ligacdo covalente (BICKERSTAFF, 1997). Numerosos outros protocolos reportados na
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literatura s8o combinacdes dos supracitados (KRAJEWSKA, 2009). No entanto, ndo ha
um Unico método ou suporte ideal para todas as enzimas, haja vista a diversidade de
caracteristicas e composicdo desses biocatalisadores, bem como as diferengas nas
propriedades dos substratos e produtos e, ainda, a diversidade de aplicacdo dos produtos
(D’SOUZA, 1999; CAO, 2005).

A imobilizacdo por adsor¢do é a técnica considerada mais simples, envolve
interacBes de superficie reversiveis entre a enzima e o suporte (KRAJEWSKA, 2009).
As forcas envolvidas séo, principalmente, eletrostaticas, como van der Waals, interacfes
de hidrogénio e ibnicas, embora interacdes hidrofébicas possam ser consideraveis. Tais
forcas sdo muito fracas, no entanto, em quantidade suficiente sdo capazes de
proporcionar ligacdo razoavel (BICKERSTAFF, 1997; KRAJEWSKA, 2004). O
procedimento consiste em misturar 0os componentes bioldgicos e o suporte com
propriedades de adsorcdo, sob condi¢des propicias de pH e forca idnica, por um dado
periodo, seguida da coleta do material imobilizado e extensivas lavagens para retirada
do material biolégico ndo adsorvido. Quitosana, quitina, alumina e resinas de troca
ionica sdo suportes frequentemente utilizados em imobilizagdo por adsor¢édo (ABDEL-
NABY et al., 1998; ROY et al., 2000).

A imobilizacdo por reticulagdo difere da adsorgdo e da ligagdo covalente em
funcdo de que as moléculas da enzima estdo livres em solugdo, mas seu movimento é
restrito pela estrutura entrelacada do gel. A porosidade do entrelacamento do gel é
controlada para assegurar que a estrutura seja ajustada o suficiente para prevenir o
escape da enzima, contudo, permitindo, a0 mesmo tempo, 0 movimento do substrato e
produto. Inevitavelmente, o suporte atuard como uma barreira a transferéncia de massa,
provocando sérias consequéncias para a cinética da reagdo (BICKERSTAFF, 1997).

Tem sido extensivamente utilizada para imobilizacdo de células e ndo de enzimas
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(D’SOUZA, 1999). Dentre os suportes mais utilizados estdo a poliacrilacrilamida,
alginatos, politetrafluoroetileno, carragenas, gel de alcool polivinilico (ABDEL-NABY
et al.,, 1998; ABDEL-NABY et al.,, 1999a; AFRIN et al., 2000; BELYAEVA et al.,
2004). ALSARRA et al. (2002) obtiveram sucesso ao utilizar hidrogel de quitosana para
imobilizar lipase utilizando a técnica de reticulagao.

A encapsulagdo de enzimas pode ser obtida pela captura dos componentes
bioldgicos no interior de uma membrana semipermeavel. E similar a técnica de
reticulacdo, pois a enzima esta livre em solucdo, no entanto em um espago restrito.
Dessa forma, as moléculas de enzima ndo podem atravessar a membrana, enquanto que
0 substrato e os produtos atravessam livremente a membrana (BICKERSTAFF, 1997).
Consequentemente, somente substratos de baixa massa molecular podem ser
empregados com esse tipo de enzima imobilizada (BON et al., 2008).

A imobilizagéo através de ligacdo covalente envolve a formacéo de uma ligacéo
forte entre grupos funcionais presentes na superficie do suporte e grupos funcionais
pertencentes aos residuos dos aminoéacidos na superficie da enzima. Apesar desse
método de imobilizacdo ser um dos mais estudados e difundidos, a selecdo das
condicBes de imobilizagdo é mais dificil do que nas outras técnicas (BON et al., 2008).
Alguns grupos funcionais dos aminoécidos sdo adequados para participacdo na
formacéo da ligagéo, dentre os quais destacam-se o grupo amino (NH;) da lisina ou
arginina, o grupo carboxila (CO,H) do é&cido aspartico ou glutamico, o grupo hidroxila
(OH) da serina ou treonina, e o grupo sulfidrila (SH) da cisteina. Muitos fatores podem
influenciar a selecdo de um suporte em particular, as pesquisas tém demonstrado que a
hidrofilicidade é o fator mais importante para manutencéo da atividade enzimética no
ambiente do suporte (BICKERSTAFF, 1997). Na técnica de ligacdo covalente é crucial

escolher um método que ndo inative a enzima em funcédo de reacbes com residuos dos
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aminoécidos do sitio ativo. Uma enorme gama de suportes para imobilizacéo covalente
é reportada na literatura (CHAE et al., 2000; RAGNITZ et al., 2001; KARIN &
HASHINAGA, 2002; FERNANDES et al., 2003; KANNAN & JASRA, 2009).
Compositos formados pela associacdo de materiais também tém demostrado potencial
para aplicacdo na imobilizacdo de enzimas via ligagdo covalente (CHANG & JUANG,
2005). ABDEL-NABY et al. (1999b) demonstraram que, dentre as vérias técnicas e
suportes utilizados para imobilizagcdo da tanase produzida por Aspergillus oryzae, a
ligacdo covalente em quitosana apresentou os melhores resultados em termos de
rendimento da imobilizac&o e atividade especifica da enzima imobilizada.

A ativacdo do grupo ligante é frequentemente realizada no suporte a fim de
reduzir o risco de diminui¢do da atividade catalitica (BON et al., 2008). Um fator
relevante para o sucesso da técnica de imobilizacdo por ligagdo covalente é a escolha do
agente bifuncional, também denominado espagador. Dentre os mais utilizados estéo a
benzoquinona, carbodiimidas e o glutaraldeido, que apresentam grupos os funcionais
similares aos presentes na superficie da enzima (COCHRANE et al., 1996). NOUAIMI
et al. (2001) estudaram diferentes estratégias para a imobilizagdo de tripsina em
escamas de poliéster no que diz respeito ao comprimento da cadeia do espacador. Eles
observaram que a fixagéo direta da enzima na superficie do suporte resultou em uma
baixa atividade desta na forma imobilizada, bem como reduzida estabilidade. Dentre os
espacadores avaliados, albumina de soro bovino (BSA) se mostrou o mais eficiente.

A principal tarefa para desenvolver um biocatalisador imobilizado estd na
selegdo de um suporte adequado, condi¢Oes (pH, temperatura, natureza do meio) e a
enzima (fonte, natureza e grau de pureza). A natureza do método deve satisfazer tanto
0s critérios cataliticos (expressos como produtividade, rendimento, estabilidade e

seletividade) quanto os critérios ndo cataliticos (separacdo, processos de downstream,
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controle) que séo requeridos para uma dada aplicagdo. Dessa forma, quando ambos
requisitos sdo preenchidos, pode-se considerar que a enzima imobilizada é robusta

(BORNSCHEUER, 2003).

2.4.1. Suporte de quitosana

A quitina é o principal componente estrutural do exoesqueleto de invertebrados
como crustaceos, insetos e aranhas, estando também presente na parede celular da
maioria dos fungos e de muitas algas. E um homopolimero de residuos de N-acetil-D-
glicosamina, unidos por ligagdes B(1—4) (VOET et al., 2008). A quitosana ocorre na
natureza em alguns fungos, como A. niger e Mucor rouxii, em quantidades pouco
expressivas quando comparada com a quitina. Industrialmente, a quitosana € obtida a
partir da desacetilagdo da quitina (CASTRO, 2008).

Quitina e quitosana podem ser classificadas como copolimeros constituidos por
diferentes conteddos de unidades 2-amino-2-desoxi-D-glicopiranose e 2-acetamido-2-
desoxi-D-glicopiranose. Os copolimeros com predominancia de unidades acetiladas,
solGveis apenas em solventes especificos (como N,N-dimetilacetamida contendo 5% de
cloreto de litio) sdo denominados quitina, enquanto que os copolimeros com maior
abundancia de unidades desacetiladas, sollveis em solucdes de &cidos diluidos sdo
denominados quitosanas (CARDOSO, 2008). A Figura 1 representa as estruturas da

quitina (esquerda) e da quitosana completamente desacetilada.
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Figura 1: Estruturas da quitina (esquerda) e da quitosana completamente desacetilada

(SJOHOLM et al. 2009).

A quitosana possui diversas aplicacfes tecnoldgicas, dentre elas destacam-se:
utilizagdo no tratamento de efluentes industriais, carreador de drogas na é&rea
farmacéutica, material biocompativel na area médica e, ainda, como suporte para
imobilizagdo de enzimas (ALSARRA et al., 2002; JAGTAP et al., 2009).

O desenvolvimento de suportes para imobilizagdo de enzimas a base de
quitosana é interessante em virtude da sua boa biocompatibilidade, reduzida adsorcdo
ndo especifica, facilidade de producdo em vérias formas, bem como baixo custo de
obtencdo (HSIEH et al., 2000, CHANG & JUANG, 2005). Em sua cadeia linear de
poliglicosamina de alta massa molecular, a quitosana possui 0S grupos reativos amino e
hidroxila, suscetiveis a modificacbes quimicas (CHANG & JUANG, 2005). A
basicidade proporciona a quitosana algumas propriedades singulares, tais como a
solubilidade em solugdes é&cidas (pH < 6,5), quando dissolvida possui elevada
quantidade de cargas positivas nos grupos -NH; (PILLAI et al., 2009).

A imobilizagdo de enzimas em suporte de quitosana é realizada, principalmente,

através da reacdo do agente bifuncional glutaraldeido entre o grupo amino livre da
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quitosana e o grupo amino da enzima (CHIOU & WU, 2004), conforme ilustra a Figura

2.

—NH, + glutaraldehyde ---—

o

%N—Cl—i—fEIHzJECHD

%—N=UH—{(‘.HH]:,UHU + HON—Enzyme --—+

%—NZCH{EH2 );CH=N—Enzyme

Figura 2. Etapas envolvidas na ativagdo do leito de quitosana com glutaraldeido e

posterior ligagdo da enzima ao suporte (REJIKUMAR & DEVI, 1995).

A introducdo de um espagador também contribui para a hidrofilizagdo do
microambiente da enzima, proporcionando um aumento na estabilidade desse
catalisador (CAO, 2005). Sabendo que a atividade enziméatica é dependente da
manutenc¢do da conformagcdo flexivel da molécula, a introducéo de um espagador entre a
enzima e a superficie do carregador € utilizada para reduzir a perda na atividade em
funcdo da imobilizagdo (YODOYA et al., 2002).

Dentre os diversos formatos de suporte a base de quitosana comumente
desenvolvidos, estdo os filmes, as particulas esféricas e as escamas (YANG et al.,
2004). As particulas esféricas sdo interessantes no sentido de possibilitarem sua
utilizacdo tanto em tanques agitados (HAYASHI & IKADA, 1991; KUMAR et al.,
2008) quanto em colunas (KIBA et al., 1993; FIGUEROA et al., 1997; SHIN et al.,

1998; TANIAI et al., 2001) e, ainda, proporcionam uma 6tima superficie de contato.
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O estudo das condicdes envolvidas na producéo e ativacéo do leito, bem como a
subsequente ligacdo da enzima ao suporte é crucial para o sucesso da imobilizagdo
(BIRO et al., 2009).

A Tabela 1 apresenta as principais abordagens envolvendo o desenvolvimento e
a aplicacdo do suporte de quitosana para imobilizagdo de enzimas através das diversas

técnicas existentes.
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Tabela 1: Diferentes abordagens envolvendo a imobilizagdo enzimas em suportes a base de quitosana

Enzima

Abordagem

Referéncia

Alanina e leucina Desenvolvimento de um reator de leito fixo contendo as enzimas covalentemente

desidrogenase

imobilizadas em esferas de quitosana.

KIBA et al., 1993

Alcool

desidrogenase

®Avaliacdo da adequacdo do P(CH,OH); como agente bifuncional durante a
imobilizag&o da enzima em filme de quitosana.
"Caracterizagdo da enzima imobilizada, através de ligagdo covalente, em esferas de

quitosana.

*COCHRANE et al., 1996

bSONI et al., 2001

Alcool oxidase

Investigacdo das condicOes ideais para a imobilizagdo da enzima em esferas quitosana

empacotadas em reator do tipo coluna.

TANIAI et al., 2001

a-Amilase

®Avaliacdo dos fatores que influenciam a atividade da enzima imobilizada em
microesferas de quitosana, pela técnica de entrecruzamento.
®Desenvolvimento de esferas produzidas a partir de um compésito de quitosana-carvéo

ativado para imobilizagéo da enzima.

SISO et al., 1997

PCHANG & JUANG, 2005
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B-Amilase

Desenvolvimento de um reator contendo a enzima imobilizada em esferas de quitosana
pela técnica de adsorcéo, para producdo semi-continua de maltose.
"Desenvolvimento de esferas produzidas a partir de um compésito de quitosana-carvéo

ativado para imobilizagéo da enzima.

4 NODA et al., 2001

PCHANG & JUANG, 2005

Catalase

*Determinacdo das condicBes operacionais da enzima imobilizada em filmes de
quitosana ativados com glutaraldeido.

®Caracterizagdo da enzima imobilizada em esferas de quitosana, via entrecruzamento.

*CETINUS & OZTOP, 2000

"CETINUS & OZTOP, 2003

Celulase

Determinagdo dos parametros de adsor¢do da enzima em esferas de quitosana para

aplicagdo em processos de purificacdo em leito fluidizado.

ROY et al., 2000

Ciclodextrina

glicosiltransferase

Avaliacdo de trés diferentes métodos para imobilizacdo da enzima em suporte de

quitosana.

SOBRAL et al., 2002

Fosfatase

Investigacdo de diferentes pardmetros que afetam a producéo de esferas de quitosana na

imobilizacdo da enzima.

JUANG et al., 2001
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[-Galactosidase

®Investigacdo dos principais fatores que afetam a imobilizagdo da enzima em esferas de
quitosana através de ligacdo covalente.

"Determinacdo das condicdes 6timas para a imobilizagdo da enzima em esferas de
quitosana.

‘Avaliacdo da performance de um reator vertical do tipo “plug flow” empacotado com
esferas de quitosana contendo a enzima imobilizada.

‘Desenvolvimento de um processo continuo para hidrélise de lactose utilizando a
enzima imobilizada por adsorgdo em esferas de quitosana.

®Avaliacdo das condicOes para obtencdo de oligossacarideos pela hidrélise da lactose
utilizando a enzima imobilizada em esferas de quitosana comercial.

fOtimizagdo das condicdes para imobilizagdo da enzima em esferas de quitosana,

utilizando a metodologia de superficie de resposta.

‘CARRARA & RUBIOLO, 1994
"REJIKUMAR & SUREKHA, 1995
‘FIGUEROA et al., 1997

ISHEU et al., 1998

*SHIN et al., 1998

'DWEVEDI & KAYASTHA, 2009

Glicose oxidase

Desenvolvimento de um leito hibrido a base de quitosana e 6xido de silicio (SiO.) para

imobilizacdo da enzima por entrecruzamento.

YANG et al., 2004
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Glicosidase ®Avaliagio de dois métodos para imobilizacdo de B-glicosidase em quitosana: covalente *MARTINO et al., 1996
e entrecruzamento. "SPAGNA et al., 1998
bDeterminacio das condicdes para imobilizacdo de duas glicosidases em quitosana "GALLIFUOCO et al., 1998
através das técnicas de entrecruzamento e adsorg&o.
‘Investigacdo dos principais fatores que afetam a imobilizagdo de B-glicosidase em
esferas de quitosana por adsorgdo ou entrecruzamento.

Invertase ®Avaliacdo de fatores que influenciam a atividade da enzima imobilizada por *SISO et al., 1997
entrecruzamento em microesferas de quitosana. bGOMEZ et al., 2000
®Investigagdo da estabilidade térmica da enzima imobilizada covalentemente em C°HSIEH et al., 2000
quitosana.
‘Caracterizacdo da enzima covalentemente imobilizada em quitosana.

Lacase #Caracterizacdo da enzima imobilizada por entrecruzamento em quitosana. *D’ANNIBALE et al., 1999

*Trabalho de revisio envolvendo os principais protocolos para imobilizacéo de lacases.

YPDURAN et al., 2002
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Lipase #Avaliacdo da influéncia da massa molecular e grau de desacetilacdo sobre a eficiéncia *ITOYAMA et al., 1994
da imobilizacdo da enzima em quitosana, via reticulagéo. "ALSARRA et al., 2002
bDeterminagélo da atividade da enzima imobilizada covalentemente em esferas de °AMORIM et al., 2003
quitosana utilizando espagadores com diferentes comprimentos. ‘CHIOU & WU, 2004
‘Desenvolvimento de um filme de quitosana para imobilizagéo covalente da enzima.
‘Imobilizagdo covalente da enzima em dois tipos de esferas de quitosana ativadas com
carbodiimida.
Pectinase Hidrdlise de pectato utilizando a enzima imobilizada em reator continuo do tipo CSTR.  IWASAKI et al., 1998
Protease *Estabelecimento das melhores condigdes para a atividade de diferentes proteases °KISE e HAYAKAWA, 1991

imobilizadas por adsorgéo em esferas de quitosana.
®Imobilizagéo covalente de uma protease alcalina em quitosana.
‘Avaliacdo da eficiéncia da hidrélise da caseina pela enzima covalentemente

imobilizada em esferas de quitosana, em reator agitado.

PABDEL-NABY et al., 1998

‘BENKHELIFA et al., 2005

Queratinase

Comparacdo da enzima imobilizada em diferentes suportes, dentre eles a quitosana.

FARAG & HASSAN, 2004
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Tirosinase #0timizacdo das condicdes de imobilizagdo da enzima via ligagdo covalente em escamas *CARVALHO et al., 2000
de quitosana, através de planejamento fatorial completo. "DURAN et al., 2002
"Trabalho de revisio envolvendo os principais protocolos para imobilizacéo da enzima.
Tanase #Caracterizacdo da enzima imobilizada covalentemente em quitosana. *ABDEL-NABY et al., 1999b
"Hidrélise de taninos em chés pela enzima encapsulada em quitosana. "BOADI & NEUFELD, 2001
Transferase Investigacdo de diferentes propriedades da enzima imobilizada via ligagdo covalente em KARIN & HASHINAGA, 2002
quitosana.
Transglutaminase Desaminacéo de caseina utilizando a enzima imobilizada em esferas de quitosana. NONAKA et al., 1996

Urease

#Caracterizacdo da enzima imobililzada covalentemente em suporte a base de quitosana *CHELLAPANDIAN & KRISHNAN,
e glicidil metacrilato. 1998

®Otimizacdo das condicBes para imobilizacdo da enzima via ligagdo covalente em P°KAYASTHA etal., 2001

esferas de quitosana. ‘KUMAR et al., 2008

‘Avaliacdo do efeito de diferentes fatores sobre a imobilizacdo da enzima em esferas de

quitosana.
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Xilanase Caracterizagcdo de duas xilanases produzidas por Aspergillus niger NRC 106 ®ABDEL-NABY, 1993
imobilizadas em quitosana. "DUMITRIU & CHORNET, 1997
®Desenvolvimento de um hidrogel, preparado pela complexago de quitosana e xantana

para imobilizagéo da enzima.
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Conforme o exposto na Tabela 1, é possivel observar a diversidade de técnicas
nas quais diferentes enzimas podem ser imobilizadas em suportes a base de quitosana,
bem como a variedade de condicOes e substratos utilizados. Todavia, ha, ainda uma
lacuna considerdvel no que concerne ao estudo de queratinases imobilizadas,

especialmente em suporte produzido com quitosana.
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3. OBJETIVOS

3.1 Objetivo geral

Desenvolver protocolos para a purificagdo e imobilizacdo de uma protease

queratinolitica produzida por Chryseobacterium sp. kr6.

3.2 Objetivos especificos

o Estabelecer as condigdes 6timas para a atividade da queratinase produzida por
Chryseobacterium sp. kr6, utilizando as ferramentas estatisticas de planejamento

experimental e metodologia de superficie de resposta.

o Avaliar a especificidade da enzima parcialmente purificada frente a diferentes
substratos.

o Desenvolver um protocolo para a purificagdo completa da queratinase.

o Determinar os parametros cinéticos e termodindmicos para a inativagdo térmica

da enzima sob diferentes condigdes.

o Desenvolver um suporte para imobilizacdo da queratinase purificada.

o Avaliar as condi¢bes Otimas para imobilizagdo da queratinase em esferas de
quitosana.

o Comparar algumas propriedades da enzima livre e imobilizada.
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4. RESULTADOS E DISCUSSAO

Os resultados deste trabalho serdo apresentados na forma de artigos cientificos,
sendo a elaborag&o neste formato incentivada pelo PPGBCM, para organizagéo da tese.
Os referidos artigos estéo apresentados nos itens Resultados I, 11 e I11.

No primeiro artigo (Resultados | - “Kinetic data and substrate specificity of a
keratinase from Chryseobacterium sp. strain kr6”) foram determinadas as condi¢Oes
6timas para a atividade da queratinase produzida por Chryseobacterium sp. kré com o
auxilio das técnicas de planejamento experimental e supeficie de resposta. A
especificidade da enzima frente a diferentes substratos também foi investigada. Este
artigo esté publicado no periddico: Journal of Chemical Technology and Biotechnology,
v. 84:361-366, 2008.

O segundo artigo (Resultados Il - “Thermodynamics and kinetics of heat
inactivation of a novel keratinase from Chryseobacterium sp. strain kr6”) envolve a
purificacdo da queratinase e disponibiliza os par&metros cinéticos e termodindmicos
relativos a inativacdo térmica da enzima sob diferentes condicOes. Este artigo foi aceito
para publicacdo no periédico: Applied Biochemistry and Biotechnology, em setembro
de 2009.

O terceiro artigo (Resultados Il — “Immobilization of a keratinolytic protease
from Chryseobacterium sp. strain kré on chitosan beads”), envolve o desenvolvimento
de macroesferas de quitosana para a imobilizacdo da queratinase produzida por
Chryseobacterium sp. kr6. Este artigo foi submetido para publicacdo no periddico: Food

Bioprocess Engineering, em setembro de 2009.
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4.1 RESULTADOS 1. “Kinetic data and substrate specificity of a keratinase
from Chryseobacterium sp. strain kr6” - Journal of Chemical Technology and

Biotechnology, v. 84: 361-366, 2008.
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Kinetic data and substrate specificity of a
keratinase from Chryseobacterium sp. strain kr6
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Abstract

BACKGROUND: Keratinases are important enzymes for biotechnological processes involving keratin hydrolysis. In this work
substrate specificity and kinetic properties of a keratinase from Chryseobaterium sp. were investigated.

RESULTS: The optimal conditions for activity of purified keratinase with respect to pH, temperature and sodium chloride
concentration were established using factorial design and surface response techniques. The optimum conditions for keratinase
activity were pH from 7.4 to 9.2, temperature from 35 °C to 50°C and NaCl concentration from 50 to 340 mmol L, having
azocasein as substrate. Subsequently, the kinetic parameters for this substrate were determined to be K, = 0.75 mg mL~'
and Vipax = 59.5 U min~". The K; value for 1,10-phenanthroline was estimated at 0.78 mmol L=". The enzyme specificity was
evaluated over different synthetic and insoluble substrates. The protease exhibited specificity with selectivity for hydrophobic
and positively charged residues. In relation to the inscluble substrates, the enzyme hydrolyzed preferably chicken nails.

CONCLUSIONS: This enzyme effectively hydrolyzes insoluble keratin substrates. The knowledge of keratinase properties is an

essential step in the development of biotechnological processes involving keratin hydrolysis.

(© 2008 Society of Chemical Industry

Keywords: enzyme kinetics; factorial design; keratinase; synthetic substrate
I —————

INTRODUCTION

Keratins are the insoluble structural proteins of feathers, wool,
hooves, scales, hair, nails and stratum corneum. They have been
subdivided into ‘hard’ and ‘soft’ classes according to their chemical
and physical properties.”? Feathers constitute up to 10% of total
chicken weight, reaching more than 7.7 x 10°kg year™' as a
by-product of the poultry industry. Since feathers are almost
pure keratin, feather waste represents a potential alternative to
produce feedstuff ingredients with high nutritional value. Feather
meal is currently produced using physicochemical processes, and
is used on a limited basis as an ingredient in animal feed, since
it is deficient in some essential amino acids.>* Feathers have
about 15% nitrogen, and thus have great potential for use as
soil fertilizers. The slow release of nitrogen from raw feathers
indicates that soil microorganisms could not easily digest the
keratin structure. In the case of feather meal, which undergoes
an extensive thermal treatment, total nitrogen release also occurs
at 6-7 weeks.® Modification of keratin structure can be achieved
by thermal treatments and enzymatic hydrolysis, with cleavage
of disulfide bridges and peptide bonds.57 In this regard, the use
of keratinolytic microorganisms may represent an alternative for
development of nitrogen sources for fertilizer utilization.
Although relatively little attention has been given to alternative
uses of featherwaste, the increasing growth of the poultryindustry
has stimulated research on keratinolytic enzymes.®° Bioconversion
techniques as an alternative process for structural modification of
keratins using enzymatic and microbial conversion should receive
consideration by scientists, because they play an important part in
thebiotechnological valorization of keratin-containing wastes.! %11

Although the capacity for keratinolysis is widespread among
microorganisms only a few have reached commercial exploitation.
Keratinases from Bacillus spp., in special B. licheniformis and
B. subtilis, and Streptomyces have been extensively studied
due their effectiveness in terms of feather degradation.'?-1*
Most keratinases described to date are reported to belong
to the serine-type protease family showing extensive similarity
with subtilisins.'>~"7 Keratinases generally have broad substrate
specificity and are active against both soluble and insoluble
protein substrates. However, relatively few studies using synthetic
substrates have been reported to date, most of them on
keratinolytic serine-type proteases.'®-2!

Factorial design of a limited set of variables has advantages
over the conventional method of manipulating a single parameter
per trial, as the latter approach frequently fails to locate optimal
process conditions due to its failure to consider the effect of
possible interactions between factors. Moreover, the factorial
design makes it possible to take advantage of practical knowledge
about the process during the final response surface analysis.
Optimization through factorial design and response surface
methodology is a current practice in biotechnology.?

We have previously isolated and characterized a feather-
degrading Chryseobacterium sp. kré strain.”* This strain produces

* Correspondence to: Dr. Adriano Brandelli, ICTA-UFRGS, Av. Bento Goncalves
9500, 91501-970 Porto Alegre, Brazil. E-mail: abrand@ufrgs.br

Laboratorio de Bioquimicae Microbiologia Aplicada, Departamento de Ciéncia
de Alimentos, Universidade Federal do Rio Grande do Sul, Avenida Bento
Goncalves, 9500, 91501-970, Porto Alegre, Brazil
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a keratinolytic metalloprotease that belongs to the M14 family of
peptidases, also known as the carboxypeptidase A family, being
the first enzyme of this family associated with keratinolytic activity
and to the genus Chryseobacterium.?* In this paper, the effects of
pH, temperature and sodium chloride concentration on enzyme
activity were evaluated using factorial design and response surface
methodology, and then the kinetic characteristics and substrate
specificity of the keratinase were determined.

MATERIALS AND METHODS

Microorganism, culture media and conditions

A keratinolytic Chryseobacterium sp. strain kré, isolated from waste
feathers produced by poultry processing, was plated on feather
meal agar.?* The basal medium used for growth of the feather-
degrading microorganism was feather meal broth containing the
following (g L™'): NaCl (0.5), KH,PQ, (04), CaCl, (0.015) and
feather meal (10.0). The pH was adjusted to 8.0. Cultures were
carried out in a 250 mL Erlenmeyer flask (50 mL working volume),
at 30°C, at 100 rpm in an incubator shaker, for 48 h. The culture
was centrifuged for 20 min at 10000 g and 4°C to harvest the
keratinase-containing supernatant.

Assay of enzymatic activity

Proteolytic activity was assayed with azocasein as substrate
using the following method.?* The reaction mixture contained
120 uL of enzyme preparation and 480 pL of azocasein 10g L~ in
50 mmol L~ Tris-HCI buffer (pH 8.0). The mixture was incubated
for 40 min at 45 °C; the reaction was stopped by addition of
600 uL of trichloroacetic acid to a final concentration of 100 gL',
After separation of the un-reacted azocasein by centrifugation,
800 uL of clear supernatant was mixed with 200 pL of 1.8 mol L™
MaOH, resulting in a yellow colored complex that was measured
spectrophotometrically at 420 nm. One unit of enzyme activity
was the amount of enzyme that caused a change of absorbance
of 0.01 at the specified conditions. Controls were prepared by
adding trichloroacetic acid to the reaction mixture before adding
the enzyme preparation.

Protein assay

Protein concentration was measured using the Folin phenol
reagent method,?® using bovine serum albumin as a standard. In
steps of column chromatography elution, the amount of protein
was estimated in terms of the absorbance at 280 nm.

Enzyme purification

The supernatant containing the enzyme was collected after
centrifugation at 10000 ¢ for 20min, at 4°C. The enzyme was
precipitated from the supernatant by the gradual addition of
solid ammonium sulphate, with gentle stirring, to 50% saturation,
allowed to stand for 3 h and centrifuged at 10 000 g for 20 min, at
4°C. The pellet was dissolved in Tris-HCI buffer 50 mmol L= (pH
8.0). The concentrated sample was applied to a Sephadex G-100
gel filtration (0.8 % 30 cm), equilibrated and eluted with Tris-HCI
buffer 50 mmol L=' (pH 8.0). Fractions representing the main peak
of enzyme activity were pooled. The proteolytic enzyme appeared
as a single sharp peak. The overall purification factor was about
16.2-fold, and the final yield was 12.7%. The final product had a
specific activity of about 16800 U mg~".

Table 1. Coded levels and real values (in parentheses) for a full
factarial design, and enzyme activity (U mL™")
Run X X2 Xa Enzyme activity (U mL~"
1 —1(6.8) —-1(36.7) —1(140) 723
2 +1(9.2) —1(36.7) —1(140) 1360
3 —11(6.8) +1(53.3) —1(140) 633
4 +1(9.2) +1(53.3) —1(140) 583
5 —1(6.8) —1(36.7) +1(410) 523
6 +1(9.2) —-1(36.7) +11(410) 1040
7 —1(6.8) +1(53.3) +1(410) 430
8 +1(9.2) +1(53.3) +11(410) 523
9 —168(6.0) 0(45) 0(275) 567
10 +1.68(10) 0(45) 0(275) 1167
1 0(8.0) —1.68(30) 0(275) 1597
12 0(8.0) +1.68 (60) 0(275) 313
13 0(8.0) 0(45) —1.68(50) 2123
14 0(8.0) 0(45) +1.68 (500) 1570
15 0(8.0) 0(45) 0(275) 1680
16 0(8.0) 0(45) 0(275) 1763
17 0(8.0) 0(45) 0(275) 1763
18 0(8.0) 0(45) 0(275) 1910
I)_G :1|J:>H; Xa: temperature ("C); X3 sodium chloride concentration (mmol

Second-order factorial design
The influence of pH, temperature and sodium chloride concentra-
tion on enzyme activity was evaluated using a full factorial design
(2% plus star configuration) with four replicates in the central point,
which was a total of 18 runs.?’ Five levels of each independent
variable were chosen, the upper and lower limits of these being set
in the range described in the literature.'®'" In the statistical model,
Y predicted response; bg, constant; X1, pH; Xz, temperature (“C);
X3, salt concentration (mmol i ); by, by and bs, linear coefficients;
b1, baz and baz, quadratic coefficients; b1z, b13 and by, interaction
coefficients. Table 1 shows the actual levels corresponding to the
coded settings, the treatment combinations and response. The
run numbers 1 to 8 correspond to the linear points of the factorial
design, which allow one to investigate the main effect of each in-
dependent variable on the evaluated response. The run numbers
9 to 14 correspond to the axial points and the run numbers 15 to
18 are the central points.

This design is represented by a second-order polynomial
regression model (Equation (1)) to generate contour plots:

Y = by + 51X1 + b2Xa 4 b3Xs + b Xi? + baaXa® + baaka?
+ b12X1X2 + b1aX1 X3 + baXaXs (1)

Statistica 7.0 software (Statsoft, USA) was used for regression and
graphical analysis of the data. The significance of the regression
coefficients was determined by Student’s t-test, the second-order
model equation was determined by Fisher's test. The variance
explained by the model is given by the multiple coefficient of
determination (r?). The effect of pH on enzyme activity was
investigated by measurements in buffers of various pH (phosphate
for pH 6.0-6.8; Tris-HCl for pH 8.0-9.2; glicine-NaOH for pH 10.0).

Substrate specificity
The substrate specificity was investigated with the following
amino-4-methyl coumarin (AMC) substrates (N-w-Benzoyl-L-Arg-
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MCA, Ala-Ala-Phe-MCA, L-Leu-MCA, N-t-Boc-Gln-Ala-Arg-MCA, N-
t-Boc-lle-Glu-Gly-Arg-MCA, L-Val-MCA, Gly-MCA, L-Aspartic acid-
MCA, Ala-Phe-Lys-MCA and L-Phe-MCA). Substrates were dissolved
in dimethyl sulphoxide and added to 50 mmol L~ Tris-HCI buffer
(pH 8.0) to a final concentration of 50 umol L=, The mixture
contained 180 plL of substrate and 20 uL of enzyme, was incubated
for 40 min at 45°C, the reaction was stopped by addition of
28mL of NayCO3 0.2 mol L™'. Hydrolysis leads to an increase
of fluorescence, which was measured with fluorometer DyNA
Quant™ (Hoefer Scientific, Cortland, USA) (excitation wavelength
of 365 nm and an emission wavelength of 460 nm). A standard
solution of MCA was used to convert the fluorescence values to
product concentration. All assays were done in triplicate.

The hydrolysis of different insoluble substrates (feather, wool
and chicken horns) was also evaluated. The reaction mixture
consisted of 4 mL of enzyme solution and 4 mL of Tris-HCl pH 8.0
containing 20gL~" of each substrate. These suspensions were
incubated for 6 h at 45°C and 150 rpm. At each interval (0, 1,2, 4
and 6 h), 250 plL of sample were withdraw and added 250 pl of 10%
(w/v) trichloroacetic acid (TCA). This mixture was centrifuged and
the released amino acids measured as tyrosine using the method
described by Lowry etal?® A blank was developed containing
distilled water instead enzyme. All assays were done in triplicates.

Keratinolytic activity was also performed with keratin azure
as substrate. The reaction mixture contained 0.2 mL of enzyme
preparation and 0.8 ml of 0.5% (w/v) keratin azure in 50 mmol
L= Tris-HCl buffer (pH 8.0). The mixture was shaken (200 rpm)
for 1h at 45°C prior to centrifugation (10000 g for 10 min) and
measurement of the supernatant fluid’s absorbance at 595 nm.
One unit of keratinolytic activity was the amount of enzyme
that caused a change of absorbance of 0.01 in the specified
conditions."”

Kinetic data

The kinetics parameters, both azocasein and fluorogenic sub-
strates N-t-Boc-lle-Glu-Gly-Arg-MCA and N-t-Boc-GIn-Ala-Arg-
MCA, were estimated from product accumulation curves. At least
six different concentrations were used, and the steady-state ki-
netic parameters were calculated using the Michaelis—-Menten
equation. Kinetic data were calculated by Statistica 7.0 (Statsoft
Inc.,, USA) using nonlinear regression analysis with a quasi-Newton
method, for Michaelis—Menten kinetics. The initial concentra-
tions for fluorogenic substrates ranged from 1umoll™' to
100 umol L™, while azocasein concentration varied from 0.30 mg
mL™" to 30 mgmL~".

Earlier work reported that crude keratinase of strain kré is a
metallo-type protease.?* For measurement of the inhibitory (Kj)
effects of a typical metalloprotease inhibitor on the keratinase
of strain kré, the partially purified enzyme was preincubated
at room temperature for 15 min with 1,10-o-phenanthroline
at different concentrations prior to measurement of enzyme
activity, according reference 25. The kinetic parameters also were
estimated using nonlinear regression.

RESULTS

The establishment of optimal conditions for enzyme activity as a
function of pH, temperature and sodium chloride concentration
was carried out using the statistical tools of experimental design
and response surface technigques. The experimental conditions and
the results of the enzyme activity evaluated in the experimental

Table 2. Effects and interactions analysis for enzyme activity

Effect

Factor UmL™" Std.Err.  t-value P-value
Mean 1802 478 377 <0.000°
pH (L) 323 51.8 6.2 0.008°
pH(Q) —847 53.9 —-15.7 0.00052
Temperature (L) —532 518 —10.3 0.0022
Temperature (Q) —784 539 —145 0.0007
NaCl concentration (L) —251 51.8 —4.8 0.017%
NaCl concentration (Q) —152 539 —2.8 0.066"
1x2 —277 67.7 —4.1 0.026°
1x3 58 67.7 0.08 0937
2x3 64 67.7 09 0413

# = significant factors P < 0.05
b — significant factors P < 0.07

design are shown in Table 1. Maximum enzyme activity was 2123
U mL™" (run 13). This value was similar to those obtained at
the central points (run numbers 15 to 18). Lowest activity was
observed in the run 12 (313 UmL™").

An estimate of a main effect is obtained by evaluating the
difference in process performance caused by a change from
low (—1) to high (+1) levels of the corresponding factor.?®
The performance of the process was measured by enzyme
activity response. Both t-test and P-value were the statistical
parameters used to confirm the significance of the factors studied.
Table 2 presents the effects of each independent variable and its
interaction on the enzyme activity. The change of pH from 6.8
(—1) to 9.2 (+1) produced an increase on enzyme activity, about
323 U mL~". The increase of temperature from 36.7 °C to 53.3°C
reduced the enzyme activity, on average, 532 U mL™", also the
variation of sodium chloride concentration from 140 mmol L~ to
410mmol L' caused a reduction on related response in 251 U
mL™". The combining effect of pH and temperature resulted in
a reduction in the enzyme activity, on average, 277 U mL™". All
effects mentioned were significantly at a 95% confidence level.

To construct a second-order model that can predict the enzyme
activity (dependent variable) as a function of pH, temperature and
ionic strength (independent variables), the analysis of variance
(ANOVA) was used toevaluated the adequacy ofthe fit. On the basis
of the ANOVA (Fcye = 9.84; Fia, = 3.14, at 95% confidence level),
a second-order model was established (Equation (2)), describing
the enzyme activity as a function of independent variables.

Y = 1802+ 161.6X; — 266.3X; — 125.5X; — 423.4X,2
—392.2%2% — 76.3X3% — 138.9X1)2 ()

Based on an F-test, the model is predictive, since its calculated F-
value is higher than the critical F-value. The coded model was used
togenerate theresponse surfaces, illustratedin Fig. 1. Theresponse
surfaces generated as a function of the evaluated variables indicate
that maximum activity was around the central point (pH 8.0,45°C,
275 mmol L~" NaCl). These graphics allowed establish the region
where the maximum enzyme activity was reached. This region
corresponds to a pH range from 7.4 to 9.2, temperature 35°C to
50°C and NaCl concentration from 50 to 340 mmol L_1, having
azocasein as substrate. Under these conditions an enzyme activity
of about 1500 U mL~" was obtained.

J Chem Technol Biotechnol 2009; 84:361-366
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Figure 1. Response surface for keratinase activity as a function of temper-

ature and pH (A), pH and salt concentration (B) and salt concentration and
temperature (C).

Table 3. Kinetic parameters for some synthetic substrates and
azocasein

Substrate Vinax Ken (Mol L") Vinax/Km

N-t-Boc-Gln-Ala-Arg- 4.3 nmol L=! min~! 0.61 7.0
MCA

N-t-Boc-lle-Glu-Gly- 5.4 nmolL~" min~' 0.58 95
Arg-MCA

Azocasein 595 Umin™' 075 mgmL™' 793

Table 4. Hydrolysis of synthetic substrates with purified enzyme

Substrate Velocity (nmol L=" min~")
N-a-Benzoyl-L-Arg-MCA 1]
Ala-Ala-Phe-MCA 0
L-Leu-MCA 482+04
N-t-Boc-Gln-Ala-Arg-MCA 3484012
N-t-Boc-lle-Glu-Gly-Arg-MCA 458 +0.42
L-Val-MCA 0.221+0.01
Gly-MCA 0
L-Asp-MCA 0
Ala-Phe-Lys-MCA 218+0.19
L-Phe-MCA 0444015

The kinetics parameters were estimated with azocasein as
substrate (Table 3) at K, = 0.75mg mL~" and Vi 595 U
min~". Protease inhibition studies have indicated that the
predominant proteolytic enzymes able to degrade feathers are
serine proteases. However, earlier work reported that keratinase
of strain kré is a metallo-type protease.?® In the presence of
different concentrations of 1-10 phenanthroline, the inhibition
constant (K;) was 0.78 mmol L™". A high keratinolytic activity was
achieved using keratin azure, on average 2320 U mL™" and a
specific activity of 15040 Umg™".

The enzyme is active on some fluorogenic peptide substrates
(Table 4). The protease exhibited preference for positive and hy-
drophobic amino acids, such as arginine and leucine, respectively.
No hydrolysis was detected with L-Asp-MCA, Gly-MCA, Ala-Ala-
Phe-MCA and N-«-Benzoyl-L-Arg-MCA. However, some hydrolysis
was detected with L-Phe-MCA. Another substrate with hydropho-
bic amino acid at P1, to which the enzyme presented some affinity,
was L-Val-MCA.

The lowest Ky and a higher ratio K/ Vimax was observed for the
substrate N-t-Boc-lle-Glu-Gly-Arg-MCA (Table 3).

The keratinase was also examined to determine its ability
to hydrolyze some insoluble substrates, such as chicken nails,
wool and feathers. Figure 2 shows the data obtained. The largest
hydrolysis rate was observed for chicken nails, and was about
120 ug mL™" of tyrosine, after 4 h reaction. Both wool and feathers

presented similar hydrolysis rate, between 55 and 60 pg mL~" of
tyrosine.

DISCUSSION

Keratinases play an important role in the metabolism of the
Chryseobacterium sp. kré, because it can grow in a medium
containing feather meal or raw feathers as the sole source
of both carbon and nitrogen. Purification with gel filtration

www.interscience.wiley.com/jctb
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Figure 2. Hydrolysis of insoluble substrates by purified keratinase for nails
(circles), feather (squares) and wool (diamonds). Results are the means of
three independent experiments.

chromatography separated two peaks, where only one presented
proteolytic activity against azocasein. The purification factor is
estimated to be at least 16.2-fold and specific activity about 16 800
Umg~'.When keratin azureis used as substrate, the pool obtained
after gel permeation shows an enzyme activity of 2,320 U mL™’
and a specific activity of 15 040U mg~'. Bressollier et al.'® achieved
a specific activity of 17 593 U mg~', using the same substrate and
conditions, after four purification steps of a keratinolytic serine
proteinase from Streptomyces albidoflavus.

Figure 1(A), 1(B) and 1(C) illustrate the enzyme activity as a
function of pH, temperature and sodium chloride concentration.
Besides the optimal points, the analysis of such graphics is quite
useful to visualize the boundaries. The contour region for the
evaluated response as a function of variables allows one to
estimate the range of working conditions for this enzyme. The
optimal temperature and pH obtained here are similar to those
observed for other keratinases.?*" Keratinases from Bacillus spp.
have an optimum temperature in the range 50-60 °C,23! whereas
Streptomyces spp. and Doratomyces microsporus keratinases
have an optimum between 55 and 65°C.'"®'%*? Rozs etal®®
characterized a new keratinase from B. licheniformis strain with
respect to temperature and pH, the referred enzyme is a thiol
protease and has an optimal activity at pH 8.5 and 52 °C. From the
results for experimental design for sodium chloride concentration,
illustrated in Fig. 1(B) and 1(C), itis noted that a NaCl concentration
higher than 300 mmol L~" promoted the inhibition of the enzyme
activity. Korkmaz etal? reported that a keratinase from Bacillus
licheniformis strain HK-1 was inhibited by 50 mmol L™" NaCl.

The enzyme was inhibited by 1,10-phenanthroline, with an
inhibition constant of 0.78 mmol L™ .The keratinolytic serine
proteinase of Streptomyces albidoflavus was slightly affected by 1-
10-phenanthroline at a concentration of 10 mmol L=".' A similar
effect was reported on the keratinolytic protease of Microsporum
canis for this same inhibitor.** An extracellular alkaline keratinase
from B. licheniformis strain HK-1 was characterized as a metallopro-
tease type,? an unusual property among keratinases from Bacillus.
According to Allpress etal.® inhibition of the metalloprotease
by chelating agents provides a potential method for temporary
inactivation during storage, reducing autolysis associated with
proteolytic enzymes. The keratinolytic B. licheniformis K-508 se-
creted an unusual trypsin-like thiol protease that is strongly active
towards benzoyl-Phe-Val-Arg-p-NA andis notinhibited by PMSF.**

In order to evaluate if keratinolytic enzyme shows characteristic
substrate specificities, the Chryseobaterium sp. kr6 protease was

O
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tested with different synthetic substrates. The P1 specificity
of keratinase was measured with 10 synthetic MCA substrates
(Table 4). The results indicate that the keratinase has a preference
for hydrophobic and positively charged amino acids at P1 position.
However, the affinity for Phe at P1 position was much lower than
Leu. Since, no or very low hydrolysis was detected with N-e-
Benzoyl-L-Arg-MCA, the presence of an amino acid in P2appears to
be necessary for effective catalysis. The keratinase was less efficient
with Lys-MCA, followed by Phe-MCA and Val-MCA, suggesting the
preference for hydrophobic residues.

The P1 specificity of the keratinase NAPase of Nocardiopsis
sp. was tested with 11 synthetic p-nitroanilide (pNA) substrates.
The enzyme also had a preference for aromatic and hydrophobic
residues at P1 position.’® The feather-degrading Nesterenkonia
sp. AL20 produces an alkaline protease that also exhibited
higher activity with tetrapeptides with hydrophobic residues
located at P1 site in the order Tyr = Phe = Leu?’ A
keratinolytic metalloprotease from Lysobacter was strongly active
towards carboxybenzoyl-Phe-pNA.** S, albidoflavus produces a
chymotrypsin-like keratinase thatexhibited specificity foraromatic
and hydrophaobic amino acid residues, as demonstrated by using
synthetic peptides.'® The keratinolytic serine protease of 5. pactum
DSM 40530 showed substrate specificity and stereospecificity
to pNA derivatives of basic amino acids lysine and arginine
(L-enantiomers), but hydrolysis of benzoyl-D-Arg-p-NA was not
detected.’® De Toni etal?' characterized an alkaline serine
endopeptidase and observed that among all peptide bonds of
the fluorogenic substrates tested, the only hydrolyzed bond was
that with a modified cysteine at subsite P1.

CONCLUSION

The response surface methodology was successfully used for
optimization of enzyme activity for Chryseobacterium sp. kré
protease. The optimum parameters for the improved level of
keratinase production were at pH from 7.4 to 9.2, temperature
from 35 °C to 50 °C and sodium chloride concentration from 50 to
240 mmolL ™", having azocasein as substrate. Among the synthetic
substrates tested, the enzyme exhibited activity mainly with
hydrophobicand positive residues. The enzyme also demonstrated
the ability to hydrolyze insoluble protein substrates. Whatever
hydrolysis was achieved could be attributed to the specificity of
the enzyme for hydrophobic amino acids that constituted about
50% of the residues in keratin protein.
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Abstract

A novel keratinase from Chryseobacterium sp. strain kr6 was purified to homogeneity by
(NH4)2SO4 precipitation, gel permeation on Sephadex G-100 and Q-Sepharose Fast Flow
ion-exchange chromatography. The molecular weight of the purified enzyme was around
20 kDa. Kinetic and thermodynamic parameters for thermal inactivation were determined.
The influence of Ca®* and Mg?" ions, and purification degree on the enzyme stability was
evaluated in the range of 50 to 60°C. The results showed that first-order kinetics explained
well the thermal denaturation of the keratinase in this temperature interval. The presence of
Ca?* increases significantly the enzyme stability. Compared with the controls, the half-life
time of the purified enzyme after two purification steps in the presence of Ca?* increased
7.3, 20.2 and 9.8-fold at 50, 55 and 60°C, respectively. Thermodynamics parameters for

thermal inactivation were also determined.

Keywords: biocatalysis; enzyme; kinetics; microbial; protease; thermal inactivation
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Nomenclature

Co
Ci

K
Ead
AG"y
AHY
AS%
h

Ks

Activity at timet=0

Activity at time t

First-order rate constant (min'")
Activation energy for denaturation (kJ mol™)
Free energy (kJ mol™)

Activation enthalpy (kJ mol™)
Activation entropy (J mol™ K™)
Planck constant (J s)

Boltzmann constant (J K™)
Universal gas constant (J mol™ K"
Determination coefficient

Time (min)

Half-life time (min)

Temperature (K)
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1. Introduction

Keratinases (E.C. 3.4.99.11) are proteases able to degrade the scleroprotein keratin. Huge
amounts of this protein are available as feathers, a waste by-product generated by the
poultry production. Keratinases are very promising from a biotechnological point of view,
since they could be applied to process keratin-containing wastes from leather and poultry
industries and to improve the nutritional value of feather meal [1,2].

Although keratinases from different microorganisms have been purified and
characterized to date [3-6], thermodynamic data and kinetic studies about thermal
inactivation of keratinases are not available. Nonetheless, data about the activity and
stability of enzymes can be useful for enhancing biotechnological processes, providing
information on the structure of this catalyst and help to optimize the economics feasibility
of the industrial process.

Several techniques based on protein engineering [7], isolation of thermophilic
organisms [8], chemically or enzymatically-modified enzymes [9,10] and use of additives
[11] have been reported to successfully increasing enzyme thermostability. It had been
reported that the addition of Ca?*, Mg?* or polyhydric alcohols caused an increase in
thermal stability of some proteases [12,13].

Recently, we isolated and characterized a new keratinolytic bacterium presenting a
remarkable feather-degrading activity. This microorganism was identified as a
Chryseobacterium sp. kr6 and its keratinase showed great potential for biotechnological
applications [14]. A keratinolytic metalloprotease was recently purified from culture
supernatants of strain kr6, being the first keratinase associated with the M14 family of
peptidases [15]. In this paper, a novel keratinase from Chryseobacterium sp. strain kré was

purified with only two chromatography steps. The aim of this work was to investigate the
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thermal stability of this keratinase. On this basis, an Arrhenius plot was derived and the

thermodynamic parameters for thermal inactivation were investigated by kinetic method.
2. Materials and methods
2.1. Microorganism, culture media and conditions

The Kkeratinolytic Chryseobacterium sp. strain kr6é was isolated from feather waste
produced by commercial poultry processing [14]. The culture was propagated and
maintained on feather meal agar plates at 30 °C and subcultured at weekly intervals. The
basal medium used for growth of the feather-degrading microorganism was feather meal
broth: NaCl (0.5 g L"), KH,PO, (0.4 g L), CaCl, (0.015 g L™) and feather meal (10 g L°
1), pH was adjusted to 8.0. The medium was sterilized by autoclaving at 121 °C for 15 min.
Cultures were incubated in an orbital shaker at 30°C and 100 rpm, for 48 h. The culture was
centrifuged at 4°C and 10,000 x g for 20 min to harvest the keratinase-containing

supernatant.
2.2. Assay of enzyme activity

Proteolytic activity was assayed with azocasein as substrate by the following method [16].
The reaction mixture contained 120 pL of enzyme preparation and 480 pL of 10 g L™
azocasein (Sigma, St. Louis, MO, USA) in 50 mM Tris-HCI buffer pH 8.0. The mixture
was incubated for 40 min at 45°C; the reaction was stopped by addition of 600 pL of 100 g
L™ trichloroacetic acid. After separation of the un-reacted azocasein by centrifugation, 800
uL of clear supernatant was mixed with 200 pL of 1.8 mol L™ NaOH, resulting in a yellow
colored complex that was measured spectrophotometrically at 420 nm. One unit of enzyme
activity was the amount of enzyme that caused a change of absorbance of 0.01, under these

conditions. Keratinolytic activity was also determined. The reaction mixture, containing
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100 pL of enzyme sample and 500 uL of 20 g L™ azokeratin suspension in 50 mmol L™
Tris-HCI buffer pH 8.0, was incubated for 30 min, at 45°C. The reaction was terminated by
addition of 600 pL of 100 g L™ trichloroacetic acid, centrifuged and the supernatant
measured spectrophotometrically at 450 nm. One unit of keratinolytic activity was defined

as an increase in the A4so of 0.01, under the specified conditions [17].
2.3. Enzyme purification

The supernatant containing the enzyme was collected after centrifugation at 10,000 x g for
20 min. The enzyme was precipitated from the supernatant by gradual addition of solid
ammonium sulphate, with gentle stirring, to 50% saturation, allowed to stand for 3 h and
centrifuged at 10,000 x g for 20 min. The pellet was dissolved in 50 mmol L™ Tris-HCI
buffer pH 8.0. The concentrated sample was applied to a Sephadex G-100 gel filtration
column (Pharmacia, Uppsala, Sweden), equilibrated and eluted with 50 mmol L™ Tris-HCI
buffer pH 8.0, at a linear rate of 1 cm min™ (flow rate 0.5 cm® min™). The fractions were
monitored by measuring the absorbance at 280 nm and enzyme activity. The fractions with
high enzyme activity from gel permeation were pooled and dialyzed overnight against 20
mmol L™ Tris-HCI buffer pH 8.5. The dialyzed enzyme solution was applied to Q-
Sepharose Fast Flow column (3.5 x 15 cm) equilibrated with Tris-HCI 20 mmol L™ buffer
pH 8.5. The unbound proteins were washed with 20 mmol L™ Tris-HCI buffer pH 8.5. The
bound proteins were eluted at a linear rate of 0.074 cm min™ (flow rate 0.712 cm® min™),
with a linear gradient of NaCl (0-1 mol L™) in 20 mmol L™ Tris-HCI buffer pH 7.0. The
fractions were monitored by measuring the absorbance at 280 nm and enzyme activity. The
concentration of soluble protein was determined by the Folin phenol reagent method [18],

using bovine serum albumin as standard.
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2.4. Electrophoresis

Sodium dodecyl sulphate (SDS) polyacrylamide gel electrophoresis (PAGE) was
performed with 12% polyacrylamide gels essentially as described elsewhere [19]. After

electrophoresis the protein was detected with silver staining [20].
2.5. Thermal inactivation

Kinetics of thermal inactivation of Chryseobacterium kr6 keratinase was determined by
incubating the enzyme with different purifications grades, in the absence (control) or
presence of Ca** or Mg?* ions (5 mmol L™ final concentration) at 50, 55 or 60°C. Enzyme
solutions (1.0 mL) were heated in sealed tubes, which were incubated in a thermostatically
controlled thermal block (Labnet International, Woodbrige, NJ, USA). Tubes were
withdrawn at each time intervals and the residual activity was determined as describe
earlier, with azocasein as substrate. The activity after 1 min of heating-up time (t = 0) was
considered to be the initial activity, thereby eliminating the effects of heating-up. Assays

were done in triplicate.
2.6. Kinetic model and statistical analysis

The first-order rate constants for denaturation (kq) of the enzyme at different temperatures
were determined from the slopes of semi-logarithmic plots according to Eq. (1).
In (C/Co) = -kt @)
where C; is the enzyme activity at the time t, Cy the initial enzyme activity, kq is the

first-order rate constant for denaturation, and t is the time.
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The activation energy for denaturation (Ea,q) was obtained from the slope (-Eaq/R) of
Arrhenius plot of In kg verus 1/T. Free energy (AG"q), enthalpy (AH"3) and entropy (AS"4)

of activation for denaturation of the enzyme were calculated from Eq. (2)—(4), respectively.

# kdh
AG*, =-RTIn )
KT

where h (Planck constant) = 6.626x10°** J s, and Kg (Boltzman constant) = 1.381x10%% J
K-l
AH4 = Eqq—RT 3)

where R (gas constant) = 8.314 J.mol™ K™

AH? - AG*
AS*, =% (4)

The half-life time (t,,) of the enzyme was obtained from Eq. (5).

twz=In(2)/kq ®)
The values of kg and Ea 4 were estimated by regression analysis using the statistical package
of Microsoft Excel® (Microsoft, Seattle, WA). Data were compared by the Tukey’s test
using the Statistica 5.0 software (Statsoft, Tulsa, OK) and values were considered different

each other when p < 0.05.
3. Results and discussion
3.1. Keratinase purification

The culture supernatant was submitted to precipitation with ammonium sulphate, gel
filtration and ion exchange chromatography. Purification with gel filtration
chromatography separated two peaks, where only one presented proteolytic activity against
azocasein. While in the Q-Sepharose anionic exchange chromatography it was observed

two peaks with enzymatic activity. These peaks were eluted through the NaCl gradient at
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approximately 0.27 and 0.61 mol L™, respectively (Fig. 1). Fractions of the first peak,
showing prominent activity, were pooled and used to thermal inactivation studies. This
fraction was subjected to SDS-PAGE and a unique band was observed, corresponding to a
molecular mass of approximately 20 kDa (Fig. 1, inset). The overall purification factor was
about 40.2-fold, and the final yield was 7.1%. The final product had a specific activity of
about 21 466 U mg™ (Table 1).

These results indicate that a novel keratinolytic enzyme was purified, since the
earlier purified keratinase Q1 from Chryseobacterium sp. kr6 showed a molecular mass of
64 kDa [15]. The molecular mass of this novel enzyme is in agreement with most

keratinases of mesophilic microorganisms, which range from 20 to 50 kDa [1,4].

0.14
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0.104
0.08

0.06+

Absorbance 280 nm

0.044
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0.00 o
0 10 20 30 40 50 60 70 80 90

Collected volume (mL)

Fig. 1. Elution profile of keratinase from Chryseobacterium sp. kr6 on Q-Sepharose Fast
Flow equilibrated with 20 mmol L™ Tris-HCI buffer pH 8.5 and eluted with a NaCl

gradient (0-1 mol L™). Proteolytic activity (-m-), keratinolytic activity (-o-), absorbance at
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280 nm (—) and NaCl concentration (---). Inset: Silver stained gel showing (a) molecular
mass standards and (b) purified enzyme.
Table 1

Purification of the keratinase from Chryseobacterium sp. strain kr6 culture

Step Total activity Total protein Specific activity Purification Yield (%)
(V) (mg) (Umg?) fold

Crude enzyme 89,995 168.3 534 1 100

(NH4)2S04 68,501 7.9 8,671 16.2 76.1

precipitation

Sephadex G-100 18,280 1.3 14,061 26.3 20.3
Q-Sepharose Fast 6,440 0.3 21,466 40.2 7.1
Flow

3.2. Kinetics of thermal inactivation

The extent of inactivation after heating the enzyme solution for 10 min at various
temperatures was measured. Initially, residual activity was compared after 10 min of
thermal treatment in the range from 50 to 80°C, using crude and purified enzyme samples.
Both samples retained about 40% its initial activity after 10 min at 50°C, but they were
completely inactivated at 65°C or more (results not shown). Residual activity of the
different enzyme preparations was then compared over the temperature range from 50 to
60°C. Kinetic studies about thermal inactivation of proteases are often more complex due to
the autolysis effect [21]. However, the first-order kinetic model has been used, mainly at
low enzyme concentration, to describe the thermal inactivation of proteases [21,22].

The influence of temperature on inactivation of the crude enzyme is shown in the Fig.

2 (a, b, ), being the straight lines in these figures the linear fit for each condition, which
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were well fixed by the Eq. (1). The slopes in these figures are the first-order rate constants
for enzyme denaturation (kq), estimated by linear regression of the experimental data. The
ks values and the half life time (ty) are given in Table 2. Comparing the rate constants (kq)
for enzyme inactivation, smaller values were observed with addition of Ca’* at the different
temperatures tested. In addition, excepting for the enzyme with Ca®*, the rate constants
increased considerably with the increase of temperature. Compared with control, the ty,
was increased around 2.5-fold at different temperatures in the enzyme samples with
calcium.

After 25 min at 50°C the crude enzyme maintained about 22.1% its initial activity, in
the same conditions in the presence of calcium the residual activity was 55.8%. When

magnesium was added, 36.5% residual activity was observed.

Ln of relative enzyme activity
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Fig. 2. First-order plots for thermal inactivation of crude enzyme. (a) Control; (b) enzyme
with Ca*?; (c) enzyme with Mg*?. The r? values for 50°C (), 55°C (m) and 60°C (A ) were

respectively: (a) 0.95, 0.97, 0.99; (b) 0.99, 0.97, 0.99; (c) 0.95, 0.98, 0.99.
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Table 2

Kinetics and thermodynamics parameters for thermal denaturation of crude enzyme

T (K) kg (min™) tip (Min) AG"g (kI mol™)  AH" (kd mol™) AS"y (I mol™ K
Control ?

323 (50°C) 0.053+1.41E7 13.0 87.2 208.9 376.7

328 (55°C) 0.164+7.07E™ 4.2 85.5 208.8 376.0

333 (60°C) 0.56+7.07E7 1.2 83.4 208.8 376.5
Ca2+ b

323 (50°C) 0.022+3.54E 31.2 89.5 206.0 360.6

328 (55°C) 0.063+2.12E7 10.9 88.1 205.9 359.3

333 (60°C) 0.231+2.83E7 3.0 85.9 205.9 360.3
Mg?* ©

323 (50°C) 0.036+7.07E™ 19.0 88.2 236.8 460.0

328 (55°C) 0.235+7.78E7 2.9 84.5 236.7 464.0

333 (60°C) 0.528+1.20E 1.3 83.6 236.7 459.7

®Eaq=211.6 +3.5 kI mol™
b E.q=208.7 + 15.3 ki mol™
Eaq=239.5+ 3.7 kl mol™*

The effect of temperature on inactivation of the partially purified enzyme (after one
chromatography step) is shown in the Fig. 3 (a, b, ¢), the calculated kq values and the half
life are listed in Table 3. Control enzyme maintained 10.9% its initial activity after 25 min,
while in the presence of calcium and magnesium it retained 66.5% and 60.8% initial
activity, respectively. In the samples with this purification grade it was observed a
remarkable effect of calcium on the enzyme stability, the increase on ty/, ratio was 5.6, 7.6

and 8.4-fold for 50, 55 and 60°C, respectively.
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Fig. 3. First-order plots for thermal inactivation of partially purified enzyme. (a) Control;
(b) enzyme with Ca*?; (c) enzyme with Mg*% The r® values for 50°C (e), 55°C (m) and

60°C (A) were respectively: (a) 0.99, 0.98, 0.98; (b) 0.99, 0.97, 0.99; (c) 0.98, 0.99, 0.98.
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Table 3

Kinetics and thermodynamics parameters for thermal denaturation of partially purified

enzyme

T (K) kg (Min™) t12 (Min) AGq (k mol™)  AHg (kI mol™)  ASg (J mol™ K™
Control ?

323 (50°C) 0.089+7.07E™ 7.7 85.8 131.9 142.6

328 (55°C) 0.214+4.95E7 3.2 84.8 131.8 143.4

333 (60°C) 0.402+3.54E3 1.7 84.4 131.8 142.3
Ca2+ b

323 (50°C) 0.016+7.07E™ 43.3 90.4 96.4 18.7

328 (55°C) 0.028+7.07E™ 24.3 90.3 96.4 18.6

333 (60°C) 0.048+2.12E° 14.3 90.2 96.4 18.4
Mg?* ©

323 (50°C) 0.019+7.07E* 35.5 89.9 252.3 502.9

328 (55°C) 0.155+2.83E™ 45 85.7 252.3 508.0

333 (60°C) 0.335+9.19E7 2.0 84.9 252.2 502.6

®Eaq=135.4 + 1.5 k] mol™
®E,q=99.1+3.8 kI mol™
®Eaq=255.0+ 5.7 kI mol™*

Compared with control, the ty, of the purified enzyme (after two chromatography
steps) in the presence of Ca* was increased by 7.3, 20.2 and 9.8-fold at 50, 55 and 60°C,
respectively (Table 4). The Fig. 4 (a, b) illustrates the denaturation kinetics of the purified
enzyme. After the second chromatographic step, the control enzyme maintained 52% its
initial activity, while in the presence of calcium the sample maintained 90.3% residual

activity, during 25 min at 50°C. At 55°C for 25 min, only 1.4% residual activity is
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observed, while 80.5% is maintained in the presence of calcium. The control enzyme was
totally inactivated at 60°C for 10 min, but a residual activity of 39% was observed after 25
min in the presence of calcium. The protective effect caused by the presence of calcium

became more pronounced as the purification degree increases.
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Fig. 4. First-order plots for thermal inactivation of purified enzyme. (a) Control; (b)
enzyme with Ca*. The r? values for 50°C (e), 55°C (m) and 60°C (A) were respectively:

(a) 0.98, 0.99, 0.96; (b) 0.98, 0.99, 0.96.
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Table 4

Kinetic and thermodynamic parameters for thermal denaturation of purified enzyme.

T (K) kg (Min™) typ (Min)  AG™y (kd mol™) AH?y (kI mol™)  AS"y (I mol™ K™Y)

Control ?
323 (50°C) 0.025+1.41E3 27.7 89.2 236.3 455.4
328 (55°C) 0.174+2.83E7° 4.0 85.3 236.3 460.1
333 (60°C) 0.360+3.61E2 1.9 84.7 236.2 455.1
Ca2+ b
323 (50°C) 0.003+7.07E™ 202.1 94.5 200.0 326.5
328 (55°C) 0.008+7.07E™ 81.8 93.6 199.9 324.3
333 (60°C) 0.037+1.41E°18.7 91.0 199.9 327.1

®Ead=239.0 + 3.8 ki mol™
b E.q=202.7 + 8.5 ki mol™?

The presence of Ca’" and Mg2+ ions have been associated with increase of thermal
stability of some bacterial proteases. The extracellular protease of Pseudomonas
fluorescens T20 contained Mg?*, which plays an important role on enzyme stability [23].
The presence of calcium on thermolysin, a typical bacterial metalloprotease, contributes to
heat stability, prevention of autolysis, and maintenance of structural integrity [24]. In this
work, only Ca?* appeared to increase the thermal stability of keratinase.

It has been reported that the addition of Ca?* caused an increase in the thermal
stability of alkaline proteases. For example, the half-life time was increased 2.5-fold at
50°C, and 10-fold at 60°C by adding Ca?* to the alkaline proteases from Bacillus sp.
GX6638 and B. sphaericus, respectively [25,26]. The addition of CaCl; increases the half-
life of an alkaline protease of Bacillus mojavensis from 15 min to 57 min, showing the

importance of this ion to improve the thermo resistance [11]. In agreement, the half-life
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time at 50°C of an alkaline protease from Conidiobolus coronatus increased from 17 to 47
min by adding Ca®* [12]. The effect of calcium on the improvement of thermal stability
against heat inactivation may be explained by the strengthening of interactions inside the

protease molecules and by the binding of Ca?* to the autolysis site [12,13].
3.3. Thermodynamic parameters

From the values obtained for the denaturation rate constants, it was possible to
establish a relationship between the value of kq and temperature by fitting the data to the
Arrhenius equation, which relates rate constants to temperature.

The activation energy (Eaq), free energy (AG"y), enthalpy (AH"4) and entropy (AS"y)
for enzyme inactivation at different temperatures are listed in Tables 2 to 4. The thermal
denaturation of enzyme is accompanied by weakening or disruption of non-covalent
linkages with simultaneous increase in the enthalpy of activation, and opening of the
enzyme structure is accompanied by an increase in the disorder or entropy [27,28].

For crude enzyme, the variation of the AH" was observed to be insignificant for the
different conditions evaluated (Table 2). However, the presence of calcium reduced the
AH4 values from 131 kJ mol™ to 96.4 kJ mol™ for partially purified enzyme (Table 3) and
from 236 kJ mol™ to 200 kJ mol™ for purified keratinase (Table 4).

The smaller activation energy for denaturation of the enzyme was obtained with the
partially purified enzyme with Ca?*, and this result differs significantly of the other
conditions (p<0.05).

The values of entropy (AS"4) of activation for denaturation of the purified enzyme
with Ca”* were remarkably reduced, around 7-fold, changing from 142.6 J mol"*K™ to 18.7
J mol*K™. Viewed from thermodynamics, decrease in entropy means decrease in disorder
degree of molecules [28]. The AG"4 value is directly related with the protein stability: the

higher AG" is higher will be the enzyme stability [29]. Results for AH*; show that the
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enthalpy is practically independent of temperature, thus, there is no change in enzyme heat
capacity [30].

The purity of the enzyme is reported to have a strong effect on the inactivation of
pseudomonal proteases [31]. The addition of sodium caseinate to an extracellular
proteinase from Pseudomonas fluorescens caused an increase in inactivation rate, probably
due the aggregation of the enzyme molecules with caseinate [22]. Though, when the
authors compared the kinetic parameters of purified proteinase with the unpurified sample
they did not detect statistically significant difference.

Some proteases are protected against thermal inactivation by companion proteins
[28]. Possibly, the thermostability of purified enzymes may be reduced due to partial
denaturation during the purification process, and the effect of autoproteolysis has been also
associated with inactivation at moderate temperatures [22].

There is no specific information available on kinetics and thermodynamic parameters
for keratinase heat-inactivation. The thermodynamic parameters estimated here were
similar to those reported by Vicente et al. [32] for thermal inactivation of an extracellular
aspartic protease from Phycomyces blakesleeanus. The fact that no specific studies were
found to report kinetics and thermodynamic parameters for heat-inactivation of keratinase
gives the present investigation an innovatory character in the analysis of these important

proteolytic enzymes.

3.4 Effects of various chemicals

To further characterize the Chryseobacterium sp. kr6 keratinase, we examined the
effects of some chemicals on the enzyme activity. Protease activity was investigated after
preincubation of the enzyme with several chemicals for 30 min, at room temperature. The
effects of various inhibitors, metal ions and solvents on the enzyme activity are

summarized in Fig. 5. The protease activity of the sample without any reagent (control)
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was taken as 100%. Tukey’s test was carried out to verify if there was significant

difference between the conditions, at 95% of confidence level.
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Fig. 5: Effects of various chemicals on enzyme activity. The enzyme was first incubated
for 30 min at room temperature. Residual activity was measured according described
elsewhere, with azocasein as substrate. CT (control), DMSO, IP (1% v/v isopropyl
alcohol), ET (1% v/v ethanol), MET (1% v/v methanol), TRIT (1% v/v Triton X-100), AC
(1% v/v acetonitrile), EDTA (5 mmol L), FT (5 mmol L™ 1,10 phenanthroline), Cu*?,

Zn*?, Al Ca™ Mg", urea: 5 mmol L™

Among the solvents, ethanol was only that caused a significantly increase on the
enzyme activity, while that the acetonitrile inhibited the proteolytic activity.

The enzyme was significantly inactivated by the presence of 1,10-phenanthroline and
EDTA. The inhibitory effect of metal chelator EDTA and Zn-specific chelator 1,10-
phenanthroline characterized the enzyme as a metalloprotease. In the presence of some
divalent ions Zn*?, AlI** e Mg* did not detect significantly effects on the enzyme activity.

Calcium promoted an increase on proteolytic activity, while copper provide a reduction,
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when compared with the control. Finally, the urea also did not exert significantly

inhibition, at the same significance interval.

4. Conclusions

We reported here, for the first time, the thermodynamics and kinetics data for thermal
denaturation of a keratinase from Chryseobacterium sp. strain kr6. An increase in the
enzyme stability with the purification degree, and an increase in stability in the presence of
calcium were observed. Calcium seems to play an important role in the maintenance of

thermal stability of this keratinase.
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Abstract

Some process parameters for immobilization of a purified Kkeratinase from
Chryseobacterium sp. kré on chitosan beads were investigated. Production of chitosan
beads was optimized using factorial design and surface response techniques. Optimum
chitosan beads production for protease immobilization were using 20 g L™ chitosan
solution in acetic acid (1.5% v/v), glutaraldehyde ranging from 34 g L™ to 56 g L™ and
activation time between 6 to 10 h. Under these conditions, above 80% of the enzyme
was immobilized on the support. The behavior of the protease loading on chitosan
beads surface was well described by Langmuir model. The maximum capacity of the
support (gm) and the constant rate (Kq), were estimated as 58.8 U g™ and 0.245 U mL™,
respectively. The thermal stability of immobilized enzyme was improved around two
fold, if compared with the free enzyme, after 30 min at 65°C. The activity of the
immobilized enzyme remained 63.4% after it was reused five times. The immobilized

enzyme has improved thermal stability and remained active after several uses.

Key words: casein hydrolysis; chitosan; enzyme; immobilized; kinetics; protease
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Introduction

An effective use of enzymes may be hampered by some peculiar properties of the
enzymatic proteins such as their non-reusability and high sensitivity to several
denaturating agents. Many of these undesirable constraints may be removed by the use
of immobilized enzymes. This approach has proven to be more advantageous for
catalysis than the use of free enzymes (Durén et al. 2002; Saleem et al. 2005). There are
several benefits of use immobilized enzymes rather than their soluble counterparts: the
reusability of the heterogeneous biocatalysts with the aim of reducing the production
cost by efficient recycling and control of the process, as stable and reusable analytic
devices for analytic and medical applications, as fundamental tools for solid-phase
protein chemistry and as effective microdevices for controlled release of protein drugs
(Cao 2005).

Immobilizing enzymes into insoluble supports has been the subject of
considerable research for over 30 years and, consequently, many different
methodologies and a wide range of applications have been suggested (D"Souza 1999,
Isgrove et al. 2001). The various methods devised for enzyme immobilization may be
subdivided into two general classes: chemical methods, where covalent bonds are
formed with the enzyme, and physical methods, where weak interactions between
support and enzyme exist (Cetinus & Oztop 2000). In spite of several techniques for
enzyme immobilization that have been reported (Yang et al. 2004; Kannan & Jasra
2009; Ma et al. 2009), many of them are extremely complex to reproduce, expensive
and time-consuming. During the immobilization process, the main task is to select a
suitable carrier, conditions (pH, temperature and nature of medium) and enzyme itself

(source, nature and purity) to design an immobilized biocatalyst (Cao et al. 2005).
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Chitosan, a natural polymer, is a good support for enzyme immobilization, since
it is non-toxic, user-friendly, and available in different forms: powder, gel, fibers and
membranes. This linear copolymer polysaccharide consists of 3(1—4)-linked 2-amino-
2-deoxy-D-glucose (D-glucosamine) and 2-acetamido-2-deoxy-D-glucose (N-acetyl-D-
glucosamine) units (Krajewska 2004; Tang et al. 2006). Chitosan can provide many
advantages, such as an excellent hydrophilicity, high porosity, large adhesion area, and
thus, small mass transfer resistance to enzymes. In addition, it possesses high protein
affinity, allows easy derivatization, and is easily available and inexpensive, since
derived from chitin, a by-product of the fishing industry (Krajewska 2004). This
polymer has been shown to be an efficient support for immobilization of enzymes like
glycosidases, proteases, glucose oxidase, and other (Chang & Juang 2005; Tang et al.
2006).

Factorial design and response surface techniques are important tools to
determine the optimal process conditions. This methodology has been successfully used
in many areas of biotechnology, particularly to optimize the production of bioactive
molecules (Cladera-Olivera et al. 2004; Thys et al. 2006; Casarin et al. 2008). One of
the main advantages of experimental design is the reduction of the required number of
experiments without remarkable loss of useful information (Kalil et al. 2000).

Keratinases constitute an exciting group of proteases that hydrolyses hard-to-
degrade keratin substrates. Bacterial keratinases are mostly related to serine proteases
from Bacillus and Streptomyces, but interesting keratinases from other bacteria has been
described (Brandelli 2008). Indeed, Chryseobacterium sp. kr6 produces an unusual
keratinolytic metalloprotease that belongs to the M14 family of peptidases (Riffel et al.
2007; Silveira et al. 2008). Despite the growing interest on keratinases, relatively few

works on their immobilization have been described (Wang et al. 2003; Farag & Hassan
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2004; Konwarh et al. 2009). In the present work, some process parameters that affect
the immobilization of a purified keratinolytic protease from Chryseobacterium sp. kré
on chitosan beads were investigated. Glutaraldehyde concentration and time required
for chitosan beads activation were evaluated. Then, using the optimal conditions
established for protease immobilization on chitosan beads, the maximum support
capacity (qm) and the equilibrium constant (Kq) for the enzyme immobilization on
chitosan beads were estimated. Also, some properties of free and immobilized enzyme

were compared.

Materials and Methods

General

Chitosan flakes were from Sigma Chemical Co. (St. Louis, MO, USA), with a 85%
degree of deacetylation. Glutaraldehyde (25% aqueous solution) was from Nuclear (S&o
Paulo, Brazil). A keratinolytic Chryseobacterium sp. strain kr6, previously isolated from
waste feathers, was plated on feather meal agar (Riffel et al. 2003). Protease production
was carried out by submerged culture, using feather meal as only carbon source, as
described previously (Silveira et al. 2008). The crude enzyme was collected after 48 h
of cultivation at 30°C, by centrifugation at 10,000 x g, during 20 min, at 4°C. The
enzyme purification involved precipitation with solid ammonium sulphate (NH4)SO, at
a final concentration of 50% saturation at 0°C. After stand for 3 h, the sample was
centrifuged at 10,000 x g for 20 min, at 4°C. The pellet was dissolved in a minimum
volume of 50 mmol L™ Tris-HCI buffer pH 8.0, centrifuged as above, and the clear
supernatant collected. The concentrated sample was applied on a Sephadex G-100 gel
filtration column (0.8 x 30 cm) (Pharmacia, Uppsala, Sweden), equilibrated and eluted

with the same initial buffer. The fractions with enzyme activity from gel permeation
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were pooled and dialyzed overnight against 20 mmol L™ Tris-HCI buffer pH 8.5. The
dialyzed enzyme solution was applied on a Q-Sepharose Fast Flow column (3.5 x 15
cm) pre-equilibrated with 20 mmol L™ Tris-HCI buffer pH 8.5. The unbound proteins
were washed with 20 mmol L™ Tris-HCI buffer pH 8.5. The bound proteins were eluted
at a linear rate of 0.074 cm min™ (flow rate 0.712 cm® min™) NaCl (0-1 mol L™) in 20
mmol L™ Tris-HCI buffer pH 7.0. The fractions were monitored by measuring the
absorbance at 280 nm, enzyme activity having azocasein and azokeratin as substrate,

and soluble protein.

Determination of enzyme activity

During the purification steps, the enzymatic activity was carried out with azokeratin as
substrate, as follows. The keratinolytic activity of free enzyme was determined by using
azokeratin as the insoluble substrate (Riffel et al. 2003). The enzyme sample (100 ulL)
was mixed with 500 pL of 20 g L™ in 50 mmol L™ Tris-HCI buffer pH 8.0, for 30 min,
at 45°. The reaction was stopped by the addition of equal volume of 100 g L™
trichloroacetic acid, the precipitate was removed by centrifugation at 10.000 x g during
10 min and the absorbance of the supernatant was measured at 450 nm. Control samples
were prepared in a similar manner, except that 100 g L™ trichloroacetic acid was added
prior to the enzyme. One unit of keratinolytic activity was defined as an increase in the
Auso 0f 0.01, under specified conditions.

While during the optimization of enzyme immobilization on chitosan beads, the
enzyme activity was measured using casein as substrate (Bockle et al. 1995). The
caseinolytic determinations were done essentially by incubating 100 uL of the enzyme
with 500 uL of casein solution (5 g L™) in 100 mmol L™ Tris-HCI buffer pH 8.0, for 1

h, at 45°C, with a stirring speed of 150 rpm. The reaction was stopped by the addition of

69



an equal volume of 100 g L™ trichloroacetic acid, the precipitate was removed by
centrifugation at 14,000 x g during 20 min. The absorbance was measured at 280 nm.
One unit of enzyme activity is defined as the amount of enzyme required to increase one
absorbance unit at 280 nm due to 1 umol of tyrosine produced per min during casein
hydrolysis, under the described conditions (Bockle et al. 1995). The activity of
immobilized enzyme was analyzed following the procedure for corresponding free
enzyme with minor modification. In this case, 1 g of enzyme-immobilized beads and 5
mL of casein solution in 100 mmol L™ Tris-HCI buffer pH 8.0. Blanks were prepared
under the same conditions, but 100 g L? trichloroacetic acid was added before the
addition of the enzyme.

The protein content of soluble protease was estimated by the method of Lowry et
al. (1951) using bovine serum albumin as standard. The amount of protein immobilized
on chitosan beads was estimated by subtracting the residual protein (protein left in
protease solution after incubation plus the protein in washings) from the total protein
(enzyme solution used for incubation of chitosan beads). The assays were conducted in

triplicate.

Preparation of chitosan beads

Chitosan (2 g) was dissolved in 100 mL of 1.5% (v/v) acetic acid, and heated at 60°C
for 1 h at 150 rpm. The yielded viscous solution was sonicated for 30 min, to remove air
bubbles, and then drop-wise sprayed through a syringe, at constant rate, into a
neutralization solution containing 1 mol L™ KOH. The beads formed (2-3 mm diameter)
were washed with Milli Q water until the solution became neutral and stored at 4°C in

100 mmol L™ Tris-HCI buffer pH 8.0 until glutaraldehyde activation.
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Activation of chitosan beads - second-order factorial design

Chitosan beads were incubated at 30°C and 100 rpm with 50 mL of different
glutaraldehyde concentrations (ranging from 10 to 80 g L™) by different time intervals,
(from 0.5 h to 10 h). After activation time of each run, the beads were washed with 100
mmol L™ Tris-HCI buffer pH 8.0 to remove the excess of glutaraldehyde, and stored at
4°C in the same buffer until further use. The influence of glutaraldehyde concentration
(GA) and activation time on enzyme immobilization was evaluated through a full
factorial design (22 plus star configuration) with four replicates in the central point, a
total of 12 runs (Box et al. 1978). Five levels of each independent variable were chosen,
the applied ranges of these variables were previously determined by preliminary
experiments. In the statistical model, Y predicted response: enzyme immobilization (EI);
bo, constant; Xi, glutaraldehyde concentration (GA); Xz, activation time; by and b linear
coefficients; by; and by, quadratic coefficients; bio, interaction coefficient.

Table 1 shows the actual levels corresponding to the coded settings, the
treatment combinations and the response. The runs 1 to 4 correspond to the linear points
of the factorial design, which allow investigating the main effect of each independent
variable on the evaluated response. The experiments 5 to 8 correspond to the axial
points, and runs 9 to 12 are the central points. This design is represented by a second
order polynomial regression model (Eq.(1)), to generate contour plots:

Y =bo + byXy + bpXo + b1oX1 Xz + b1aXo® + b2 X5” (1)
Statistica 7.0 software (Statsoft, Tulsa, OK, USA) was used for regression and graphical
analysis of the data. The significance of the regression coefficients was determined by
Student’s t-test, the second order model equation was determined by Fisher’s test. The

variance explained by the model is given by the multiple coefficient of determination

(r?).
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Enzyme immobilization

An amount of activated wet beads (1 g), prepared according the conditions described
above, was incubated with 1 mL of enzyme (specific activity 31 U mg™) and 3 mL of
100 mmol L™? Tris-HCI buffer pH 8.0, for 12 h. After incubation, the beads were
washed with 100 mmol L™ Tris-HCI buffer pH 8.0 to remove unbound protease, and
stored at 4°C until further use. Blank was prepared under the same conditions, however
without solid support, to quantify the enzyme denaturation during the reaction. The
enzyme activity of the supernatant and the chitosan beads was estimated according
described above, with casein as substrate. The enzyme loading on chitosan beads
achieved during the immobilization process was calculated according Equation 2, in

terms of enzyme immobilization (EI):

UO_Uremain
El= U—*lOO
0 (2)

where Uy (U mL") is the enzyme activity present in the solution used for
immobilization, Uremain (U mL'l) is the activity remaining in the supernatant at the end

of the immobilization procedure.

Loading capacity of chitosan beads

Experiments to investigate the loading capacity of chitosan beads for protease
immobilization consisted of batch reactors with 1 g of previously activated beads (40 g
L™ glutaraldehyde and 10 h activation time) and 3 mL of different activities of purified
protease (ranging from 1.9 U mL™ to 30 U mL™). After 12 h of incubation at 20°C and
100 rpm, the enzyme activity in both liquid and solid phases was determined as
described above, with casein as substrate. In order to detect any enzyme denaturation

during the immobilization procedure, we made up blanks at the same conditions,
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excepting by the chitosan beads absence. The experimental data of enzyme activity
obtained after the immobilization equilibrium were used to check if the Langmuir model
can be able to fit it, allowing to estimate the parameters gqm and Kq. The Kinetic equation
of protease immobilization can be expressed by Eq. (3), which is transformed in Eq. (4)

at equilibrium:

dq _
dt _klc(qm 'Q)'kzq (3)
q*= I

c*+K, 4)

Equation 4 was used to determine the maximum amount of protease loaded on
support (qm) and the equilibrium constant (Kg), being g* and c* the enzyme activity on
solid and liquid phase, at equilibrium, respectively. The parameters were calculated
using Statistica 7.0 (Statsoft Inc., USA) by nonlinear estimation analysis with Hook-

Jeeves and Quasi-Newton method.

Thermal stability and reuse of immobilized enzyme

Thermal stability of free and immobilized enzyme was tested by measuring the
activities after the samples were incubated for 30 min at different temperatures (50, 55,
60 and 65°C). Free and immobilized enzymes were assayed as described above, with
casein as substrate.

The initial activity of the immobilized enzyme was measured and then compared
with the activity of the used enzyme obtained after its repeated use for five cycles. After
each cycle, the immobilized enzyme was immediately filtered, washed with 100 mmol
L™ Tris-HCI buffer pH 8.0, to remove any residual substrate and reintroduced into fresh
reaction medium. The remaining of enzyme activity was tested as described above,

using casein as substrate. The results of thermal stability and reusability were presented
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in a normalized form, with the highest value of each set being assigned the value of 100

% activity.

Results and Discussion
Optimization of chitosan beads production

Beads of chitosan were successfully produced and activated, the particles
obtained were often nearly spherical, with diameter ranging from 2.0 to 3.0 mm.
Amylases and commercial protease XIX were also successfully immobilized on
chitosan beads with this diameter range (Chang & Juang 2005; Benkhelifa et al. 2005),
while similar chitosan beads, with 5 mm of diameter, were developed to immobilize -
galactosidase (Dwevedi & Kayastha 2009). Spacers are required for efficient
immobilization of biospecific molecules to solid support materials, because it minimizes
the hindrance and environmental effects imposed by the surface properties of the
matrices (Nouaimi et al. 2001). The modification of chitosan beads with glutaraldehyde
had three objectives: (1) the introduction of a spacer arm in order to improve the
mobility of the immobilized enzyme; (2) to move the enzyme away from the polymer
surface so as to reduce interactions between the protein and the support; and (3) to
introduce onto the surface of the polymer carbonyl groups to react of the amino groups
of the protease.

The experimental conditions and the response obtained for protease

immobilization on chitosan beads are shown in Table 1.
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Table 1
Coded levels and real values (in parentheses) for a full factorial design, and enzyme

immobilization (EI)

Run X1 X2 El (%)

1 -1(12) -1(22) 468
2 +1(68) -1(22) 687
3 -1(12) +1(86) 649
4 +1(68) +1(86) 782
5  0(40) -141(05) 392
6  0(40) +1.41(10) 936
7 -141(10) 0(.2) = 277
8 +141(80) 0(5.2) 666
9 0(@0) 0(.2) 846
10 0(40) 0(.2) 854
11 0(40) 0(.2) 843

12 0(40) 0(5.2) 83.9

Xi: glutaraldehyde concentration (g L™); X,: activation time (h)

The higher EI was achieved in experiment 6 (93.6%), which was carried out
with a glutaraldehyde concentration of 40 g L™ and 10 h of activation time (Table 1).
The smallest EI (27.7%) was observed when glutaraldehyde was used at 10 g L™ and
activation time was 5.2 h (run 7). The effects of independent variables on response were
presented in Table 2. The results obtained in this experimental design demonstrated that
the percent of enzyme immobilization (EI) was significantly influenced by both factors,
at 95% of confidence level. Change of glutaraldehyde concentration from inferior level

(12 g L™ to superior level (68 g L™) promoted an increase of El, on average, of 22.6%.
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Change the activation time from 2.2 h to 8.6 h caused a rise of El, on average, of 26.1%.
Glutaraldehyde concentrations above of 40 g L™ did not favored the protease
immobilization. When the effects of variables are interactive, this effect can be
evaluated (Box et al. 1978). In this study, the combining effect of glutaraldehyde
concentration and activation time resulted in a decrease of El, on average, of 4.3%.
Cetinus and Oztop (2000) evaluated the effect of glutaraldehyde concentration on
catalase immobilization in chitosan film. According those authors, when the amount of
glutaraldehyde was increased, the enzyme activity increased, however the films became
fragile, so, they chose to work with glutaraldehyde at 0.02% (w/v). Optimized
immobilization of soybean urease on chitosan beads reached 77% when working at 20 g
L™ chitosan beads, 10 g L™ glutaraldehyde and 12 h of coupling time (Kumar et al.
2008). Those authors observed that higher concentrations of glutaraldehyde affected the
efficiency of immobilization. The contact time of glutaraldehyde with chitosan to
crosslink a B-glucosidase was 30 min only, since additional incubation caused enzyme
deactivation due to conformational and surface modifications induced by the
glutaraldenyde (Martino et al. 1996). Response surface methodology and central
composite design (CCD) were also used to optimize the B-galactosidase immobilization
onto chitosan beads (Dwevedi & Kayastha 2009). Factors including the glutaraldehyde
concentration, amount of enzyme, and number of beads affected significantly the
enzyme immobilization, while pH did not show a significant effect on the response.
After the optimal conditions were established, maximum enzyme immobilization was

75%.
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Table 2
Main effects and interactions analysis for glutaraldehyde concentration (GA) and
activation time (AT) for enzyme immobilization (EI) during protease immobilization on

chitosan beads

Factor Effect Std.Err.  t-value p-value
Mean 84.5 0.32 266.2  <0.000%
GA(L) 22.6 0.45 50.2  <0.000°
AT (L) 26.1 0.45 58.1  <0.000°
1x2 -4.3 0.63 -6.7 <0.00°

a = significant factors p<0.05

Unless a few mentioned works, most of reports involving the optimization of
conditions for support production to enzyme immobilization did not applied statistical
tools; they only evaluate a single parameter per trial. In this work, experimental design
and surface response techniques were employed to determine the best conditions for
chitosan beads production. To construct a second order model that can predict the
percent of enzyme immobilization (EI) (dependent variable) as a function of
glutaraldehyde concentration and activation time (independent variables), the analysis
of variance (ANOVA) was used to evaluate the adequacy of the fit. The second-order
model adjusts well to the experimental data, 10.2% of the total variation was not
explained by the model (r* = 0.898). The error factor was very low, indicating optimal
accuracy for the experimental data. Based on the F-test, the model is predictive, since
its calculated F-value (Fo 955 6 = 4.39) was higher than the critical F-value (11.1).

On the basis of the ANOVA, a second order model was established (Eq. (6)),
describing the EI as a function of the independent variables:

El =845+ 11.3X; + 13.0Xz - 2.1X;X; - 16.7X;% — 7.0X5? (6)
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The coded model was used to generate the response surface (Fig. 1). The highest
percent of immobilization was achieved at glutaraldehyde concentration ranging from
34 g L' to 56 g L™ and activation time between 6 to 10 h. Under conditions, it is
possible to achieve a percent of enzyme immobilization above of 80%. This good
loading efficiency for the immobilization by covalent binding might be due to the
formation of stable binding between the carrier and the enzyme through a spacer group

(glutaraldehyde).

Fig. 1 Response surface for enzyme immobilization (EI) as a function of the
glutaraldenyde concentration (GA) and activation time (AT) during protease

immobilization on chitosan beads.

Loading capacity of chitosan beads

To investigate the behavior of chitosan-enzyme system and to estimate the maximum

load capacity of chitosan beads to the purified protease from Chryseobacterium sp. kr6,
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experiments using fixed amount of chitosan beads and variable enzyme concentrations
were carried out. The results for proteolytic activity in both liquid and solid phases after
the immobilization process reached the equilibrium are shown in Fig. 2.

Some parameters of covalent immobilization of lipoprotein lipase onto chitosan
beads were investigated (Itoyama et al. 1994). Those authors demonstrated that the
amount of immobilized lipoprotein increased as increases the initial enzyme
concentration, at low concentrations levels below 4.0 mg mL™, and a plateau was
obtained at concentration higher than 5.0 mg mL™. The plot presented in the referred
work is very closer to that obtained in the present work (Fig. 2).

To fit the experimental data, the Langmuir equation was used, resulting in a
good agreement (r2 =0.976). Thus, it was possible to use this model to estimate the
parameters gm and Ky as 58.8 U g and 0.254 U mL™, respectively. The dissociation
coefficient (Kq) is a measure of the affinity of the protein to a support (Monzo et al.
2007).

Langmuir model is often used to investigate the adsorption behavior of
molecules to solid supports, especially to evaluate the protein adsorption to affinity and
ion exchange resins, aiming to optimize downstream steps (Cano et al. 2005). This
model assumes the existence of finite sites and according the sites in the support are
filled it becomes increasingly difficult for a solute molecule to find an available vacant
site. Recently, the Langmuir model was used to evaluate the adsorption mechanism of
keratinase from Nocardiopsis sp. TOA-1 on keratin powder (Mitsuiki et al. 2004).
Those authors mentioned that the keratinase shows a high adsorbability on keratin, and,
in general, insoluble substrate-hydrolyzing enzymes posses a high adsorption capability

for insoluble substrates.
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Fig. 2. Binding isotherm of chitosan/protease system. Immobilization studies were

performed at 20°C, at 100 rpm, during 12 h.

Thermal stability and recycles

Immobilized and free enzyme was incubated at 50, 55, 60 and 65°C in water bath for 30
min. Fig. 3 illustrates the residual activity for the different temperatures evaluated. The
activity loss of immobilized enzyme was lesser than the free enzyme. After 30 min at
65°C, only 13% of residual enzymatic activity of free enzyme was remain, while around
34% residual activity of immobilized enzyme was detected. It seems that the
immobilization on chitosan beads caused an increase in the enzyme rigidity and
protected it from unfolding, thus immobilized enzyme showed higher thermal stability
than that of the free enzyme. The conformational flexibility of the enzyme was affected

by immobilization, causing an increase of enzyme rigidity and protected it from
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unfolding (Tang et al. 2006). Consequently, the immobilized enzyme showed higher
thermal stability than the free enzyme.

Another important factor for application of immobilized enzymes is the
evaluation of their capability to reutilization. The results obtained after five cycles of
catalysis indicated that it was possible to reutilize the beads containing the immobilized
protease from Chryseobacterium sp. kr6 for at least five times, since the residual
activity after the last cycle was 63.4%. Kannan & Jasra (2009) reported some properties
of immobilized alkaline serine endopeptidase from Bacillus licheniformis on SBA-15
and MCF by surface covalent binding. The reusability of immobilized enzyme showed
80% of the activity retained even after 15 cycles, the thermal stability decrease
gradually after 60°C. The immobilization of a neutral proteinase on chitosan nano-

particles resulted in a remaining activity of 88% after nine times of reuse (Tang et al.

2006).
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Fig. 3. Effect of temperature on free () and immobilized (m) protease.
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Conclusions

This paper shows that chitosan macrospheres are suitable for immobilization of a
purified protease from Chryseobacterium sp. kr6. The optimal conditions for chitosan
beads production were 20 g L™ of chitosan concentration, glutaraldehyde ranging from
34 g L' to 56 g L™ and activation time between 6 to 10 h. Under these conditions,
above 80% of the enzyme was immobilized on the support. The behavior of the
immobilization protease on chitosan beads was fitted well using Langmuir model, the
estimated parameters were ¢ of 58.8 U g* and Ky of 0.254 U mL™. The thermal
stability of immobilized enzyme was improved around two fold, if compared with the
free enzyme, after 30 min at 65°C. Also, the activity of the immobilized enzyme

remained 63.4% after it was reused five times.

Nomenclature
c* Equilibrium concentration of enzyme on liquid phase (U mL™)
El Enzyme Immobilization (%)
Kqd Dissociation constant for enzyme/chitosan complex (U mL™)
Om Maximum loaded capacity (U g™solid support)
q* Equilibrium concentration of immobilized enzyme on solid

support (U g™)

r Determination coefficient

YI Yield of immobilization
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5. CONCLUSOES GERAIS

O interesse no desenvolvimento de técnicas para bioconversdo dos diversos
residuos constituidos por queratina tem impulsionado a busca por microrganismos
produtores de queratinases. A linhagem Chryseobacterium sp. kr6 produz queratinases
com consideravel potencial para aplicacdo na hidrolise de farinha de penas, bem como
outros substratos protéicos como a caseina.

Este trabalho visou disponibilizar informacgbes relacionadas a uma nova
queratinase produzida por Chryseobacterium sp. kr6, além de desenvolver técnicas
relacionadas a sua purificacdo e imobilizag&o.

Inicialmente, foram estabelecidas as condi¢Bes Otimas para a atividade
proteolitica da queratinase, através da utilizacdo das técnicas de metodologia de
superficie de resposta e planejamento experimental. A estratégia escolhida foi construir
um delineamento composto central rotacional (DCCR) em fun¢do do reduzido nimero
de fatores de estudo. A partir dos resultados obtidos foi possivel desenvolver um
modelo que prediz a atividade enzimatica em funcgdo das variaveis independentes (pH,
temperatura e concentragdo de NaCl). As superficies de resposta, construidas com base
no modelo gerado pelo DCCR, possibilitaram a determinagdo da regido Otima para a
atividade proteolitica. As condi¢es que promoveram a maior atividade enzimatica
foram ao utilizar pH na faixa de 7,4 a 9,2, 35°C a 50°C e concentracdo de NaCl de 50 a
340 mmol L™,

A especificidade da queratinase frente a diversos peptideos sintéticos foi
investigada, indicando a preferéncia da enzima por aminoécidos com cadeias laterais
hidrofobicas ou carregadas positivamente. A enzima também demonstrou habilidade

para hidrolisar substratos insoliveis, especialmente farelo de unhas.
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Em um segundo momento, buscou-se desenvolver um protocolo visando a
purificagdo completa da queratinase. Para isso, combinaram-se duas técnicas
cromatograficas: permeacdo em gel e troca anibnica. O processo de purificagdo
utilizando as referidas etapas cromatograficas possibilitou a obtencdo de uma fracéo
com elevada atividade queratinolitica, que apresentou uma massa molecular de 20 kDa.

De posse da queratinase purificada, avaliou-se a estabilidade térmica da enzima
em diferentes estagios de purificacdo, bem como na presenca de ions divalentes.
Observou-se que a estabilidade térmica da enzima é dependente da presencga de célcio
nas diferentes condicdes avaliadas.

O desenvolvimento de um suporte a base de quitosana para a imobilizagdo da
queratinase purificada foi investigado. Dentre os fatores envolvidos no estudo,
destacam-se a concentracdo de quitosana para a produgdo das esferas, concentragdo de
glutaraldeido e tempo requerido para ativagdo das esferas. Nas condigBes otimizadas,
acima de 80% da enzima adicionada foi imobilizada ao suporte.

A enzima imobilizada apresentou um aumento na termoestabilidade em torno de
2 vezes a 65°C, durante 30 min. A reutilizacdo do sistema catalitico heterogéneo foi
testado por cinco ciclos repetidos, sendo que no ultimo ciclo foi detectado 63,4% da

atividade enzimatica.
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6. PERSPECTIVAS

Este trabalho demonstrou que a linhagem kr6 do microrganismo
Chryseobacterium sp. possui capacidade de produzir mais de uma queratinase com
elevado potencial para aplicacdo em processos biotecnoldgicos. Dentre 0s assuntos que
podem ser melhor explorados estéo:

e Determinar a sequéncia completa de aminodcidos que constituem a
queratinase.

e Com aenzima imobilizada em esferas de quitosana:

Determinar os pardmetros cinéticos para a inativagdo térmica.

Avaliar a atividade da enzima em diferentes valores de pH e temperatura.

Investigar a capacidade de hidrolise de outros substratos.

Estudar a possibilidade de utilizagdo das esferas de quitosana em outros

modelos de reatores.

89



7. REFERENCIAS BIBLIOGRAFICAS

ABDEL-NABY, M. A. Immobilization of Aspergillus niger NRC 107 xylanase and (-
xylosidase, and properties of the immobilized enzymes. Applied Biochemistry and
Biotechnology, 38: 69-81, 1993.

ABDEL-NABY, M. A.; ISMAIL, A. M. S.; AHMED, S. A. & ABDEL-FATTAH, A. F.
Production and immobilization of alkaline protease from Bacillus mycoides.
Bioresource Technology, 64: 205-210, 1998.

ABDEL-NABY, M.A.; ISMAIL, A. M. S.; AHMED, S. A.; ABDEL-FATTAH, A. M.
& ABDEL-FATTAH, A. F. Preparation and some properties of immobilized
Penicillium funiculosum 258 dextranase. Process Biochemistry, 34: 391-398, 1999a.

ABDEL-NABY, M. A.; SHERIF, A. A.; EL-TANASH, A.B. & MANKARIQOS, A. T.
Immobilization of Aspergillus oryzae tannase and properties of the immobilized
enzyme. Journal of Applied Microbiology, 87: 108-114, 1999h.

AFRIN, R.; HARUYAMA, T.; YANAGIDA, Y., KOBATAKE, E. & AIZAWA, M.
Catalalytic activity of Teflon particle-immobilized protease in aqueous solution.
Journal of Molecular Catalysis B: Enzymatic, 9: 259-267, 2000.

ALLPRESS, J. D.; MOUNTAIN, G. & GOWLAND, P. C. Production, purification and
characterization of an extracellular keratinase from Lysobacter NCIMB 9497.
Letters in Appllied Microbiology, 34: 337-342, 2002.

ALSARRA, I. A.; BETIGERI, S. S.; ZHANG, H.; EVANS, B. A. & NEAU, S. H.
Molecular weight and degree of deacetylation effects on lipase-loaded chitosan bead

characteristics. Biomaterials, 23: 3637-3644, 2002.

90



AMORIN, R. V. S;; MELO, E. S.; CUNHA, M. G. C.; LEDINGHAM, W. M. &
CAMPOS-TAKAKI, G. M. Chitosan from Syncephalastrum racemosum used as a
film support for lipase immobilization. Bioresource Technology, 89: 35-39, 2003.

ANBU, P.; GOPINATH, S. C. B.; HILDA, A, PRIYA, T. L. & ANNADURAI, G.
Purification of keratinase from poultry farm isolate-Scopulariopsis brevicaulis and
statistical optimization of enzyme activity. Enzyme and Microbial Technology, 36:
639-647, 2005.

ANBU, P.; HILDA, A.; SUR, H. W.; HUR, B. K.; JAYANTHI. Extracellular keratinase
from Trichophyton sp. HA-2 isolated from feather dumping soil. International
Biodeterioration and Biodegradation, 62: 287-292, 2008

BAKHTIAR, S.; ESTIVEIRA, R. J. & HATTI-KAUL, R. Substrate specificity of
alkaline protease from alkaliphilic feather-degrading Nesterenkonia sp. ALZ20.
Enzyme and Microbial Technology, 37: 534-540, 2005.

BARRET, A. J. Proteolytic Enzymes: serine and cysteine peptidases. Methods in
Enzymology, 244: 1-15, 1994.

BELYAEVA, E.; VALLE, D. D. & PONCELET, D. Immobilization of a-quimotrypsin
in k-carrageenan beads prepared with the static mixer. Enzyme and Microbial
Technology, 34: 108-113, 2004.

BENKHELIFA, H.; BENGOA, C.; LARRE, C.; GUIBAL, E.; POPINEAU, Y. &
LEGRAND, J. Casein hydrolysis by immobilized enzymes in a torus reactor.
Process Biochemistry, 40: 461-467, 2005.

BERNAL, C.;: CAIRO, J. & COELLO, N. Purification and characterization of a novel
exocellular keratinase from Kocuria rosea. Enzyme and Microbial Technology, 38:

49-54, 2006.

91



BEYNON, R. J. & BOND, J. S. Proteolytic Enzymes: a practical approach, 42 ed.
Oxford University Press, 1996.

BIKERSTAFF, G. F. Immobilization of enzymes and cells. 3° ed., Marcel Dekker, New
York, 1997.

BIRO, E.; NEMETH, A. S.; FECZKO, T.; TOTH, J.; SISAK, C. & GYENIS, J. Three-
step experimental design to determine the effect of process parameters on the size of
chitosan microspheres. Chemical Engineering and Process Intensification, 48: 771-
779, 2009.

BOADI, D. K. & NEUFELD, R. J. Encapsulation of tannase for the hydrolysis of tea
tannins. Enzyme and Microbial Technology, 28: 590-595, 2001.

BOCKLE B.; GALUNSKI B. & MULLER R. Characterization of a keratinolytic serine
protease from Streptomyces pactum DSM40530. Applied and Environmental
Microbiology, 61: 3705-3710, 1995.

BON, E. P. S.; FERRARA, M. A.; CORVO, M. L., Enzimas em biotecnologia:
Producéo, Aplicacbes e Mercado. 12 ed, Ed. Interciéncia, Rio de Janeiro, 2008

BORNSCHEUER, U. T. Immobilizing enzymes: how to create more suitable

biocatalystis. Angewandte Chemie International Edition, 42: 3336-3337, 2003.

BRANDELLI A. Bacterial keratinases: useful enzymes for bioprocessing agroindustrial

wastes and beyond. Food and Bioprocess Technology, 1: 105-116, 2008.

BRESSOLLIER, P.; LETOURNEAU, F.; URDACI, M. & VERNEUIL, B. Purification
and characterization of a keratinolytic serine proteinase from Streptomyces
albidoflavus. Applied and Environmental Microbiology, 65: 2570-2576, 1999.

CAO, L. Immobilization enzymes: science or art? Current Opinion in Chemical

Biology, 9: 217-226, 2005.

92



CAOQ, Z.J.; ZHANG, Q.; WEI, D. K.; CHEN, L.; WANG, J.; ZHANG, X. Q. & ZHOU,
M. H. Characterization of a novel Stenotrophomonas isolate with high keratinase
activity and purification of the enzyme. Journal of Industrial Microbiology and
Biotechnology, 36: 181-188, 2009.

CARDOSO, M. B. Contribuicdo ao estudo de desacetilagdo da quitina: estudo da
desacetilagéo assistida por ultra-som de alta poténcia. Tese de doutorado, Instituto
de Quimica de Séo Carlos, Universidade de Séo Carlos, Sdo Paulo, 2008.

CARRARA, C. R. & RUBIOLO, A. C. Immobilization of B-galactosidase on chitosan.
Biotechnology Progress, 10: 220-224, 1994.

CARVALHO, G. M. J;; ALVES, T. L. M. & FREIRE, D. M. G. L-DOPA production
by immobilized tyrosinase. Applied Biochemistry and Biotechnology, 84-86: 791-
800, 2000.

CASTRO, L. B. R. Imobilizacéo de proteinas sobre superficies de polissacarideos. Tese
de doutorado, Instituto de Quimica da Universidade de Sdo Paulo, Universidade de
Sé&o Paulo, Sé&o Paulo, 2008.

CETINUS, S. A. & OZTOP, H. N. Immobilization of catalase on chitosan film. Enzyme
and Microbial Technology, 26: 497-501, 2000.

CETINUS, S. A. & OZTOP, H. N. Immobilization of catalase into chemically
crosslinked chitosan beads. Enzyme and Microbial Technology, 32: 889-894, 2003.

CHAE, H. J.; KIM, E. Y. & IN, M. J. Improved immobilization yields by addition of
protecting agents in glutaraldehyde induced immobilization of protease. Journal of
Bioscience and Bioengineering, 89: 377-379, 2000.

CHANG, M. Y. & JUANG, R. S. Activities, stabilities and reaction Kinetics three free
and chitosan-clay composite immobilized enzymes. Enzyme and Microbial

Technology, 36: 75-82, 2005.

93



CHAOQ, Y. P.; XIE, F. H.; YANG, J.; LU, J. H. & QIAN, S. J. Screening for a new
Streptomyces strain capable of efficient keratin degradation. Journal of
Environmental Sciences, 19: 1125-1128, 2007.

CHELLAPANDIAN, M. & KRISHMAN, M. V. R. Chitosan-poly(glycidyl
mathacryalte) copolymer for immobilization of urease. Process Biochemistry, 33:
595-600, 1998.

CHIOU, S. H. & WU, W. T. Immobilization of Candida rugosa lipase on chitosan with
activation of the hydroxyl groups. Biomaterials, 25: 197-204, 2004.

COCHRANE, F. C.; PETACH, H. H. & HENDERSON, W. Application of
tris(hydroxymethyl)phosphine as a coupling agent for alcohol dehydrogenase
immobilization. Enzyme and Microbial Technology, 18: 373-378, 1996.

D’ANNIBALE, A.; STAZI, S. R.;; VINCIGUERRA, V.; DI MATTIA, E. &
SERMANNI, G. G. Characterization of immobilized laccase from Lentinula edodes
and its use in olive-mill wastewater treatment. Process Biochemistry, 34: 697-706,
1999.

DAROIT, D. J.; CORREA, A. P. F. & BRANDELLI, A. Keratinolytic potential of a
novel Bacillus sp. P45 isolated from the Amazon basin fish Piaractus
mesopotamicus. International Biodeterioration & Biodegradation, 63: 358-363,
2009.

DASTAGER, G. S.; LEE, J. C,; LI, W. J,; KIM, C. J. & AGASAR, D. Production,
characterization and application of keratinase from Streptomyces gulbargensis.
Bioresource Technology, 100: 1868-1871, 2009.

DE TONI, C. H.; RICHTER, M. F.; CHAGAS, J. R.; HENRIQUES, J. A. P. &

TERMIGNONI C. Purification and characterization of an alkaline serine

94



endopeptidase from a feather-degrading Xanthomonas maltophila strain. Canadian
Journal of Microbiology, 48: 342-348, 2002.
D’SOUZA, S. F. Immobilized enzyme in bioprocess. Current Science, 77: 69-79, 1999.
DUMITRIU, S. & CHORNET, E. Immobilization of xylanase in chitosan-xanthan

hydrogels. Biotechnology Progress, 13: 539-545, 1997.

DURAN, M.; ROSA, M. A.; D’ANNIBALE, A. & GIANFREDA, L. Applications of

laccases and tyrosinases (phenoloxidases) immobilized on different supports: a review.
Enzyme and Microbial Technology, 31: 907-931, 2002.

DWEVEDI, A. & KAYASTHA, A. M. Optimal immobilization of 3-galactosidase from
Pea (PSBGAL) onto Sephadex and chitosan beads using surface methodology and
its application. Bioresource Technology, 100: 2667-2675, 2009.

EL-NAGHY, M. A.; EL-KTATNY, M. S.; FADL-ALLAH, E. M. & NAZEER, W. W.
Degradation of chicken feathers by Chrysosporium georgiae. Mycophatologya, 143:
77-84, 1998.

FAGAIN, C. O. Enzyme stablization — recent experimental progress. Enzyme and
Microbial Technology, 33: 137-149, 2003.

FARAG, A. M. & HASSAN, M. A. Purification, characterization and immobilization of
a keratinase from Aspergillus oryzae. Enzyme and Microbial Technology, 34: 85-93,
2004.

FERNANDES, K. F.; LIMA, C. S.; PINHO, H. & COLLINS, C. H. Immobilization of
horseradish peroxidase onto polyaniline polymers. Process Biochemistry, 38: 1379-
1384, 2003.

FIGUEROA, A. R. C. Flow optimization in a class of enzymatic plug-flow reactor.

Biotechnology Progress, 13: 109-112, 1997.

95



FRIEDRICH, J.; GRADISAR, H; VRECL, M. & POGACNIK, A. In vitro degradation
of porcine skin epidermis by a fungal keratinase of Doratomyces microsporus.
Enzyme and Microbial Technology, 36: 455-460, 2005.

GALLIFUOCO, A.; D’ERCOLE, L.; ALFANI, F.; CANTARELLA, M.; SPAGNA, G.
& PIFFERI, P. G. On the use of chitosan-immobilized B-glucosidase in wine-
making: kinetics and enzyme inhibition. Process Biochemistry, 33: 163-168, 1998.

GEORGE, S.; RAJU, V.; KRISHNAN, M. R. V.; SUBRAMANIAN, T. E. &
JAYRAMAN, K. Production of protease by Bacillus amyloliquefaciens in solid-
state fermentation and its application in the unhairing of hides and skin. Process
Biochemistry, 30: 457-462, 1995.

GESSESSE, A.; KAUL, R. H.; GASHE, B. A. & MATTIASSON, B. Novel alkaline
proteases from alkaliphilic bacteria grown on chicken feather. Enzyme and
Microbial Technology, 32: 519-524, 2003.

GIONGO, J. L.; LUCAS, F. S.; CASARIN, F.; HEEB, P. & BRANDELLI, A.
Keratinolytic proteases of Bacillus species isolated from the Amazon basin showing
remarkable de-hairing activity. World Journal of Microbiology and Biotechnology,
23: 375-382, 2007.

GOMEZ, L.; RAMIREZ, H. L. & VILALLONGA, R. Stabilization of invertase by
modification of sugar chains with chitosan. Biotechnology Letters, 22: 347-350,
2000.

GRAZZIOTIN A.; PIMENTEL F. A.; DE JONG, E. V. & BRANDELLI A. Nutritional
improvement of feather protein by treatment with microbial keratinase. Animal Feed

Science and Technology, 126: 135-144, 2006.

96



GUPTA, R.; BEG, Q. K. & LORENZ, P. Bacterial alkaline proteases: molecular
approaches and industrial applications. Applied Microbiology and Biotechnology,
59: 15-32, 2002.

GUPTA, A. & KHARE, S. K. A protease stable in organic solvents for solvent tolerant
strain of Pseudomonas aeruginosa. Bioresource Technology, 97: 1788-1793, 2006.

GUPTA, R. & RAMNANI, P. Microbial keratinases and their prospective applications:
an overview. Applied Microbiology and Biotechnology, 70: 21-33, 2006.

HAYASHI, T. & IKADA, Y. Protease immobilization onto porous chitosan beads.
Journal of Applied Polymer Science, 42: 85-92, 1991.

HOOD, C. M. & HEALY, M. G. Bioconversion of waste keratins: wool and feathers.
Resources, Conservation and Recycling, 11: 179-188, 1994.

HSIEH, H. J.; LIU, P. C. & LIAO, W. J. Immobilization of invertase via carbohydrate
moiety on chitosan to enhance its thermal stability. Biotechnology Letters, 22: 1459-
1464, 2000.

IGNATOVA, Z.; GOUSTEROVA, A.; SPASSQV, G. & NEDKOV, P. Isolation and
partial characterization of extracellular keratinase from a wool degrading
thermophilic actinomycete strain Thermoactinomyces candidus. Canadian Journal
of Microbiology, 45: 217-222, 1999.

ITOYAMA, K.; TOKURA, S. & HAYASHI, T. Lipoprotein lipase immobilization onto
porous chitosan beads. Biotechnology Progress, 10: 225-229, 1994.

IWASAKI, K.; INOUE, M. & MATSUBARA, Y. Continuous hydrolysis of pectate by
immobilized endo-polygalacturonase in a continuously stirred tank reactor.
Bioscience, Biotechnology and Biochemistry, 62: 262-267, 1998.

IYER, P. & ANANTHANARAYAN, L. Enzyme stability and stablization — aqueous

and non aqueous environment. Process Biochemistry, 43: 1019-1032, 2008.

97



JAGTAP, S.; THAKRE, D.; WANJARI, S.; KAMBLE, S.; LABHSETWAR, N. &
RAYALU, S. New modified chitosan based adsorbent for defluoridation of water.
Journal of Colloid and Interface Science, 332: 280-290, 2009.

JUANG, R. S.; WU, F. C. & TSENG, R. L. Solute adsorption and enzyme
immobilization on chitosan beads prepared from shirimp shell wastes. Bioresource
Technology, 80: 187-193, 2001.

KANNAN, K. & JASRA, R. V. Immobilization of alkaline serine endopeptidase from
Bacillus licheniformis on SBA-15 and MCF by surface covalent binding. Journal of
Molecular Catalysis B: Enzymatic, 56: 34-40, 2009.

KARIN, M. R. & HASHINAGA, F. Preparation and properties of immobilized
pummelo limonoid glucosyltransferase. Process Biochemistry, 38: 809-814.

KAUL, S. & SUMBALLI, G. Keratinolysis by poultry farm soil fungi. Mycophatologia,
139:137-140, 1997.

KAYASTHA, A. M. & SRIVASTAVA, P. K. Pigeonpea (Cajanus cajan L.) urease
immobilized on glutaraldehyde-activated chitosan beads and its analytical
applications. Applied Biochemistry and Biotechnology, 96: 41-53, 2001.

KIBA, N.; OYAMA, Y. & FURUSAWA, M. Determination of aliphatic amino acids in
serum by HPLC with fluorimetric detection using co-immobilized enzyme reactor.
Talanta, 40: 657-670, 1993.

KIM, J. M.; LIM, W. J. & SUH, H. J. Feather-degrading Bacillus species from poultry
waste. Process Biochemistry, 37: 287-291, 2001.

KISE, H. & HAYAKAWA, A. Immobilization of proteases to porous chitosan beads
and their catalysis for ester and peptide synthesis in organic solvents. Enzyme and

Microbial Technology, 13: 584-588, 1991.

98



KORKMAZ, H.; HUR, H. & DINCER, S. Characterization of alkaline keratinase of
Bacillus licheniformis strain HK-1 from poultry waste. Annals of Microbiology, 54:
201-211, 2004.

KRAJEWSKA, B. Applications of chitin- and chitosan-based materials for enzyme
immobilizations: a review. Enzyme and Microbial Technology, 35: 126-139, 2004.
KRAJEWSKA, B. Ureases. Il. Properties and their customizing by enzyme
immobilizations: a review. Journal of Molecular Catalysis B: Enzymatic, 59: 22-40,

2009.

KUMAR, S.; DWEVEDI, A. & KAYASTHA, A. M. Immobilization of soybean
(Glycine max) urease on alginate and chitosan beads showing improved stability:
Analytical applications. Journal of Molecular Catalysis B: Enzymatic.
(d0i:10.1016/j.molcatb.2008.12.006), (no prelo).

KUNERT, J. Biochemical mechanism of keratin degradation by the actinomycete
Streptomyces fradiae and the fungus Microsporum gypseum: a comparison. Journal
of Basic Microbiology, 29: 597-604, 1989.

LEE, G. G.; FERKET, P. R. & SHIH, J. C. H. Improvement of feather digestibility by
bacterial keratinase as a feed additive. The Journal of the Federation of American
Societies for Experimental Biology, 59: 1312-1316, 1991.

LEE, H.; SUH, D. B.; HWANG, J. H. & SUH, H. J. Characterization of a keratinolytic
metalloprotease from Bacillus sp. SCB-3. Applied Biochemistry and Biotechnology,
97: 123-133, 2002.

LETOURNEAU, F.; SOUSSOTTE, V.; BRESSOLLIER, P.; BRANLAND, P. &
VERNEUIL, B. Keratinolytic activity of Streptomyces sp. S.Ki.o2: @ new isolated

strain. Letters in Applied Microbiology, 26: 77-80, 1998.

99



LIN, X.; LEE, C. G.; CASALE, E. S. & SHIH, J. C. H. Purification and characterization of
a keratinase from feather-degrading Bacillus licheniformis strain. Applied and
Environmental Microbiology, 58: 3271-3275, 1992.

LIN, X.; KELEMEN, D. W.; MILLER, E. S. & SHIH, J. C. H. Nucleotide sequence and
expression of kerA, the gene encoding a keratinolytic protease of Bacillus
licheniformis PWD-1. Applied and Environmental Microbiology, 61: 1469-1474,
1995.

LUCAS, F. S.; BROENNIMANN, O.; FEBBRARO I. & HEEB, P. High diversity
among feather-degrading bacteria from a dry meadow soil. Microbial Ecology, 45:
282-290, 2003.

MABROUK, M. E. M. Feather degration by a new keratinolytic Streptomyces sp.MS-2.
World Journal of Microbiology and Biotechnology, 24: 2331-2338, 2008.

MACEDO, A. J.; DA SILVA, W. O. B.; GAVA R.; DRIEMEIER, D.; HENRIQUES,
J.AP. & TERMIGNONI, C. Novel keratinase from Bacillus subtilis S14 exhibiting
remarkable dehairing capabilities. Applied and Environmental Microbiology, 71:
594-596, 2005.

MARCONDES, N. R.; TAIRA, C. L.; VANDRESEN, D. C.; SVIDZINSKI, T. I. E;
KADOWAKI, M. K. & PERALTA, R. M. New feather-degrading filamentous
fungi. Microbial Ecology, 56: 13-17, 2008.

MARTINO, A.; PIFFERI, P. G. & SPAGNA, G. Immobilization of B-glucosidase from
a commercial preparation. Part 2. Optimization of the immobilization process on
chitosan. Process Biochemistry, 31: 287-293, 1996.

MUKHERJEE, A.; ADHIKARI, H. & RAI, S. K. Production of alkaline protease by a
thermophilic Bacillus subtilis under solid-state fermentation (SSF) condition using

Imperata cylindrica grass and potato peel as low cost medium: characterization and

100



application of enzyme in detergent formulation. Biochemical Engineering Journal,
39: 353-361, 2008.

MUKHOPADHYAY, R. P. & CHANDRA, A. L. Keratinase of a streptomycete. Indian
Journal of Experimental Biology, 28: 575-577, 1990.

NILEGAONKAR, S. S.; ZAMBARE, V. P.; KANEKAR, P. P.; DHAKEPHALKAR, P.
K. & SARNAIK, S. S. Production and partial characterization of a dehairing
protease from Bacillus cereus MCM B-326. Bioresource Technology, 98: 1238-
1245, 2007.

NODA, T., FURUTA, S. & SUDA, I. Sweet potato B-amylase immobilized on chitosan
beads and its application in the semi-continuous production of maltose.
Carbohydrates Polymer, 44: 189-195, 2001.

NONAKA, M.; SAWA, A.; MATSUURA, Y.; MOTOKI, M. & NIO, N. Determination
of several food proteins using free and immobilized Cu*? — independent microbial
transglutaminase. Bioscience, Biotechnology and Biochemistry, 60: 532-530, 1996.

NOUAIMI, M.; MOSHEL, K & BISSWANGER, H. Immobilization of trypsin on
polyester fleece via different spacers. Enzyme and Microbial Technology, 29: 567-
574, 2001.

ODETALLAH, N. H.; WANG, J. J.; GARLICH, J. D. & SHIH, J. C. H. Keratinase in
starter diets improves growth of broiler chicks. Poultry Science, 82: 664-670, 2003.

ONIFADE, A. A,; AL-SANE, N. A.; AL-MUSALLAM, A. A. & AL-ZARBAN, S. A
review: potentials for biotechnological applications of keratin-degrading
microorganisms and their enzymes for nutritional improvement of feathers and other
keratins as livestock feed resources. Bioresource Technology, 66: 1-11, 1998.

PARK, G. T. & SON, H. J. Keratinolytic activity of Bacillus megaterium F7-1, a feather

degrading mesophilic bacterium. Microbiological Research, (no prelo).

101



PILLAI, C. K. S.; PAUL, W. & SHARMA, C. P. Chitin and chitosan polymers :
chemistry, solubility and fiber formation. Progress in Polymer Science,
(10.1016/j.progpolymsci.2009.04.001), (no prelo).

RAGNITZ, K.; SYLDATK, C. & PIETZSCH, M. Optimization of the immobilization
parameters and operational stability of immobilized hydantoinase and L-N-
carbamoylase from Arthrobacter aurescens for the production of optically pure L-
amino acids. Enzyme and Microbial Technology, 28: 713-715, 2001.

RAO, M. B.; TANKSALE, A. M.; GHATGE, M. S. & DESHPANDE, V. V. Molecular
and biotechnological aspects of microbial proteases. Microbiology and Molecular
Biology Reviews, 62: 597-635, 1998.

REJIKUMAR, S. & DEVI, S. Immobililzation of B-galactosidase onto polymeric
supports. Journal of Applied Polymer Science, 55: 871-878, 1995.

RIFFEL, A. & BRANDELLI, A. Isolation and characterization of feather-degrading
bacterium from poultry processing. Journal of Industrial Microbiolgy and
Biotechnology, 29: 255-258, 2002.

RIFFEL A.; LUCAS F.; HEEB P. & BRANDELLI A. Characterization of a new
keratinolytic bacterium that completely degrades native feather keratin. Archives of
Microbiology, 179: 258-265, 2003.

RIFFEL, A.; BRANDELLI, A.; BELLATO, C. M.; SOUZA, G. H. M. F.; EBERLIN,
M. N. & TAVARES, F. C. A. Purification and characterization of a keratinolytic
metalloprotease from Chryseobacterium sp. kr6. Journal of Biotechnology, 128:
693-703, 2007.

ROZS, M.; MANCZINGER, L.; VAGVOLGYI, C. & KEVEI, F. Secretion of a
trypsin-like thiol protease from by a new keratinolytic strain of Bacillus

licheniformis. FEMS Microbiology Letters, 205: 221-224, 2001.

102



ROY, I, SARDAR, M. & GUPTA, M. N. Exploiting unusual polysacharides for
separation of enzymes on fluidized bed. Enzyme and Microbial Technology, 27: 53-
65, 2000.

SANGALL, S. & BRANDELLI, A. Feather keratin hydrolysis by a Vibrio sp. strain kr2.
Journal of Applied Microbiology, 89: 735-743, 2000.

SAXENA, R. K.; SHEORAN, A.; GIRI, B. & DAVIDSON, W. S. Purification
strategies for microbial lipases. Journal of Microbiological Methods, 52: 1-18,
2003.

SCHROOYEN, P. M. M.; DIUKSTRA, P. J.; OBERTHUR, R. C.; BANTIJES, A. &
FENEN, J. Partially carboxymethylated feather keratins. 2. Thermal and mechanical
properties of films. Journal of Agricultural and Food Chemistry, 49: 221-230, 2001.

SHEU, D. C.; LI, S. Y.; DUAN, K. J. & CHEN, C. W. Production of
galactooligosaccharides by B-galactosidase immobilized on glutaraldehyde-treated
chitosan beads. Biotechnology Techniques, 12: 273-276, 1998.

SHIN, H. J; PARK, J. M. & YANG, J. W. Continuous production of
galactooligosacharides from lactose by Bullera singularis [-galactosidase
immobilized in chitosan beads. Process Biochemistry, 12: 273-276, 1998.

SIEZEN, R. J. & LEUNISSEN, J. A. M. Subtilases: the superfamily of subtilisin-like
serine proteases. Protein Science, 6: 501-523, 1997.

SINGH, C. J. Characterization of an extracellular keratinase of Trichophyton simii and
its role in keratin degradation. Mycopathologya, 137: 13-16, 1997.

SISO, M. I. G.; LANG, E.; GOMEZ, C. B; BECERRA, M.; ESPINAR, F. 0. &
MENDEZ, J. B. Enzyme encapsulation on chitosan microbeads. Process

Biochemistry, 32: 211-216, 1997.

103



SJOHOLM, K. H.; COONEY, M.; MINTEER, S. D. Effects of degree of deacetylation
on enzyme immobilization in hydrophobically modified chitosan. Carbohydrate
Polymers, 77: 420-424, 2009.

SOBRAL, K. C. A; RODRIGUES, R. M. O.; OLIVEIRA, R. D. & MORAES, F. F.
Immobilization of cyclodextringlycosyltransferase from Bacillus firmus in
commercial chitosan. Journal of Inclusion Phenomena and Macrocycle Chemistry,
44: 383-386, 2002.

SONI, S.; DESAL, J. D. & DEVI, S. Immobilization of yeast alcohol dehydrogenase by
entrapment and covalent binding to polymeric supports. Journal of Applied Polymer
Science, 82: 1299-1305, 2001.

SPAGNA, G.; ANDREANI, F.; SALATELLI, E.; ROMAGNOLI, D.; CASARINI, D.
& PIFFERI, P. G. Immobilization of the glycosidases: a-L-arabinofuranosidase and
a-D-glucopyranosidase from Aspergillus niger on chitosan derivative to increase the
aroma of wine. Part 1. Enzyme and Microbial Technology, 23: 413-421, 1998.

SUH, H. J. & LEE, H. K. Characterization of a keratinolytic serine protease from
Bacillus subtillis KS-1. Journal of Protein Chemistry, 20: 165-169, 2001.

TANIAI, T.; SUKURAGAWA, A. & OKUTANI, T. Fluorimetric determination of
ethanol in liquor samples by flow-injection analyisis using an immobilized enzyme-
reactor column with packing prepared by coupling alcohol oxidase and peroxidase
onto chitosan beads. Journal of AOAC International, 84: 1475-1483, 2001.

TATINENI, R.; DODDAPANENI, K. K.; POTUMARTHI, R. C.; VELLANKI, R. N;
KANDATHIL, M. T.; KOLLI, N. & MANGAMOORI, L. N. Purification of an

alkaline keratinase from Streptomyces sp. Bioresource Technology, (no prelo).

104



THYS, R. C. S. & BRANDELLI A., Purification and properties of a keratinolytic
metalloprotease from Microbacterium sp. Journal of Applied Microbiology, 101:
1259-1268, 2006.

VARELA, H.; FERRARI, M.D.; BELOBRAIJDIC, L.; VAZQUEZ, A. & LOPERENA,
M. L. Skin unhairing proteases of Bacillus subtilis: production and partial
characterization. Biotechnology Letters, 19: 755-758, 1997.

VESELA, M. & FRIEDRICH, J. Amino acid and soluble protein cocktail from waste
keratin hydrolysed by a fungal Kkeratinase of Paecilomyces marquandii.
Biotechnology and Bioprocess Engineering, 14: 84-90, 2009.

VIGNARDET, C.; GUILLAUME, Y. C.; MICHEL, L.; FRIEDRICH, J. & MILLET, J.
Comparison of two hard keratinous substrates submitted to action of a keratinase
using an experimental design. International Journal of Pharmaceutics, 224: 115-
122, 2001.

VOET, D.; VOET, J. & PRATT, C. Bioquimica. 2% ed, Artmed, 2008.

WANG, S. L.; HSU, W. T.; LIANG, T. W.; YEN, Y. H. & WANG, C.L. Purification
and characterization of three novel keratinolytic metalloproteases produced by
Chryseobacterium indologenes TKUO014 in a shrimp shell powder medium.
Bioresourse Technology, 99: 5679-5686, 2008.

WILLIAMS, C. M.; RICHTER, C. S.; MACKENZIE JR, J. M. & SHIH, J. C. H.
Isolation, identification and characterization of a feather-degrading bacterium.
Applied and Environmental Microbiology, 56: 1509-1515, 1990.

YANG, Y. M.; WANG, J. W. & TAN, R. X. D. Immobilization of glucose oxidase on
chitosan-SiO2 gel. Enzyme and Microbial Technology, 34: 126-131, 2004.

YOUNG, R. A. & SMITH, R. E. Degradation of feather keratin by culture filtrates of

Streptomyces fradiae. Canadian Journal of Microbiology, 21: 583-586, 1975.

105



ANEXOS
ANEXO A.
RESULTADOS NAO APRESENTADOS NOS MANUSCRITOS
1. Hidrdlise de diferentes substratos protéicos

A atividade da queratinase purificada frente a diversos substratos foi investigada. A
mistura, consistindo de 800 pL da suspensdo do substrato (albumina, caseina, colageno,
farinha de penas, gelatina, hemoglobina, queratina) e 200 uL da enzima, foi incubada a
45°C, sob agitacdo, por 1 h. Apds o periodo de incubacéo, a reacdo foi parada pela adigéo
de igual volume de 4cido tricloroacético (100 g L™), centrifugando-se por 20 min a 14.000
X g, para coleta do sobrenadante, o qual foi utilizado para medida de absorbancia a 280 nm.
Uma unidade de atividade enzimética foi definida como a quantidade de enzima requerida
para causar um aumento na Azg em uma unidade, nas condigdes especificadas (BOCKLE
et al., 1995). A atividade enzimatica frente a caseina foi considerada 100%, sendo o0s
demais resultados relativizados ao referido substrato.

Dentre os substratos investigados, a caseina, farinha de penas e hemoglobina foram
hidrolisados pela enzima, apresentando 100%, 34,5% e 18% de atividade relativa,
respectivamente. Ndo foi detectada hidrolise frente ao colageno. As metaloproteases
produzidas por Chryseobacterium indologenes TKU14 também ndo demonstraram
capacidade para hidrolisar a aloumina, apresentando uma atividade relativa na faixa de 20 a

30% sobre a hemoglobina (WANG et al., 2008).
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Tabela 1
Hidrdlise de diferentes substratos pela protease queratinolitica purificada

Chryseobacterium sp. kré

Substrato Atividade relativa (%)
Albumina 0
Caseina 100
Colageno 0
Farinha de penas 34,5
Gelatina 0
Hemoglobina 18,0

2. ldentificagdo parcial da proteina

A queratinase purificada foi submetida a migracdo em gel de poliacrilamida
(SDS-PAGE) e a coloragdo da banda foi realizada através de impregnacdo com
Comassie Azul Brilhante R-250. A banda de interesse foi recortada de forma manual,
minimizando a quantidade de gel, digerida in situ com tripsina, conforme protoloco
descrito por SHEVCHENKO et al. (1996). Uma aliquota de 0,5 uL do sobrenadante da
digestdo foi analisada diretamente em um espectrometro de massas Q-TOF Micro da
Micromass, acoplado a um UPLC nano Acquity da Waters. A identificacdo dos
peptideos da queratinase foi realizada no Uniprote-MS do Centro de Biotecnologia da
Universidade Federal do Rio Grande do Sul.

Até 0 momento a sequéncia de dois peptideos foi elucidada:

1) Ser-Pro-Arg-Val-Gly-Leu-Ala-Gly-Leu-Ala-Ala-Gly-Val-Pro-Leu-Thr-Asp-Lys

2) Ala-Ala-Pro-Glu-Lys-Leu-Ala-Ala-Leu-Val-Gly-Glu-Tyr-Arg
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Os quadros a seguir apresentam as sequéncias de peptideos resultantes da

digestdo triptica da queratinase purificada produzida por Chryseobacterium sp.

linhagem kr6.
Peptideo 1
Sequéncia Organismo
SPRVGLAGLAAGVPLTDK Chryseobacterium sp. kré

VGLAGLAAGVPLTDK Putative quitinase Metarhizium anisopliae

VGLVYGLASGVPETD Putative endoquitinase CHI2 M. anisopliae
LAALAAGVPLT Putative tiolase Erwinia tasmaniensis
RV - LAGLSAGVPL Hypothetical protein Synechococcus sp.
Peptideo 2
Sequéncia Organismo

AAPEKLAALVGEYR Chryseobacterium sp. kré
AAPEQLAAIVGEYR Putative quitinase Metarhizium anisopliae

APKKLAAVVGEER Putative ATP-dependent helicase Roseobacter

denitrificans

APEQVAALVGSYR Proteina da familia AcrB/AcrD/AcrF

Pseudomonas syringae

O sequenciamento de outros peptideos estd em andamento.
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