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RESUMO

COSTA, H. B. Desenvolvimento de processo para producdo de bromelina a partir
de residuos de abacaxizeiro (Ananas comosus var. comosus) cv. Vitoria. 2014. 154
f. Tese (Doutorado em Biotecnologia) — Programa de Pds-Graduacao em Biotecnologia,
UFES, Espirito Santo, Brasil. Orientador: Prof. Dr. José Aires Ventura.

Atualmente existe uma crescente demanda pelo uso de enzimas com aplicacao
industrial e terapéutica. Dentre a vasta aplicabilidade das enzimas merecem destaque
as proteases que representam 60 % do total das enzimas utilizadas no mundo. A
bromelina € uma protease com relevancia na indastria alimenticia, cosmeética,
farmacéutica e biotecnologica, de alto valor comercial, que pode ser obtida a partir de
residuos do abacaxizeiro. O Brasil estd entre os primeiros produtores mundiais de
abacaxi, sendo que os residuos agricolas e agroindustriais ndo tem destino, podendo
ser utilizado como fonte de obtencdo de bromelina. Este trabalho objetiva desenvolver
uma nova metodologia de purificacdo de bromelina a partir de residuos do abacaxizeiro
cv. Vitoria. O trabalho estd dividido em quatro capitulos. 1: As caracteristicas fisico
quimicas (Soélidos soluveis totais (SST), acidez titulavel (AT) e a razdo SST/AT),
protéicas e de atividade de bromelina entre os frutos das cvs. Vitoria e Pérola em
diferentes estaddios de maturacdo foram comparadas. A cv. Vitéria (resistente a
fusariose) apresenta caracteristicas semelhantes ou superiores a cv. Pérola, o que
contribui para sua aceitacdo pelo mercado consumidor e a consequente ampliagédo do
seu cultivo, tornando viavel a utilizacdo de seus residuos como fonte de obtencédo de
bromelina; 2: A comparacdo entre cinco diferentes solugcbes de extracdo de bromelina
(H2SO4/ Na,SO4 pH 4,5; tampbes acetato pH 3,6; 4,0 e 5,0 e tampé&o fosfato pH 7) e
entre dois métodos de precipitacdo fracionada (acetona gelada e sulfato de aménio) e
diferentes cromatografias de troca ibnica (DEAE-celulose, SP-Sepharose e CM-
Celulose). A solucéo de extracdo H,SO4/Na,SO, pH 4,5 apresentou o maior rendimento
de proteinas totais e atividade proteolitica e atividade especifica. Na precipitacdo
fracionada, as fragbes 20-50 % (F2S) e 50-75 % (F3S) de saturagdo por sulfato de
amodnio renderam maiores valores de atividade proteolitica com 88,57 % e 98,42 %
respectivamente, quando comparadas a precipitacdo por acetona gelada. Durante a
purificacdo, a fracdo F3S foi aplicada em diferentes resinas de troca ibnica e observou-
se que a CMC manteve os valores de atividade proteolitica mais elevados (89,31%); 3:
Uma nova metodologia de purificagcéo foi desenvolvida utilizando CMC e Sephadex™ G-
50, obtendo uma bromelina pré purificada (FP 3,01 — 93% de atividade) e bromelina
purificada (FP 16,86 — 89% de atividade). A pureza da bromelina foi confirmada por
SDS-PAGE revelando apenas uma banda em 30 kDa, por HPLC com apenas um pico
nos primeiros 10 minutos e, por espectrometria de massas (MALDI-TOF MS) através do
Peptide mass fingerprint (PMF) da enzima. Além da fragmentacao (MALDI-TOF MS/MS)
e sequenciamento de dois peptideos m/z 951 e 1584; 4: Foi realizado uma
caracterizacdo cinética da bromelina pré-purificada e purificada. A bromelina pré-
purificada apresenta duas temperaturas étimas (40 e 60°C) e um pH étimo (8) e que a
bromelina purificada apresenta temperatura 6tima de 60 °C e pH 6timo de 8. Por fim, é
possivel afirmar que os residuos de abacaxi da cv. Vitoria foram uma boa fonte de
obtencédo de bromelina. A metodologia desenvolvida foi inovadora e possibilitou obter
bromelina com alto grau de pureza e maior viabilidade de execucgdo por reduzir os
passos de sua purificacdo comparada com as metodologias existentes.

Palavras-chave: Enzimas proteoliticas, bromelina, purificacao



ABSTRACT

COSTA, H. B. Process development for bromelain production from pineapple
waste. (Ananas comosus var. comosus) cv. Vitoria. 2013. 157 f. Thesis (Doctoral in
Biotechnology) - Post Graduation Program in Biotechnology, UFES, Espirito Santo,
Brazil. Adviser: Prof. Dr. José Aires Ventura.

Presently there exists an increasing demand for the enzymes used in industrial and
therapeutic applications. Within the wide range of applications for enzymes, the
proteases are outstanding, since their use represents 60% of the volume of enzyme use
worldwide. Bromelain is a protease having high commercial value of interest for the food,
cosmetic, pharmaceutical and biotechnical industries, which can be obtained from
pineapple’s waste. Brazil is the most producers of pineapple in the world however the
residues of the pineapple resulting from activities in agriculture and agro industry find no
useful destination and so, could be used as a source of bromelain. The aim of this work
was to develop a new methodology for the purification of bromelain from residues of the
pineapple plant, cv. Vitoria. This work was divided into four chapters. 1: A comparison of
the physicochemical (total soluble solids (TSS); titratable acidity (TA) and TSS/TA ratio),
protein and enzymatic of the fruit of cvs. Vitora and Pérola was realized. The cv. Vitéria
(resistant to fusariosis) presented characteristics superior to those of the cv. Pérola.
Moreover making it feasible to use the waste from this cultivar as a source of bromelain.
2. The comparison of five different solutions for the extraction of bromelain
(H2SO4/Na,SO,4 pH 4.5; Acetate buffers pH 3.6; 4.0 and 5.0 and phosphate buffer pH
7.0); two methods of fractional precipitation (cold acetone and ammonium sulfate) and
three chromatographies techniques (DEAE-cellulose; SP-sepharose and CM-cellulose)
from the residues of cv. Vitoria were realized. The H,SO4/Na,SO,4 pH 4.5 solution gave
the highest yield of total protein with the most proteolytic activity. The comparison of
fractional precipitation methodology the fractions produced with 20-50% saturation (F2S)
and 50-75 % saturation (F3S) of ammonium sulfate had greater proteolytic activity, with
88.57% and 98.2% activity respectively, than did the fractions produced using cold
acetone for the precipitation. For further purification the fraction F3S was applied to three
different ion exchange resins. It was found that the CMC best maintained the values of
proteolytic activity producing protein with 89.31% activity. 3: A new methodology for
purification was then developed by using CMC and Sephadex G-50 to obtain a pre
purified bromelain (PF 3.01-93% activity) and purified bromelain (PF 16.86-89% activity).
The purity of the bromelain was confirmed by SDS-PAGE, revealing only one band at 30
kDa; by HPLC having only one peak in the first ten minutes and by Peptide Mass
Fingerprint of the enzyme at the mass spectrometer (MALDI-TOF-MS). In addition
fragmentation (MALDI-TOF MS / MS) and sequencing of two peptides m/z 951 and
1584. 4: Pre purified bromelain and purified bromelain kinetic characterization was
realized. Pre purified bromelain had two optimum temperatures (40 and 60°C) and one
optimum pH8 and that the purified bromelain had an optimum temperature of 60°C and
an optimum pH of 8. Based on these findings agricultural and processing residues of cv.
Vitoria represent a good source of bromelain. The purification methodology developed is
innovative, producing bromelain with a high degree of purity, and commercially viable,
because of the reduction in the number of steps necessary for purification when
compared with the methodology currently in use.

Keywords: Proteolytic enzymes, bromelain, purification.
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1 INTRODUCAO

A importancia da sustentabilidade nas atividades produtivas tem sido amplamente
reconhecida, havendo a necessidade da substituicAo de processos quimicos
baseados em insumos ndo renovaveis por processos quimicos ou bioquimicos que
utilizem insumos renovaveis. Reconhece-se também a necessidade da substituicao
das mdultiplas etapas de processos quimicos por processos biotecnologicos mais
eficientes (BON et al., 2008).

Muitas das reacdes que sdo catalisadas quimicamente atualmente estdo sendo cada
vez mais substituidos por enzimas. Dentre as inUmeras vantagens de sua utilizacao,
merece destaque o fato delas serem ecologicamente mais viaveis. Com o advento
da biotecnologia nos ultimos anos, o desenvolvimento de novas estratégias de
purificacdo e da utilizacdo de matérias primas foi facilitado. Matérias primas estas
antes sem destino (BON et al., 2008; MONTEIRO; SILVA, 2009).

Em decorréncia destas necessidades e tendéncias, € notério o aumento significativo
do consumo e demanda de producdo de enzimas em nivel internacional, por
possuirem amplas aplicacdes industriais e terapéuticas. Este cenario €
particularmente importante para o Brasil, pais que necessita inserir-se de forma mais
representativa como usuario e provedor de enzimas e tecnologia enzimatica
(MONTEIRO; SILVA, 2009).

O Brasil, hoje, € um pais essencialmente importador de enzimas, além de
apresentar um uso ainda reduzido em processos industriais quando comparado com
outros paises. As proteases, por exemplo, sdo as enzimas consideradas mais
importantes de todas as enzimas industriais e compreendem cerca de 60% das
enzimas utlizadas. Apresentam importancia nas industrias de alimentos,
detergentes, farmacéutica e até no processamento do couro (GARCIA-CARRENO et
al., 1997 citado por CABRAL, 2001; MONTEIRO; SILVA, 2009; GONZALEZ-
RABADE et al., 2011; BALA et al., 2012).
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As proteases podem ser obtidas a partir de diversas fontes, destacando-se as de
origem microbiana, animal e vegetal. O Brasil tem uma grande variedade de
vegetais que podem constituir fontes inesgotaveis de enzimas (RAO, 1998;
FATIBELLO; VIEIRA, 2002).

Dentre as proteases existentes, merece destaque a bromelina, uma cisteino-
protease, que esta presente em plantas da familia Bromeliaceae no qual o
abacaxizeiro € sua principal fonte de obten¢do. Seu destaque vai além de sua ampla
aplicacédo e interesse industrial, pois pode ser obtida a partir de residuos agricolas e
agroindustriais do abacaxizeiro o que reforca a mentalidade sustentavel (MYNOTT,
1997; BERTEVELLO, 2001; MAURER, 2001; NADIZARAH et al., 2013).

Atualmente o pais esta entre os maiores produtores mundiais de abacaxi. O fruto é o
anico que possui concentracdes relativamente altas de proteases no estado maduro.
Com o surgimento de novas variedades de abacaxizeiro, a exemplo a cv. Vitdria,
que é resistente & fusariose, novas fontes potenciais de obtencdo de bromelina
podem ser exploradas no intuito de avaliar concentracdes e rendimentos da enzima
(CESAR, 2005; VENTURA et al., 2009).

A bromelina comercial € um produto de alto valor agregado. Isto se deve aos altos
custos dos processos atualmente disponiveis de sua purificacdo e obtencdo, o que

levou ao desenvolvimento de varias estratégias de purificacdo (BALA et al., 2012).

No entanto, os processos atualmente disponives para extracdo e purificacdo de
bromelina s&o muitas vezes bem trabalhosos, e frequentemente resultam
rendimentos baixos. Assim, o desenvolvimento de novas técnicas de purificacdo &
necessario, visando o aumento do rendimento global da atividade da enzima e ao
mesmo tempo a diminuicdo do numero de passos envolvidos na purificacdo, o que
consequentemente levara a uma diminuicdo do custo do produto final e ainda,
viabilizara a possibilidade do pais em se tornar um importante produtor desta enzima
(COSTA, 2010; BALA et al., 2012).
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2 REVISAO BIBLIOGRAFICA

2.1 BIOTECNOLOGIA ENZIMATICA E MERCADO

Os processos industriais que envolvem reacdes quimicas estdo presentes na
maioria das manufaturas de produtos ou bens consumidos pelo homem. Muitas
dessas reacdes sdo catalisadas quimicamente que podem ser substituidos por
enzimas. As enzimas apresentam como grandes vantagens serem ecologicamente
mais viaveis. A cada dia presenciam-se mais processos industriais que utilizam
enzimas como catalisadores. Esses biocatalisadores podem ser extraidos de tecidos
animais, vegetais e de microrganismos (MONTEIRO; SILVA, 2009; COSTA, 2010).

O mercado de enzimas estd dividido em dois grandes segmentos: enzimas
industriais (enzimas técnicas, enzimas para indastria de alimentos e enzimas para
racao animal) e enzimas especiais (enzimas terapéuticas, enzimas para diagnostico,

enzimas para quimica quiral e enzimas para pesquisa) (BON et al., 2008).

Existe um aumento mundial no consumo de enzimas industriais. O Brasil, hoje, € um
pais essencialmente importador de enzimas, s6 de bromelina, por exemplo, o pais
importou no periodo de janeiro a novembro de 2013 um total 1.212 Kg (1 g de
bromelina = R$25,00). Além disso, o pais apresenta um uso ainda reduzido de
enzimas em processos industriais quando comparado com outros paises. Assim, a
insercao e consolidacédo do Brasil como produtor de tecnologia enzimatica e enzimas
faz-se necessario (MONTEIRO; SILVA , 2009; MIDIC/SECEX, 2014).

Compatibilizar o desenvolvimento econémico com a protecdo do meio ambiente,
mediante o0 uso racional dos recursos naturais, a preservacao e a recuperacao do
meio ambiente e o controle da poluicdo sdo os objetivos centrais das novas
abordagens industriais e econdmicas, muitas delas utilizando a biocatélise.
Frequentemente se depara com aplicagfes versateis da tecnologia enzimatica em
muitos setores industriais. Uma das maneiras mais ricas de analisar a evolugéo de
um tipo de industria e, a0 mesmo tempo, observar as tendéncias de seu

7

desenvolvimento futuro € por meio das informacdes contidas nas patentes de
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invencdo, que guardam a evolucdo do estado da arte e contam a historia da

producado de enzimas (BON et al., 2008).

A investigacdo e o desenvolvimento de enzimas com aplicagdo industrial e o seu
espaco de mercado estdo subdivididos em varias categorias. As empresas
produzem enzimas para bens de consumo usadas diretamente na formulacdo de
detergentes e produtos de limpeza, ou indiretamente, na industria transformadora,
bem como na valorizagdo de processos na industria téxtil , de couros, de papel e
celulose, de bebidas fermentadas e produtos alimentares. As enzimas sdo usadas

igualmente na formulacdo de ra¢cBes animais (BON et al., 2008).

Outras empresas desenvolvem sistemas industriais de conversdo de biomassa para
transformacao enziméatica de residuos agricolas em etanol, usando por exemplo, o
amido de milho (HARDIN, 1996).

Ultimamente, verifica-se a introducdo de enzimas na producdo de plasticos
derivados de matéria-prima ndo originada do petréleo, na producdo de fontes
alternativas de energia, como 0s biocombustiveis. Existem também, empresas
fornecedoras de tecnologia, que detém elevado nivel de conhecimento e
propriedade intelectual em micro-organismos, através de processos usando

engenharia genética (BON et al., 2008).

A maior fatia de absorcao de enzimas € a indastria farmacéutica (Figura 1) em que o
crescimento € mantido pela substituicdo de terapias tradicionais por terapias
enzimaticas. Espera-se para 0s proximos anos um crescimento significativo do
mercado de novos produtos (FREEDONIA, 2002). Depois dos antibidticos, as
enzimas sdo os produtos mais explorados na industria de biotecnologia (OLIVEIRA
et al., 2006).
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Figura 1 — Distribuicdo da demanda de enzimas em diferentes areas. Fonte: Monteiro; Silva
(2009)

As numerosas aplicacGes industriais e terapéuticas de enzimas tem aumentado a
demanda de suas producbes. As proteases sdo enzimas consideradas mais
importantes de todas as enzimas industriais, com venda anual de cerca de 3 bilhGes
de ddlares (LEARY et al., 2009). Representando cerca de 60% de todas as enzimas
comerciais em todo o mundo. As proteases vém ganhando atengdo Unica no campo
da biotecnologia e da medicina, devido as suas propriedades exploraveis (quimicas
e terapéuticas) (BALA et al., 2012).

2.2 ENZIMAS PROTEOLITICAS

O estudo das proteases inciou-se no fim do século XVI motivado pelo interesse na
fisiologia do sistema digestivo humano. Entretanto, ja na antiguidade, tecidos
animais, vegetais e outros materiais bioldgicos ricos em proteases eram, de forma
empirica, usados no preparo de queijos e no tratamento dos couros, tendo sido as
proteases as primeiras enzimas com aplicagéo tecnoldgica (BON et al., 2008).



21

As enzimas proteoliticas, proteases ou proteinases sdo enzimas hidroliticas que
clivam ligacdes peptidicas nas proteinas e em fragmentos de proteinas (peptideo e
aminoacidos) .Elas tém presenca universal nos seres vivos e representam cerca de
2% do total de proteinas presentes em todos os organismos (FEIJOO-SIOTA,; VILLA,
2011).

Apesar de todas terem essa caracteristica funcional comum, elas diferem
acentuadamente no seu grau de especificidade (STRYER, 1996, citado por
CABRAL, 2001).

Segundo o Comité de Nomenclatura Enzimética (EC), as peptidases sdo enzimas
que pertencem a classe 3 (hidrolases) e a subclasse 3.4 (peptideo-hidrolases ou
peptidases). As peptidases (EC 3.4) que clivam ligagbes no interior da cadeia
polipeptidica sdo classificadas como endopeptidases, (EC 3.4.21-99) e as que
atuam nas extremidades da cadeia, de exopeptidases (E.C. 3.4.11-19) (BON et al.,
2008).

As exopeptidases que atuam na regido N-terminal da proteina sao classificadas
como aminopeptidases e as que atuam na regido C-terminal sdo denominadas
carboxipeptidases (BON et al., 2008).

Entretanto, a especificidade das proteases ndo se relaciona apenas a posicdo da
ligacdo peptidica ou ao tamanho da cadeia de residuos de aminodacidos, existindo
também seletividade em relagdo a sequéncia de aminoacidos vizinhos a ligagéo.
Hartley, em 1960, propds uma classificacdo baseada na estrutura quimica do centro
ativo. Segundo esta classificacdo as exopeptidases e as endopeptidases sdo
divididas em subclasses de acordo com os grupos quimicos (Tabela 1), do centro

ativo envolvidos no mecanismo catalitico (BON et al., 2008).
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Tabela 1 - Classificacdo de peptidases de acordo com o sitio catalitico

Peptidases EC Subclasses

Carboxipeptidases

Serina-carboxipeptidase 3.4.16
Metalo-carboxipeptidase 3.4.17
Cisteina-carboxipeptidase 3.4.18
Endopeptidases
Serina-endopeptidase 3.4.21
Cisteina-endopeptidase 3.4.22
Aspartico-endopeptidase 3.4.23
Metalo-endopeptidase 3.4.24
Treonina-endopeptidase 3.4.25
Endopeptidase = com  mecanismo 3.4.99

catalitico desconhecido

Fonte: Bon et al. (2008).

Entre as peptidases descritas, merece destaque a familia das cisteino-peptidases,
que apresenta ampla distribuicAo nos organismos, sendo encontrados em
procariotos e eucariotos. O mecanismo catalitico dessa enzima envolve um grupo
cisteinico (-SH) em seu sitio ativo (DUBEY et al., 2007; GONZALEZ-RABADE et al.,
2011; BALA et al., 2012).

Na reacdo de hidrélise da ligacdo peptidica, o primeiro passo corresponde no
caminho da associacdo (ou ligacdo ndo covalente) da enzima livre (I) com o
substrato, para formar o complexo de Michaelis (Il). Este passo € seguido pela
acilacdo da enzima (lll a), com a formacdo e liberacdo do primeiro produto da
enzima, a amina RiNH,. No passo seguinte, a acil-enzima (lll b), reage com uma
molécula de agua para formar o segundo produto (passo da desacilacdo). A
liberacdo deste produto resulta na regeneracdo da enzima livre (STORER et al.,
1994, citados por CABRAL, 2001).

Acredita-se que muitos passos intermediarios e ou estados de transicdo possam

existir ao longo destes caminhos, baseado em dados experimentais e por analogia
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com as serino-proteases, sendo proposto que a acilagcdo e desacilagcdo envolve a
formacdo de intermediarios transitérios tetraédricos (TH; e THy). Em adicdo, 4
estados de transicdo (TSi, TS, TSs, e TS,) separam o complexo de Michaelis acil-
enzima do complexo enzima produto dos dois intermediarios tetraédricos (STORER
et al., 1994, citados por CABRAL, 2001) (Figura 2).

+ TS, TS
Him TH, H

I

Acilagdo

- Im

R MHS
\ RCOOH R
1) Dissociagdo ) [ cl L, I
5 . *Him TS, TS, L___O <
TH,

I N

|

e Desacilagio

(1v) (mb)

Figura 2 -Representagéo esquematica de varios passos e supostos intermediarios e estados
de transi¢cBes, no caminho da reagdo para hidrélise de um substrato amida por
uma cisteino-peptidase. Fonte: Adaptada e modificada de Cabral (2001).

As peptidases de mamiferos desempenham um papel importante em Varios
processos tais como a diferenciacdo celular, agregacédo de plaquetas, morte celular
(apoptose), degradacdo de proteinas danificadas ou de proteinas que ja cumpriram
sua finalidade (MENARD, 1993, citado por CABRAL, 2001).

Estas enzimas estdo envolvidas também no metabolismo através de modificacédo
covalente de proteinas e pré-enzimas, com a digestdo de proteinas de alimentos, a
mobilizagcéo de proteinas para os tecidos, hormonios, e recentemente a descoberta
dos proteossomas que estao envolvidos na degradacéo intracelular de proteinas em

conjunto com a ubiquitina. O proteossoma € um arranjo polimérico de subunidades
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de peptidases que seletivamente hidrolisa proteinas como um mecanismo de
regulacdo celular, onde proteinas marcadas por ubiquitina sofrem hidrolise pelo
proteossoma (GARCIA-CARRENO et al., 1997, citados por CABRAL, 2001). As
acOes das peptidases sdo controladas por mecanismos que envolvem controle
génico, producdo de zimogénios e sua ativacao e inibicdo de enzimas (GARCIA-
CARRENO et al., 1997, citados por CABRAL, 2001).

Em plantas acredita-se que as cisteino peptidases estejam envolvidas com a morte
celular programada durante a senescéncia (JUNG et al., 2008), e também em seus
principais mecanismos de defesas (KONNO et al., 2004). A bromelina no abacaxi,
por exemplo, tem um papel importantissimo na senescéncia e no processo de
amadurecimento dos frutos (NEUTEBOOM et al.,, 2009). A papaina no latex do
mamao atua na protecdo dessas plantas ao ataque de insetos herbivoros (KONNO
et al., 2004).

Jung et al. (2008) ao superexpressar o gene da bromelina em couve chinesa
notaram que, as plantas que superexpressavam bromelina apresentavam uma
resisténcia a Pectobacterium carotovorum ssp. carotovorum, bactéria causadora da
podriddo mole, doenca responsavel por causar sérios danos a plantas e perdas

econdmicas em muitas culturas tais como, cenoura, rabanete, batata e couve.

2.2.1 Enzimas proteoliticas de interesse para Biotecnologia

As enzimas proteoliticas ou proteases constituem o mais importante grupo de
enzimas de interesse industrial, e compreendem cerca de 60% das enzimas
utilizadas. Apresentam importancia nas industrias de alimentos, detergentes,
farmacéutica e até no processamento do couro (GARCIA-CARRENO et al., 1997,
citado por CABRAL, 2001; COSTA et al., 2009; GONZALEZ-RABADE et al., 2011;
BALA et al., 2012).
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A relevancia biotecnolégica deste grupo de enzimas, rico em diversidade estrutural e
mecanismo de acdo, reflete-se atualmente na importancia qualitativa e quantitativa

das suas aplicacbes como enzimas industriais e especiais (BON et al., 2008).

Na industria de alimentos, as peptidases possuem um papel de destaque porque
catalisam a hidrdlise de uma ligacdo especifica em um determinado peptideo, o que
permite modificacbes pontuais em sistemas complexos, como 0s alimentos,
melhorando o sabor, o aroma, a textura, a funcionalide e a qualidade nutricional.
Este processo, sem duvida, € mais eficaz do que um processo fisico ou quimico que
pode afetar todas as outras moléculas presentes no alimento. Alguns exemplos do
uso das peptidases na modificacdo de alimentos incluem: a reducdo do sabor
amargo de queijos, a substituicdo de gorduras e carboidratos por proteinas
modificadas enzimaticamente que proporcionam propriedades organolépticas
similares; a restauracdo das propriedades emulsificantes de proteinas da soja
desnaturada pelo calor; e a reducdo do potencial alergénico de alimentos protéicos
através da degradacdo de epitopos. Além disso, as peptidases podem agir sobre
proteinas complexas, como as do soro de leite e a caseina, gerando peptideos
biologicamente ativos com papel significante na manutencéo da vida e prevencao de
doencas, como peptideos anti-hipertensivos que inibem a enzima conversora de
angiotensina, e peptideos que atuam na supressdo do apetite pela producédo de
colecistoquinina, um hormonio intestinal, que produz a sensagdo de saciedade,

agindo nos centros cerebrais de controle de apetite (BON et al., 2008).

Na industria de detergentes, as peptidases deixaram de ser simples aditivos as
formulacbes destes produtos e passaram a ser ingredientes essenciais em
consequéncia do melhor desempenho de lavagem e manutencao da cor dos tecidos.
O interesse industrial pela engenharia de proteinas vem aumentando
gradativamente, com o0 objetivo de obter enzimas modificadas com uma maior
estabilidade a agentes oxidantes e alvejantes e em ampla faixa de pH. Além disso,
as peptidases também contribuem para as formula¢cdes serem menos agressivas
para o ambiente, porque diminuem o consumo de agua e de energia e reduzem a
adicdo de solventes toxicos, acidos e produtos causticos. Por isso, as empresas

apostam na substituicdo gradual de muitos componentes quimicos pelas enzimas,
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resultando em produtos de maior valor agregado, pela sua qualidade e por serem

produzidos por tecnologias limpas (BON et al., 2008).

Na industria farmacéutica, diversos farmacos vém sendo desenvolvidos com o
objetivo de inibir peptidases. O uso de enzimas como alvo quimioterapico € motivado
pela distribuicdo ubiqua destas enzimas, sua participacdo em diversos processos
fisiolégicos em humanos e seu envolvimento em questfes cruciais da interacdo de

patbgeno com seus hospedeiros (BON et al., 2008).

As cisteino peptidases sdo alvo de intensa pesquisa por inUmeras companhias
farmacéuticas, isto porgue estdo envolvidas em inumeras funcdes celulares, como
turnover de proteinas, a ativacdo de proenzimas, a reabsorcdo 0ssea, a
apresentacdo e o processamento de antigenos, homeostase da epiderme e a

maturacdo de horménios (BON et al., 2008).

As enzimas proteoliticas também podem ser utilizadas em processos de
biotecnologia, tal como na extracdo de DNA de células de eucariotos (GEHELHU et
al., 1998; CABRAL et al., 2000 citados por CABRAL, 2001).

Como as proteases séo fisiologicamente necessarias a todos 0s organismos Vivos,
sdo encontradas e podem ser obtidas a partir de diferentes fontes, tais como

microorganismos, animais e plantas (RAO, 1998).

Os microorganismos representam uma excelente fonte de enzimas, devido a sua
ampla diversidade bioquimica e sua suscetibilidade para manipulacdo genética.
Podem ser utilizados, bactérias, fungos e virus como fonte de obtencdo (RAO,
1998).

As enzimas de origem animal, tais como: pancreatina, renina, tripsina, pepsina,
guimiotrpisina sao obtidas a partir de tecidos especificos e apresentam grande
importancia industrial. O Gnico inconveniente é que para sua producdo € necesario
a disponibilidade de gado para abate, que por sua vez é regida por politicas publicas
e agricolas (RAO,1998; PARK, 2001).
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O numero de proteases utilizadas industrialmente de origem vegetal € restrito, as
principais enzimas com boa aceitacdo comercial sdo as cisteino-proteases (CPs) e
compreendem a papaina do maméo (Carica papaya L.), ficina do figo (Ficus carica
L.) e bromelina do abacaxi (Ananas comosus var. comosus) (DUBEY, 2007,
FEIJOO-SIOTA; VILLA, 2011; MUNTARI et al., 2012).

O Brasil tem uma grande variedade de plantas cultivadas que podem constituir
fontes inesgotaveis de enzimas para serem aplicados nas mais diversas areas do
conhecimento (FATIBELLO; VIEIRA, 2002).

2.2.2 Proteases de origem vegetal

2.2.2.1 Papaina

A papaina € um constituinte do latex do fruto verde de mam&o. O latex bruto seco
em p6 é comumente descrito como papaina. O latex fresco apresenta uma alta
atividade proteolitica, sendo que mais da metade da proteina total contida no latex é
inicialmente ativa, porém facilmente inativada pela oxidacdo. As papainas
comerciais ndo sdo armazenadas por longos periodos e frequentemente perdem a
sua atividade em poucos meses. Por outro lado, as folhas e talos, enfim a planta
como um todo, com excecdo das raizes, contém quantidades significantes da
enzima, que pode ser extraida como suco prensado e posteriormente purificada
(PARK, 2001).

A papaina tem acdo semelhante a da pepsina e tripsina, empregado nas industrias
téxtil, farmacéutica, de alimentos e de cosméticos (SIQUEIRA, 2003; ARAVIND, G.,
2013).

Para a industria farmacéutica a papaina apresenta inUmeros interesses. A enzima
tem sido utilizada como digestiva, além do seu uso no debridamento de feridas e
cicatrizacdo (LEITE et al., 2012). Em relacdo a indicacbes clinica a papaina

apresentou um potente efeito anti-angiogenico (MOHR; DESSER, 2013).
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2.2.2.2 Ficina

Ficina € uma protease similar em muitos aspectos a papaina (PARK, 2001). A ficina
atua sobre as proteinas estruturais da carne, sendo assim um o6timo amaciante
(PEDREIRA, 2001).

A ficina esté presente no latex de certas espécies de Ficus. Estas também possuem
outras enzimas proteoliticas. Uma grande quantidade de matéria vegetal é requerida
para producdo de uma quantidade relativamente pequena de ficina tornando-a
economicamente inviavel (PARK, 2001; ZARE, 2013).

2.2.2.3 Bromelina

Bromelina € o nome genérico dado ao conjunto de enzimas proteoliticas
encontradas nas plantas da familia da Bromeliaceae, da qual o abacaxi (Ananas
comosus var. comosus) é o mais conhecido (MAURER, 2001; NADIZARAH et al.,
2013).

A bromelina tém tido ampla aplicacéo na industria de alimentos, mas elas podem ser
utiizadas também em indicacbes clinicas, tais como: agentes antitumorais,
modulacdo imune, limpeza de feridas, aumento do efeito de antibiéticos, acdo anti-
inflamatoria, acdo mucolitica, auxilio na digestdo, aplicacbes em doencas
cardiovasculares e circulatérias, em procedimentos cirargicos e ferimentos da
musculatura esquelética (CABRAL, 2001; AICHELE et al., 2013).

Na industria de alimentos, a bromelina pode ser utilizada no amaciamento de carnes
vermelhas, na producéo de paes e biscoitos a partir de farinhas de trigo de alto teor
de proteinas, na producdo de ovos desidratados, na preparacao de leite de soja e
isolados protéicos, na cervejaria para hidrolisar certos complexos proteinas-tanino,
formados durante a fermentacdo, que se presentes na cerveja, tornam-se insoluveis
e formam turvagdes quando gelada (FREIMAN; SABAA, 1999).
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O fruto do abacaxi é normalmente utilizado como alimento, os caules sé&o
considerados residuos sendo assim uma boa fonte de obtencédo de bromelina. Além
disso, diferentes partes da planta podem ser usadas como matéria-prima para a
obtencdo da bromelina tais como, folhas, talos, polpa da fruta, cascas e residuos
industriais do processamento do fruto (TOCHI et al., 2008; HEBBAR et al., 2008;
KETNAWA et al., 2012; NADIZARAH, 2013).

A bromelina ndo esta presente nos primeiros estagios de desenvolvimento do fruto,
porém, seu nivel aumenta, rapidamente, mantendo-se elevado até o
amadurecimento, onde tem um pequeno decréscimo. Esta € uma das vantagens da

utilizacao e purificacdo das proteases do abacaxi (LOPES et al., 2005).

Apesar da diminuicdo da atividade proteolitica durante a maturacdo, o abacaxi é o
anico fruto que possui concentracdes relativamente altas de proteases no estado
maduro. No mamao e no figo, tanto a papaina como a ficina, somente séo
encontradas em altos niveis quando o fruto est4d verde; com o completo
amadurecimento, a concentracdo de proteases praticamente desaparece (CESAR,
2005).

O Brasil diferencia-se completamente dos grandes produtores e consumidores
mundiais de abacaxi, pois quase toda sua producdo é consumida na forma fresca,
sendo a quantidade industrializada insignificante (BERTEVELLO, 2001). Uma das
principais fontes de matéria prima para a extracdo de enzimas proteoliticas no Brasil,
ndo seriam os subprodutos do processamento da fruta e sim os residuos agricolas,
especialmente o caule que tem demonstrado bons resultados nos mais recentes
estudos de extracdo e purificacdo de enzimas e nas aplicacfes terapéuticas da
bromelina (MYNOTT, 1997; RABELO, 2004 citados por CESAR, 2005).

Com o advento do programa de melhoramento genético do abacaxi, iniciado em
1984, novas cultivares tem sido utilizadas por agricultores no pais. No geral, obter
cultivares produtivas, adaptadas as condi¢cdes climaticas locais, com melhores

caracteristicas nutricionais, mais atrativas ao mercado consumidor e resistentes as
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mais importantes pragas e doencas sdo 0s objetivos do programa (CABRAL,;
SOUZA; FERREIRA, 1999).

A exemplo desse avanco estd a cv. Vitoria, resistente a fusariose causada pelo
fungo Fusarium guttiforme Nirenberg & O’'Donnell (sin.: F. subglutinans f. sp. ananas
Ventura, Zambolim & Gilb.), lancada em novembro de 2006. Com isso, 0O
conhecimento das propriedades bioquimicas da bromelina nessas novas cultivares e
consequentemente o estudo da utilizacdo dos seus residuos agricolas como
pontenciais fontes de obtencdo dessa enzima, agrega valor ao agronegocio do
abacaxi (GOMES et al, 2003; VENTURA et al, 2006; COSTA,
FERNANDES,VENTURA, 2008; VENTURA et al., 2009; COSTA; 2010).

2.3 BROMELINA: PROPRIEDADES QUIMICAS E BIOQUIMICAS

2.3.1 Propriedades Quimicas

A bromelina ficou conhecida quimicamente desde 1875 e em 1957 foi introduzida
como um composto terapéutico (KELLY, 1996; PAVAN et al., 2012).

A bromelina do caule apresenta um grupo sulfidrilico reativo por molécula, que é

essencial para a catalise enziméatica (BELITZ et al., 2009).

A atividade da bromelina e das demais cisteino-proteases, depende da presenca, no
sitio catalitico, de um residuo de cisteina e outro de histidina. O imidazol de um
residuo de histidina usualmente funciona como um catalisador acido-base, e
aumenta o carater nucleofilico dos grupos tidlico e hidroxila (Figuras 2; 3)
(RAWLINGS ;BARRETT, 1994; FERSHT, 1995 citados por CABRAL, 2001).
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A)

C)

Figura 3 - Estrutura terciaria da bromelina do talo, utilizando como molde a papaina (9PAP).
Os residuos em destaque sado referentes a triade catalitica, estes residuos séo:
Cys-26 (amarelo), His-158 (vermelho) e Lys-174 (azul). (A — Frente; B- Lado 1; C
— Lado 2; D- Fundo). Fonte: Cabral (2001).

A enzima é composta por muitos aminoacidos que podem ser determinados. Além
disso, € uma glicoproteina que tem um oligossacarideo por molécula, o qual
encontra-se covalentemente ligado a uma cadeia polipeptidica. Apresenta como
principal residuo aminoterminal a valina, e como residuo carboxiterminal a glicina
(Tabela 2).



Tabela 2 — Composicao de aminoécidos da bromelina do caule
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Aminoacidos Murachi Ota-Y-Stein Sfinstein Husain nge
(1964) (1964) Ywlitaker (1964) (1968)
Lisina 20 23 12 20,2
Histidina 1 2 1 1,34
Arginina 10 12 6 10,2
Acido Aspartico 27 29 16 28,9
Treonina 12 14 8 12,4
Serina 24 28 16 24,9
Acido Glutamico 20 23 12 23,0
Prolina 13 14 8 13,1
Glicina 29 35 19 30,5
Alanina 30 35 20 32,4
Cisteina 11 10 5 7,4
Valina 19 22 12 20,7
Metionina 4 5 2 5,0
Isoleucina 20 21 12 18,4
Leucina 9 10 5 9,0
Tirosina 19 21 11 18,2
Fenilalanina 9 9 5 8,0
Triptofano 8 8 5 -
Total (285) (321) (179) -
Amonio 25 42 19 -
Glucosamina 2 6 4 -
Carboidratos 2,0 1,46 2,0 -

"Média de uma anélise realizada em triplicata

Fonte: Adaptada e modificada de Fajardo (1998).

2.3.2 Propriedades Bioquimicas

A bromelina é encontrada em toda a planta do abacaxizeiro: caule, raizes, folhas e

frutos e coroa, sendo que as enzimas encontradas no caule recebem nome de

bromelina do caule e tém numero sistematico, de acordo com o Enzyme Comission,
EC 3.4.22.32 (CAMPESE, 2004), anteriormente EC 3.4.22.4 (HALE, 2005). As
enzimas do fruto recebem nome de bromelina do fruto e tem nimero sistemético EC
3.4.22.33 (CAMPESE, 2004), anteriormente EC 3.4.22.4 e 3.422.5 (HALE, 2005).

A bromelina do caule é a protease mais abundante presente em extratos de abacaxi,

enquanto que a maior fragdo presente no suco € da bromelina do fruto. Outras

cisteino-proteases também estéo presentes nos extratos obtidos a partir do caule do
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abacaxi tais como, ananaina (EC 3.4.22.31) e comosaina (LAROCCA et al., 2010;
BALA et al., 2012).

O extrato aguoso proveniente de bromelina do caule e do fruto € conhecido como o
nome de bromelina. Dessa forma, bromelina compreende uma mistura de diferentes
cisteino-proteases, que apresentam sequencia de aminoacidos similares, porém
distintas na atividade proteolitica quanto na sensibilidade de inativacdo (HALE et al.,
2005; PAVAN et al., 2012).

A bromelina do caule (EC 3.4.22.32) apresenta 8 componentes ativos (denominadas
fracOes: F), sendo que F4 e F5 (aproximadamente 25 kDa) séo os dois principais. A
fracdo considerada mais ativa é a F9, que compreende 2% do total de proteinas. Foi
estimado que 50% das proteinas em F4 e F5 sdo glicosiladas. A fragdo F9, no
entanto, ndo € glicosilada e apresenta um massa molecular de aproximadamente 23
kDa (BHATTACHARYYA, 2008). O complexo de enzimas proteoliticas bromelina
apresenta massa molar proxima a 31 kDa (MARTINS; NISIDA; BALDINI, 1992).

Outra proteinase gque esta presente em pouca quantidade inclui a bromelina da fruta
(EC 3.4.22.33) a principal proteinase presente no fruto do abacaxi (HALE et al.,
2005). Diversos modelos de substratos peptidicos na forma de B-(P3)-P2-P1
indicador (onde o grupo de B= blogueador, tal como Z= benziloxicarboni ou Bz=
benzoil, e P1, P2, e P3 representam aminodcidos especificos) foram usados para
caracterizar a atividade proteolitica de enzimas purificadas da bromelina. A clivagem
amidolitica do substrato resulta na liberacdo do indicador livre que pode ser
detectada por fluorescéncia ou colorimetricamente. A bromelina do caule cliva
preferencialmente o modelo de substrato Z-Arg-Arg, visto que a bromelina da fruta
mostra atividade minima contra esse substrato. Em contrapartida, a bromelina do
fruto cliva eficientemente o substrato de Bz-Phe-Val-Arg (ROWAN et al.,, 1998;
NAPPER et al., 1994, citados por HALE et al., 2005).

A atividade enzimatica de bromelina compreende um amplo espectro entre 5.5 a 8
de pH e estabilidade 6tima de 4,5 — 6,5. Apresenta um ponto isoelétrico (pl) de 9,55
(HERNANDEZ et al., 2005; BELITZ et al., 2009; BALA et al., 2012).
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A bromelina do caule é amplamente utilizada na industria e na medicina, entretanto

a bromelina do fruto ndo esta disponivel comercialmente (LAROCCA et al., 2010).

2.3.2.1 Massa molecular, pH 6timo e temperatura 6tima de bromelina

As preparagbes comerciais de bromelina sao avaliadas de acordo com sua atividade
proteolitica, uma vez que todos 0s usos dessa enzima estdo baseados em sua
atividade, no qual sdo medidas as condicBes Otimas das reacdes enzimaticas
(FRANCA-SANTOS et al., 2009; BALA et al., 2012).

A atividade de bromelina pode ser determinada em condi¢cdes Otimas de pH, e
temperatura, com varios substratos, que incluem, caseina, gelatina e substratos
sintéticos (BALA et al., 2012).

A bromelina do caule apresenta uma massa molecular entre 23,8 e 37 kDa, pH
otimo entre 4.6 — 8,5, e temperatura 6tima entre 25 — 60 °© C. Em relacdo a
bromelina do fruto foi encontrado massa molar variando entre 24,5 — 33 kDa, pH
otimo 2,9-8 e temperatura 6tima 37 — 70 ° C (Tabela 3) (Adaptado e modificado de
BALA et al., 2012).

Alguns fatores podem ser levados em consideracdo nessa divergéncia encontrada
na literatura, tais como, o tipo de substrato utilizado no experimento de atividade, e 0
tempo de contato da enzima com o substrato. Por exemplo, em relacdo ao tipo de
substrato, dependendo do substrato utilizado a enzima pode ser mais ou menos
resistente a determinados valores de temperaturas o que pode influenciar na
determinacao da temperatura 6tima (FRANCA-SANTOS et al., 2009).



Tabela 3—Massa molecular, pH 6timo e temperatura 6tima de bromelina

Tipo de Massa pH 6timo | Temperatura Referéncia
Bromelina Molar 6tima (°C)
(kDa)
Caule - 7-8.5 - MINAMI; DOI; HATA;
1971
Caule 37 60 SUH et al. ,1992
Fruto 32,5 70
Caule - 4.6 25 HATANO, K..,
TANOKURA, M.;
TAKAHASHI 1998
Caule - 6-7 60 HARRACH et al.,
1998
Caule - 7 37 RASHEEDI; HAQ;
KHAN, 2003
Caule 23,8 6-7.5 60 GUPTA; MAQBOOL;
SALEMUDDIN, 2007
Caule - 8 60 MAHMOOD;
SALEEMUDDIN,
2007
Caule - 8 60 KHATOON,;
YOUNUS;
SALEEMUDDIN,
2007
Fruto 24.5 - - LOPES et al., 2009
Caule 26 - - XUE et al., 2010
Caule - 7 55 KETNAWA,;
RAWDKUEN,;
CHAIWUT, 2010
Fruto - - 40 JUTAMONGKON,;
CHAROENREIN,
2010
Caule 30 - - GAUTAN et al., 2010
Caule 29 8 60 KETNAWA;
CHAIWUT,
RAWDKUEN, 2011a
Caule - 3-9 50-60 KETNAWA;
CHAIWUT;
RAWDKUEN, 2011b
Fruto - 2.9-7.7 37-59 CORZO et al., 2011
Caule 29 - - KUMAR;
HEMAVATHI,
HEBBAR, 2011
Caule - - 50-60 LIANG et al., 2011
Fruto - 6 70 SILVESTRE et al.,
2012
Fruto 33 - - ARUMUGAM,;

PONNUSAMI, 2013

Fonte: Adaptada e modificada de Bala et al. (2012).
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2.4 APLICACOES DA BROMELINA

As bromélias sdo reconhecidas como plantas medicinais desde 1957 e, neste
mesmo ano, a bromelina foi introduzida como composto terapéutico, com as
seguintes propriedades: inibicdo da agregacao plaquetaria, atividade fibrinolitica,
acao anti-inflamatdria e antitumoral, modulacdo de citocinas e imunidade,
propriedade desbridante da pele, aumento da absorcdo de outras drogas,
propriedades mucoliticas, facilitador da digestdo, acelerador da cicatrizagéo,
melhora a circulagéo e sistema cardiovascular (CESAR, 2005).

Em 06 de marco de 2009, o Ministério da Saude divulgou uma lista com 71 plantas
de interesse do SUS. Entre as plantas, encontra-se o abacaxi, que apresenta como
caracteristicas de uso popular, algumas das indicacdes da bromelina tais como,
mucolitica e fluidificante das secrecfes e das vias aéreas superiores . O objetivo da
Relacdo Nacional de Plantas Medicinais de Interesse ao SUS (Renisus) é orientar
estudos que possam subsidiar a elaboracédo da relacdo de fitoterapicos disponiveis
para uso da populacdo, com seguranca e eficAcia para o tratamento de
determinadas doencas (BRASIL, 2009).

Em um dos mercados mais promissores na industria farmacéutica, a bromelina vem
sendo aplicada na producdo de medicamentos, sendo bem aceita como agente
fitoterapéutico, como principio ativo que auxilia na digestdo, podendo substituir a
pepsina e tripsina em tratamentos de insuficiéncia pancreatica. Pode ser também
usada na terapéutica de cardiopatias, artrite reumatoide, traumas cirdrgicos, edemas
e sinusites; em terapias contra carcinomas, em funcdo do aumento da lise celular,
além de aumentar a acao de antibidticos se administrada concomitantemente (PIZA
et al., 2002; BALA et al., 2012).

Aplicada no tratamento de verminoses, por exemplo, Ascaris e Trichuris;
desbridamento de feridas, nas queimaduras principalmente nas de 3° grau;
minimizar as dores menstruais, quando usada como solucdo de irrigacao; bromelina
também estd envolvida na inibicdo da agregagdo plaquetéaria, sinusite, bronquite,
traumas cirargicos, pielonefrite (FREIMAN; SABAA, 1999; MAURER, 2001); usada
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como solugdo para preparacdo de suspensao de hemécias para tipagem sangiinea
(CESAR, 2005). Recentemente bromelina foi relatada na melhora do microambiente

de feridas causadas por armas de fogo (WU et al., 2012).

Além disso, assume também posi¢do na industria de alimentos no que diz respeito a
producdo de amaciantes de carnes, processos de panificacdo, de queijos,
clarificacdo de cerveja, prevencédo do escurecimento do suco de maca, no preparo
de alimentos infantis e dietéticos, de biscoitos a partir de farinha de trigo com alto
teor protéico, producdo de ovos desidratados, leite de soja, isolados proteicos. O
FDA (Food and Drug Administration) qualificou bromelina como um aditivo alimentar
sendo aceita com seguranca (PIZA et al., 2002; TOCHI, 2008).

Mais ainda, a bromelina tem sido utilizada como ingrediente ativo para fornecer
efeitos de peeling suave na industria de cosméticos. Tem sido utilizada também na
indUstria do couro para tratamento, amolecimento e liberacdo de peptideos
antimicrobianos de proteinas insoluveis. Em industrias téxteis, a bromelina é usada
para melhorar as propriedades de tingimento de fibras proteicas, decompondo a
fibra parcialmente (WALSH, 2002 citado por BALA et al., 2012; AEHLE, 2007;
SALAMPESSY et al., 2010).

2.4.1 Indicacdes clinicas da bromelina

Evidéncia disponivel indica que a atividade terapéutica da bromelina aumenta com
as doses mais altas. Apesar de todos 0s seus mecanismos de acdo ainda nao
estarem totalmente esclarecidos, foi demonstrado que é um seguro e efetivo
suplemento (MATTOS, 2005, citado por CESAR, 2005).

Atividade fibrinolitica e efeito na coagulacdo sanguinea: efetiva in vitro e in vivo,
porém, com efeito, mais evidenciado em solu¢des purificadas de fibrinogénio do que
no plasma, provavelmente em funcéo da presenca de antiproteases no plasma.
Observa-se que sua atividade esta atribuida a conversao realgada de plasminogénio

em plasmina, limitando o processo de coagulacdo em funcdo da degradacdo de
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fibrina. Uma concentracdo elevada de bromelina, prolonga o tempo de protrobina.
(DE-GIULI, 1978, citado por KELLY, 1996; BHATTACHARYYA, 2008; PAVAN et al.,
2012).

Atividade anti-inflamatoria: tem sido utilizada na artrite reumatodide, lesbes de
tecidos moles, dor crénica e asma. O principal mecanismo de acdo da bromelina
parece estar relacionado a sua natureza proteolitica, apesar de algumas provas
sugerirem propriedades imunomoduladoras agindo nas vias de sinalizacao
intracelulares (TOCHI et al., 2008).

Atividade antineoplasica: Estudos recentes demonstraram que bromelina tem a
capacidade de modificar as principais vias que suportam malignidade. A atividade
anticancerigena de bromelina € devido ao seu impacto direto em células cancerosas
e seu microambiente, bem como a modulacdo do sistema imunoldgico, inflamatério
e hemostéatico (PAVAN et al., 2012). ApoOs os tratamentos com doses relativamente
altas durante varias semanas e meses, registraram-se notaveis remissdes dos
tumores malignos (MAURER, 2001). Outros estudos indicaram que a bromelina,
combinada com agentes quimioterapicos, como 5-FU e a vincristina, tem resultados
na regressao de tumores (THORNE RESEARSH, 1998).

Modulacdo da resposta imune: A bromelina tem sido recomendada como
adjuvante terapéutico nas doencas auto-imunes (PAVAN et al., 2012). Promove
inducdo de citocinas nas células mononucleares do sangue periférico humano. O
tratamento leva a producao do fator alfa de necrose tumoral, interleucina-1 beta (IL-
1B) e interleucina-6 (IL-6) em um modelo tempo e dose-dependente. A inducédo de
citocinas explica o efeito antitumor observado apdés a administracdo oral de um
preparado polienziméatico. A bromelina ainda remove células T CD44 moleculares
dos linfocitos e afeta a ativacdo das células T, macrofagos e células natural killer
(MAURER, 2001; PAVAN et al., 2012).

Desbridamento de feridas: utiliza agentes quimicos que séo seletivos para o tecido
desvitalizado presente na ferida, causando danos minimos em tecidos saudaveis. O

uso tépico da bromelina, em creme com 35% do ativo em uma base lipidica, pode
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beneficiar a eliminacao de restos de queimadura e acelerar a cicatrizacdo. (HOUCK,
1983, citado por TOCHI, et al., 2008).

Segundo Racine (2004) citado por Cesar (2005), as enzimas proteoliticas s&o
aplicadas em formulagBes topicas com a finalidade de reduzir a espessura da
camada cornea da pele por hidrolisar, em pontos especificos, a queratina cutanea. E
um peeling mais suave e seguro, comparado aos tradicionais peelings quimicos, e
mais eficazes que os métodos fisicos comumente usados em formulacdes

cosmeéticas.

Potenciacdo de antibiéticos: constitui, em muitos paises, a principal utilizacdo da
bromelina. Em humanos, sua atividade tem sido documentada pelo aumento da
concentracdo de antibiético na urina e no sangue (TAUSSING, 1988, citado por
KELLY, 1996). Em terapias em que a bromelina é combinada com antibioticos,
observou-se um aumento da efetividade desses antibioticos em varios quadros
como, pneumonia, bronquite, infeccbes cutaneas por Staphylococcus,
tromboflebites, celulite, pielonefrite, abscessos periretais e retais (NEUBAUER,
1960, citado por THOURNE RESEARSH, 1998), e sinusites (HUNTER et al., 1957,
citados por KELLY, 1996). A bromelina é capaz de aumentar a efetividade
principalmente de penicilinas e tetraciclinas ap0s a administracdo oral desses
antibioticos (MAURER, 2001).

Propriedades mucoliticas: em um estudo clinico com 124 pacientes hospitalizados
com bronquite crénica, pneumonia, broncopneumonia ou abscessos pulmonares,
que administraram bromelina oralmente, houve uma diminuicdo do volume e
puruléncia do volume pulmonar (SCHAFER, 1985, citado por THOURNE
RESEARSH, 1998).

Esta propriedade se da em funcdo do efeito antiinflamatorio e de ativagdo da
circulacdo sanguinea e respiratéria, ja que suprimem o0s depositos protéicos em
veias e artérias (PIZA et al., 2002). Isso acontece quando as enzimas bromelina,

ribonuclease, glicose oxidase, invertase e diastase presentes em Ananas COmosus,
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catalisam a quebra de liga¢gBes peptidicas, pela incorporacdo de moléculas de agua,
fluidificando o muco espesso (CESAR, 2005).

Acdao digestiva: o uso da bromelina foi um sucesso, como enzima digestiva, apés a
pancreactomia, em casos de insuficiéncia exécrina do pancreas, e em outras
desordens intestinais (KNILL; JONES et al., 1970, citados por THOURNE
RESEARSH, 1998; BHATTACHARYYA, 2008). Foi demonstrado também que a
bromelina pode ser utilizada em substituicdo a pepsina e a tripsina em casos de
deficiéncias dessas enzimas no organismo (WU et al., 2012).

A combinacéo de ox bile, pancreatina e bromelina é eficaz na digestdo de gorduras
em doentes pancreaticos com fezes estatorréicas, resultando num melhoramento
sintomatico da colica intestinal, flatuléncia e frequéncia das evacuacdes (THOURNE
RESEARSH, 1998).

Um estudo piloto que combinou bromelina, alginato de sodio, bicarbonato de sodio e
alguns Oleos essenciais, mostrou uma melhora significativa de sintomas dispépticos

por um efeito sinérgico desses componentes (PELICANO et al., 2009).

O abacaxi e a bromelina purificada tém sido utilizados também na fabricacdo de
balas para serem utilizados como auxiliares na digestdo. Além da utilizacao do fruto
in natura e assado em restaurantes no mundo inteiro (TOCHI et al., 2008; WU et al.,
2012).

Acdo Anti-diarréica: Evidéncias sugerem que a bromelina pode ser clinicamente (util
na neutralizacdo de alguns efeitos de certas enterotoxinas de patdégenos intestinais
como Vibrio cholera e Escherichia coli (PAVAN et al., 2012).

A bromelina parece impedir a secre¢ao do fluido intestinal mediada por ativacéo de
vias de sinalizacdo, em ambos os patégenos. Além disso existem sugestdes que a
bromelina apresenta um efeito anti-adesédo de E. coli, pois impede que o patégeno
se ligue ao receptores de glicoproteinas especificos ao mudar proteoliticamente os
seus sitios de ligacdo (MYNOTT et al., 1997; CHANDLER; MYNOTT, 1998).
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Procedimentos cirurgicos e ferimentos na musculatura esquelética: a bromelina
€ mais comumente utilizada no tratamento da inflamacéo dos ferimentos leves do
tecido e promove reducao clara de todos os parametros; inchaco, dor no descanso e
durante o movimento (MASSON, 1995, citado por THOURNE RESEARSH, 1998). A
administracdo numa pré-cirurgia pode reduzir o numero médio de dias para o
completo desaparecimento da dor e inflamac&o. Ensaios indicam que bromelina
pode ser eficaz em reduzir o inchaco e hematomas. Bromelina € utilizada no

tratamento da inflamacéo aguda e lesdes esportivas (PAVAN et al., 2012).

Aplicacéo circulatoria e cardiovascular: Bromelina tem sido eficaz no tratamento
de doencas cardiovasculares, uma vez que € inibidora da agregacao plaquetaria,
minimizando o risco de hipertenséao arterial. Pesquisas indicaram que a bromelina
minimiza a severidade de angina pectoris e do ataque sistémico transiente. Uma
combinacdo de bromelina com outros nutrientes podem proteger contra leséo
isquémica e reperfusdo de musculo esquelético. Uma reducédo drastica na incidéncia
de infarto apds administracao de orotato potassio e magnésio junto com 120-400 mg
de bromelina/dia (NIEPER, 1978, citado por THOURNE RESEARSH, 1998). Tem

sido utilizado na prevencéo e tratamento da tromboflebite (PAVAN et al., 2012).

Osteoartrite: Uma combinagédo de bromelina, tripsina e rutina foi comparado com o
tratamento com dicoflenaco em 103 pacientes com osteoartrite do joelho. Apds seis
semanas, os dois tratamentos resultaram numa reducdo significativa e semelhante
na dor e inflamacéo (PAVAN et al., 2012).

2.5 ESTRATEGIAS DE PURIFICACAO DE BROMELINA

A producéo em escala industrial depende de um conjunto de processos. A etapa de
obtencdo de um preparado de enzima inicia-se com extracdo da substancia
desejada. Segue-se 0 processo com as operagdes de separacao e concentracédo da
enzima de interesse (SANT’ANNA JUNIOR, 2005).
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Muitos processos biotecnoldgicos incluem as etapas de recuperacdo para a
separacao seletiva de uma proteina a partir de uma variedade de meios complexos,
mas a baixa concentracdo e a semelhanca entre as propriedades fisico-quimicas
das proteinas em fazer a separacao seletiva de uma molécula alvo é muito dificil e
dispendioso. Assim novos processos biotecnolégicos e estratégias dowstream
processing foram desenvolvidos para maximizar a recuperagéo de proteinas a partir
de extratos vegetais brutos, tornando o processo economicamente viavel (COELHO
et al., 2013).

O processo de separacdo e purificacdo de bioprodutos, € um segmento muito
importante na induastria biotecnoldgica, representando 80 a 90% do custo de
producédo (BELTER et al., 1988 citados por SARTORELO, 2004). O desenvolvimento
de técnicas de purificacdo de proteinas tem sido pré-requisito essencial para muitos
dos avancos na biotecnologia. De uma forma geral, a purificacdo desejada depende
do numero de etapas empregadas no processo e do uso a que se refere o produto
final. A chave para o sucesso e eficiente purificacdo da proteina é selecionar a
técnica mais adequada, otimizar o seu desempenho para atender as exigéncias e
combina-las em uma forma légica a maximizar a produtividade e reduzir o nimero
de passos necessarios. Consideracfes como custos de material, tempo de trabalho
e exequibilidade do processo sao importantes em termos de economia
(AMERSHAM, 1999; NETO, 2005).

Como resultado desta grande variedade de aplicagcbes da bromelina, existe uma
grande demanda desta enzima. Assim, a enzima comercial purificada ndo é téao
barata custando até 2.400 dolares por quilo (KETNAWA et al., 2012). Isto levou ao
desenvolvimento de varias estratégias de purificacdo para reduzir o custo de

obtencéo da bromelina do caule (BALA et al., 2012).

Os processos convencionais utilizados na extracdo e purificacdo de bromelina sao
muitas vezes bem trabalhosos, e frequentemente resultam em baixos rendimentos
de enzima. Assim, novas técnicas de purificacdo sdo altamente necessarias para
aumentar o rendimento global da atividade da enzima e ao mesmo tempo diminuir o

namero de passos envolvidos na purificacdo de bromelina (BALA et al., 2012).
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Algumas novas estratégias de purificacdo foram recentemente empregadas e
desenvolvidas para a extracdo e purificacdo de bromelina. Dentre elas estdo: a
extracdo liquido-liquido em sistema de duas fases aquosas (BABU et al., 2008 ;
KETNAWA, 2010; KETNAWA et al., 2011a ; KETNAWA et al. , 2011b; COELHO et
al., 2013) , Sistema de micelas reversas (HEBBAR et al., 2008 ; KUMAR et al., 2011,
HEBBAR et al.,, 2011), separacdo por membranas filtrantes (DOKO et al., 2005)
precipitacdo (DOKO et al., 2005 ; GAUTAM, et al, 2010 ; COSTA, 2010;
SILVESTRE et al., 2012) e diferentes técnicas cromatograficas (DEVAKATE et al.,
2009; GAUTAM et al., 2010; YIN et al., 2011; COSTA; FERNANDES; VENTURA,
2012). Essas estratégias incluem a utilizacdo dessas técnicas ou a associacao delas
(COSTA, 2010)(Figura 4).

- . CASCA

RESIDUOS AGRICOLAS E CAULE

AGROINDUSTRIAIS DO COROA

ABACAXIZEIRO FOLHA
TALO

e

HOMOGENEIZAGAO
/FILTRACAO
/CENTRIFUGACAO

e

MEMBRANAS _
FILTRANTES @ EXTRATO BRUTO + PRECIPITACAO
EXTRACAO EM DUAS FASES TECNICAS
MICELAS REVERSAS AQUOSAS CROMATOGRAFICAS

BROMELINA PURIFICADA

Figura 4 — Representacdo esquematica das estratégias de purificacdo de bromelina
Fonte: Adaptado e modificado de Bala et al. (2012)
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2.5.1 Extracéo liquido-liquido em sistema de duas fases aquosas

Em 1956, o holandés Beijerinck observou a separacao de duas fases aquosas apos
misturar gelatina (ou amido) e agar. Neste mesmo ano, Albertsson observou que,
através deste sistema, era possivel que da adicdo de material biolégico, este fosse
coletado em uma das fases por ajuste de parametros fisico-quimicos (CESAR,
2000).

A extracdo em duas fases aquosas é um eficiente método para separagédo e mistura
de proteinas ou enzimas. Pode remover subprodutos indesejaveis presentes no
sistema, tais como, polissacarideos nédo identificados, proteinas e pigmentos que

interferem ou reduzem a atividade das enzimas (NADZIRAH et al., 2013).

Dentre as vantagens de se aplicar um sistema de duas fases aquosas destacam-se
o elevado rendimento; a faixa de trabalho préximo ao equilibrio; facil ampliacdo de
escala; processamento continuo; baixo custo do processamento; possibilidade de
evitar a degradacdo de compostos e consequentemente a desnaturacao de
proteinas que pode ser causada com uso de energia térmica usada por processos
de separacdo; aumento da seletividade da extracdo, além do emprego de
compostos pouco volateis e em pequena quantidade; e possibilidade de pesquisa de
novos compostos formadores de fases, especialmente para substituir o polimero

dextrana que possui elevado custo (CAMPESE, 2004).

Para um melhor entendimento do sistema bifasico aquoso, varios autores propdem
modelos e teorias que expliguem essa formacado de fases tentando prever a curva
binodal dos sistemas polimero-sal e polimero-polimero. Entretanto, a existéncia de
inUmeros modelos ocasiona ao pouco entendimento das misturas liquido-liquido,
nao determinando uma boa compreensédo da melhor teoria a ser utilizada (CESAR,
2000; COELHO, 2013).

Para um sistema polimero-polimero, a teoria de Flory-Huggins € a mais utilizada,
chegando a oferecer uma Otima aproximacdo da curva binodal. Constitui-se
basicamente de um estudo estatistico de como as moléculas e macromoléculas

podem se distribuir e redistribuir até que possuam arranjos e configuracdes que
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possam ser estudados. Outra teoria também utilizada é a do volume excluido, em
gue com argumentos estatisticos e geométricos determina-se a concentracao de
cada polimero em cada fase através da quantidade de moléculas que € ajustada no
volume da fase (CESAR, 2000).

Para um sistema polimero-sal, a teoria mais aplicavel € o modelo de Ptizer, em que
se combinam parametros eletrostaticos com a interacdo entre as moléculas do
soluto, simplificando os mecanismos estatisticos. Pela teoria de Debye-Huckel, leva-
se em consideracdo a distribuicdo dos ions na solucdo para o célculo de potencial
quimico, entretanto & medida que a concentracdo ibnica aumenta, o desvio entre 0s
resultados tedricos e empiricos também aumentam, em funcao de ser usado apenas
em solucdes diluidas, onde o comportamento eletrostatico domina. Pode também
ser aplicavel para polimero-polimero com sais (CABEZAS JUNIOR, 1996, citado por
CESAR, 2000).

As maiorias dos polimeros hidrofilicos, naturais ou sintéticos misciveis com agua,
mostram separacdo de fase em uma mistura com um segundo polimero ou com
sais. A composicdo das fases e a concentracdo das misturas para que ocorra a
separacdo de fases, podem ser representadas através de um diagrama genérico de
fases (CESAR, 2005).

A Figura 5 representa as concentracfes para um sistema expressas em
porcentagem (p/p), em que a curva que separa a regido em duas areas distintas é
chamada de curva binodal ou curva de equilibrio. A regido acima (B) € bifasica e
abaixo (A) monofasica (CESAR, 2000; CABRAL et al., 1993, citados por CAMPESE,
2004; CESAR, 2005).

A composicao inicial do sistema é representada por M e, a composicao final apos
atingir o equilibrio, de cada fase, esta representada por T (fase superior ou de topo)
e F (fase inferior ou de fundo). A linha TMF é conhecida como linha de amarragéo e
todos os sistemas cuja composicao inicial esta contida nesta linha possuem a
mesma composicdo de fases apdés o equilibrio, porém com diferentes razdes de
volume entre as fases superior e inferior. Ja a linha de amarragéo determinada pelo
ponto N, define uma nova linha que aumentou proporcionalmente a concentragao

das fases em relagdo a linha de amarragdo determinada por M. Esta variacdo de
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pontos, do M para o N, segundo Cesar (2000), ndo se obtém melhora significativa na
recuperacdo e purificacdo de proteinas. Ja Campese (2004), considera que o0
comprimento das linhas de amarracdo é responsavel por muitos efeitos envolvidos
na particdo dos componentes e prevé que o coeficiente de particdo aumenta a
medida que aumenta a diferenca da composi¢cao das fases. Ou seja, 0 aumento da
linha de amarracdo promove alteracdo da particdo das proteinas (CARLSON, 1988,
citado por CAMPESE, 2004). Diferentemente de Cesar (2000), Campese (2004) se
baseia na teoria de Floury-Huggins, utilizada apenas para sistema polimero-polimero
e nao polimero-sal, como aborda Cesar (2000) em seu trabalho.

Y pip PEG

Y2 p'p Saloupolimero

Figura 5 -Diagrama de fases genérico representando a curva binodal, linha de amarracéo
(eixo TMF) no ponto M e N e os sistemas monofasico (A) e bifasico (B) em um
sistema PEG/Sal ou polimero. Fonte: Cesar (2000); Campese (2004).

O diagrama de fases de um determinado sistema pode ser influenciado por fatores
como massa molecular do polimero, concentracdo dos componentes do sistema,
temperatura, adicdo de sais, e pH (KULA et al., 1982, citados por CAMPESE, 2004,
CESAR, 2000; CESAR, 2005).

No que se refere a massa molecular dos polimeros, quando a mesma é aumentada,
a separacdo das fases sera obtida com concentracdes mais baixas de polimeros.
Havera um deslocamento da binodal no sentido da regido monofasica em funcéao do
aumento do massa molecular do polimero e as fases apresentam maior quantidade
de &gua. Quanto maior for a diferenca entre as massas molares dos polimeros, mais
assimétrica sera a binodal (FORCINITI, 1991; ALBERTSSON et al., 1994, citados
por CESAR, 2000) e maior o comprimento da linha de amarracao.
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O efeito da temperatura altera a composi¢do das fases no equilibrio, deslocando a
curva binodal e modificando o comprimento da linha de amarracéo. Este efeito é
diferente de sistema para sistema, mas em geral o comprimento da linha diminui
com aumento da temperatura (CESAR, 2000; CAMPESE, 2004).

O efeito da adi¢cdo de sais altera o diagrama de fases em funcdo do tipo de sal
adicionado, e com o sistema bifasico aguoso. O aumento da concentracdo de sais
monovalentes (>0,1M) em sistema polimero-polimero altera a composicao das fases
sem provocar alteragbes significativas da binodal. Entretanto, sais multivalentes
possuem a preferéncia pela fase inferior, alterando a composicdo das fases e
deslocando a binodal e, quando os polimeros séo carregados, a separacao de fases
€ bastante dependente da composicao i6nica. Quanto a adicdo de sais a sistemas
constituidos por polimero-sal, tem-se que quanto maior for a carga do anion, mais
baixa a concentracdo de sal necessaria para que ocorra a separacdo das fases
(CESAR, 2000).

Numa alteracdo de pH, observa-se em pesquisas com polimero-sal, que seu

aumento tende a levar a menores concentracdes de polimero e sal (CESAR, 2000).

Além destes fatores, devem-se considerar as propriedades fisicas das fases como a

tensao interfacial, viscosidade, pressdo osmatica e tempo.

A tensdo interfacial entre as fases € muito pequena, o que contribui para a formacao
rapida de fases e minimizacéo da desnaturacédo de biomoléculas que condensam na
interface, preservando sua atividade biolégica. Diante do aumento da concentracédo
do polimero, entretanto, ha aumento da tensdo superficial (ALBERTSSON, 1986,
citado por CAMPESE, 2004).

A viscosidade é diretamente proporcional a massa do polimero, ou seja, quanto
maior a massa molar desse polimero, mais elevada a viscosidade das duas fases
em equilibrio (ALBERTSSON, 1986, citado por CAMPESE, 2004). Esse aumento
pode ser minimizado com uso de concentragcdes mais baixas destes polimeros para
a formacéo das fases. Desta forma, a viscosidade é extremamente dependente das
concentracdes (TJERNELD; JOHANSSON, 1990; CABRAL et al., 1993, citados por
CAMPESE, 2004).
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Ja a pressdo osmoética das fases é pequena quando se tem elevadas massas
molares dos polimeros formadores de fases. Quando as fases estdo em equilibrio,
essa pressdo € a mesma para ambas, mas em elevadas concentracbes dos
polimeros, a pressdo osmotica € independente da massa molar (ALBERTSSON,
1986, citado por CAMPESE, 2004).

E, por fim, o tempo de separacdo das fases apdés a mistura dos componentes
depende do tipo de sistema em que se encontram, onde uma maior densidade e
viscosidade produzem separacdo mais lenta. Deve-se ainda considerar que quando
se agita um sistema de maneira a uniformiza-lo, inicialmente ocorre formacédo de
pequenas bolhas ricas em cada componente que, com 0 tempo aumentam-se e
ocorre a separacao em regides distintas. Este tempo de coalescéncia é dependente
do tempo necessario para a separacao das fases (ALBERTSSON, 1986, citado por
CAMPESE, 2004).

Em sistemas préximos ao ponto critico, o tempo de separacdo € maior a uma
pequena diferenca de densidade, assim como nos pontos mais afastados onde a
viscosidade é alta devido ao aumento da concentracdo dos polimeros, requerem-se
tempos longos de separacdo. De maneira geral, as propriedades fisicas dos
sistemas bifasicos aquosos podem ser alteradas por manipulacdo de sua
concentracdo e composicado dos polimeros e sais (ALBERTSSON, 1986, citado por
CAMPESE, 2004).

Existem varios sistemas de duas fases aquosas que podem ser divididos em quatro

grupos:
1. Dois polimeros nao-iénicos

e PEG!/ficoll, PEG/dextrana, PEG/polivinil alcool,
polipropilenoglicol/dextrana, metilcelulose/hidroxipropildextrana,

ficoll/dextrana;
2. Um polieletrolito e um polimero né&o ibnico

e Sulfato de dextrana de sdédio/polipropilenoglicol, carboximetildextrana

de s6dio/PEG, carboxometilcelulose de sodio/metilcelulose;
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3. Doais polieletrdlitos

e Sulfato de dextrana de sodio/carboximetildextrana de sddio,
carboximetildextrana de soédio/carboximetilcelulose de sédio;

4. Um polimero ndo-iénico e um composto de baixa massa molecular

e Propilenoglicol/fosfato de potassio, PEG/fosfato de potassio,
metoxipolietilenoglicol/fosfato de potéssio, polipropilenoglicol/glicose,
PEG/glicose, PEG/sulfato de magnésio, PEG/citrato de soédio; PEG
(NH4)2SO4 (CESAR, 2000; COELHO et al., 2013).

Ao final de uma particdo bifasica aquosa, deve-se considerar a purificacdo das
moléculas biolégicas presentes e a reutilizacdo dos polimeros constituintes. A
modelagem quantitativa da particdo de proteinas nestes sistemas representa um
complexo problema, pelo fato do comportamento do sistema depender de varios
fatores, tais como, tamanho da molécula, conformacédo, estrutura da superficie,
interagbes de polimeros com as cadeias de proteinas e com diferentes sais,
interacOes polimero-polimero, sal-proteina, proteina-proteina e, quando usados, as
interacOes dos ligantes com 0s outros componentes presentes no sistema. Estudos
experimentais com SBA (Sistemas bifasicos aquosos) mostraram que a distribuicao
da proteina se da em funcéo de diversos fatores (BASKIR et al., 1989, citados por
CESAR, 2000):

e Tipo dos polimeros que formam as fases: peso médio, distribuicdo do massa

molecular, modificacfes quimicas poliméricas;

e Composicdo das fases: comprimento da linha de amarracdo, tipo de ions
presentes ou adi¢cao ao sistema, forca idnica;

e Biomolécula: tamanho, carga, propriedades superficiais, concentracao;
e pH e temperatura.

As condi¢cbes adequadas para a particdo de proteinas devem ser encontradas
experimentalmente devido a interdependéncia dos fatores citados anteriormente,

verificando-se a influéncia de cada um e a interacdo entre as variaveis no
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comportamento do sistema. Diante deste comportamento, dependendo do sistema
constituinte das fases, a proteina pode ser purificada da fase PEG ou da fase do
polimero ou sal (BASKIR et al., 1989, citados por CESAR, 2000).

Nos processos biotecnolégicos em que se utilizam biomoléculas ou células, existe
um numero limitado de solventes adequados para a separacdo de biomoléculas
devido as suas caracteristicas de superficie molecular, que faz com que essas

moléculas fiquem suscetiveis a desnaturacdo na presenca de solventes organicos.

A constituicdo das fases, em torno de 70 a 90% de &agua, proporciona ambiente
ameno para 0S compostos biologicamente ativos, pois n&o preservam sua
estabilidade molecular (CESAR, 2000; NADZIRAH et al., 2013).

O sistema bifasico de fases aquosas foi utilizado para separacdo e purificacdo de
uma mistura de bromelina e polifenoloxidase do abacaxi. A técnica rendeu um valor
4 de fator de purificacdo da bromelina (BABU et al., 2008).

Ketnawa et al. (2010) apresentaram um processo que purifica bromelina a partir da
casca de abacaxi, rendendo 2,23 de fator de purificacdo. Em 2011 o mesmo grupo
purifica com 3,44 de fator de purificacdo, utilizando dgua destilada contendo cisteina
e EDTA, e tampéo fosfato pH 7.

Campese (2004) buscando uma nova alternativa para o sistema bifasico aquoso,
utiliza a extracdo e recuperacdo da bromelina com o sistema PEG/Policaju
(POLICAJU -. exsudado do cajueiro, heteropolissacarideo ramificado) e recupera
uma a enzima com apenas 68,82% de atividade.

Coelho et al. (2013), utilizaram um método ndo-convencional utilizando o sulfato de
amoénio (NH4).SO, como sal na regido inferior para purificar a bromelina,

apresentando um valor maximo de 11,80 de fator de purificacéo.

Os sistemas bifasicos PEG-Sais apresentam, no entanto, alguns problemas que
limitam sua aplicabilidade. Estes sistemas formam-se com elevadas concentragbes
de sal em ambas as fases, o que pode causar a desnaturacdo de estruturas
biologicas. Estes sistemas apresentam ainda o inconveniente de adicionarem

elevadas concentracbes de fosfatos e sulfatos aos efluentes industriais, ao se
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pensar em uma producdo em larga escala, gerando uma preocupacdo ambiental
(CAMPESE, 2004; PORTO et al., 2008; NADZIRAH et al., 2013).

2.5.2 Sistemas de micelas reversas

A extracao liquido-liquido por micela reversa veio para suprir as necessidades da
extracdo por duas fases aquosas, através de sua capacidade de solubilizar
biomoléculas especificas de uma solucdo aquosa, sendo apontada como uma
ferramenta (til e versatil para a recuperacao destas, especialmente das proteinas
(BORRACINI, 2006; BALA et al., 2012).

O sistema de micelas reversas € uma técnica de extracao liquido-liquido promissora
para a purificacdo de bimoléculas a partir de solucdes diluidas (BALA et al., 2012).
Dentre as vantagens da utilizacdo dessa estratégia, estdo a operacao simples e a

preparacdo continua.

Esta técnica baseia-se na propriedade que os agentes tensoativos (moléculas que
possuem em sua estrutura uma extremidade hidrofébica e outra hidrofilica) tém de
auto organizar-se quando em solucdo, em presenca de agua, na forma de estruturas

esféricas ou elipsoidais, que sdo chamadas de micelas (BORRACINI, 2006).

Os agentes tensoativos sdo formados por moléculas de surfactantes que tém na
mesma molécula uma porcao hidrofilica ou polar, denominada cabeca, e uma
porcdo hidrofébica ou apolar, a qual é referida como cauda (SHIPOVSKOV et al.,
2005, citados por BORRACINI, 2006).

Em um meio apolar, as micelas apresentam sua orientacdo inversa em relacdo a
formacao da estrutura micelar em agua, assim, obtém-se a chamada micela reversa;
aglomerados moleculares elipsoidais ou esféricos, cujo nucleo por suas
caracteristicas hidrofilicas pode em determinadas condi¢des reter 4gua, a qual fica
parcialmente protegida do contato com o solvente organico pelo agregado de
moléculas de surfactante (LUISE et al., 1988; MEYER ,1992; JOLIVALT et al., 1993;
BRANDINI et al., 1994, citados por BORRACINI, 2006).
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A micela reversa é composta por trés regides, sendo que a primeira é formada pela
cauda hidrofébica do tensoativo, que fica em contato direto com o solvente apolar; a
segunda € a periferia micelar onde as moléculas de agua estdo fortemente ligadas
aos nucleos polares das moléculas do tensoativo; e a terceira € o centro micelar,
formado pela agua contida no interior da micela que esta ligada ao tensoativo ou
agua livre (AIRES; BARROS; CABRAL, 1991, citados por BORRACINI, 2006).

A auto-organizacdo do surfactante em sistemas micelares para a purificacdo de
proteinas depende basicamente do equilibrio em um sistema ternério constituido
pelo solvente orgéanico, agua e surfactante; variando-os de maneira a atingir-se a
concentracdo micelar critica, ou seja, a faixa de concentracdes onde ocorre a
formacao de micelas (SEOUD et al., 1999, citados por BORRACINI, 2006).

O mecanismo de formacao de micelas reversas ndo esta totalmente elucidado. No
entanto, a teoria mais aceita descreve a formacédo da mesma como um mecanismo
cooperativo entre proteina e tensoativo: a interface entre as duas fases (aquosa e
micelar) se deforma em torno da proteina, formando a micela e transferindo-a para a
fase organica (DUNGAN et al.,1991, citados por BORRACINI, 2006).

7

Quanto ao surfactante para sistemas micelares, é importante a classificacdo de
acordo com a carga de sua porcdo hidrofilica em: catibnico, anidénico, neutro e
anfétero (GOTO et al.,, 1997, citados por BORRACINI, 2006). A escolha de qual
surfactante que serd melhor aplicado ao processo de separacdo dependera de
caracteristicas da proteina e do sistema em si. Deve-se levar em conta o valor do

ponto isoelétrico das mesmas e o tamanho da micela desejada (BORRACINI, 2006).

O ponto isoelétrico (pl) da proteina é quem definira a escolha do tipo de surfactante
para sistemas micelares, se aniénico ou catiénico. Ao trabalhar com a proteina em
valores de pH abaixo do seu pl, a mesma apresentara distribuicdo de estado de
ionizacdo dos residuos positivo; portanto para uma melhor transferéncia de massa
preferencialmente escolheria-se um tensoativo aniénico. Para o caso contrario, ou
seja, o pH do sistema acima do pl, o valor da distribuicdo de cargas na molécula de
proteina seria negativa, portanto o surfactante preferencialmente escolhido para a

promocdo de transferéncia entre as fases seria o catibnico (MEYER, 1992, citado
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por BORRACINI, 2006). A concentragcdo do tensoativo também interfere na
formacao micelar (BORRACINI, 2006).

Na escolha do solvente deve-se levar em consideracdo que o mesmo seja imiscivel
em agua, entre os solventes organicos utilizados como meio dispersivo na formacéo
de micelas, destacam-se os hidrocarbonetos alifaticos, como o n-octano, isooctano,
porém para os aromaticos como o benzeno e o xileno e os halogenados como o
cloroférmio, também podem ser utilizados (LUISI; MAGID, 1986; LUISI et al., 1988;
YANG; ROBB, 2005; PACHECO et al., 2005, citados por BORRACINI, 2006).

H& muitos relatos na literatura utilizando o sistema de micelas reversas para
extracdo e purificacdo de bromelina. Hebbar et al (2008) extrairam bromelina a partir
dos residuos de abacaxi e do talo rendendo um fator de purificacdo de 5,2. Ha
relatos também da purificacdo de bromelina a partir do suco do abacaxi
(HEMAVATHI et al., 2007), e rendeu um fator de purificacdo de 4,54 (BALA et al.,
2012).

2.5.3 Separagéo por membranas filtrantes

A técnica de separacdo por membranas é representada principalmente pela osmose
inversa (Ol), nanofiltracdo (NF), ultrafiltracdo (UF) e microfiltracdo (MF). Uma das
vantagens deste processo é que nao se utilizam compostos quimicos. E uma técnica
que tém sido utilizadas nos mais diversos setores industriais em fungdo do baixo
consumo de energia, reducdo do numero de etapas em um processamento, maior
eficiéncia na separacéo e alta qualidade do produto final (PETRUS, 1997 citado por
JULIANO, 2004).

Os processos com membranas incluem varias técnicas, nas quais a pressao é
utiizada para passar o efluente sobre uma membrana semi-permeavel. Essa
membrana permite que o0 solvente atravesse, mas impede a passagem das
substancias soluveis que estdo contidas na solucdo. Dentre 0s processos com
membranas, pode-se mencionar; nanofiltracdo, microfiltracdo, ultrafiltracdo, osmose

inversa, didlise, eletrodialise, pervaporacao (JULIANO, 2004) (Tabela 3).
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Processos Forca Motriz ~ Material Retido Material que Aplicacdes
permeia
Material em * Esterilizag&o
S ~  Diferencial de suspensao, " . * Clarificacdo de
Microfiltragéo ~ bactéri Agua e sais inh .
(MF) pressao actérias. dissolvidos ~ Vinhos e cervejas
(0,5 -2 atm) Massa molecular * Concentracao de
>> 500.000 Da células

* Fracionamento e
Coldides, Agua, sais concentragdo de

Diferencial de
presséo
(1 -7 atm)

macromoléculas.
Massa molecular >
5.000 Da

Ultrafiltragéo
UF) massa molar,

acucares

sollveis de baixa

proteinas

* Clarificacdo de
bebidas

* Recuperagéo de
pigmentos e 6leos

Moléculas de
massa molecular

Agua , sais e

Diferencial de .
moléculas de

Nanofiltracdo ~
presséo

* Purificacao de
enzimas

* Recuperagéo de
corantes de
efluentes da

- 25 atm indastria téxti
(NF) 5 25 at egt(r)% g(g)ae balxrior}naa;ssa dustria taxtil
’ * Concentracao de
lactose e outros
acucares
* Dessalinizagéo de
aguas
N ~
Osmose Diferencial de Todo material ) Sli%ncggt;ﬁ:g de
inversa pressao soltvel ou em Agua * Desalcoolizacdo de
(on (15 - 80 atm) suspensao bebidas
* Desmineralizagéo
de aguas
- , : Moléculas de fons e organicos * Hemodidlise
Didlise Diferencial de I . N ~
(D) concentracio massa molar de baixa massa * Recuperacao de
maior que 5.000 Da molar NaOH
N ~
- Diferencial de  Macromoléculas e Conc?ntraga}o de
Eletrodidlise . ~ . solucdes salinas
potencial compostos néo lons N S
(ED) o LA Purificacéo de
elétrico idnicos .
aguas
* Desidratacdo de
Pervaporacdo Presséao de Liquido menos Liquido mais alcoois
(PV) vapor permeavel permeavel  * Concentracdo de

aromas

Fonte: Juliano (2004).
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A viabilidade em escala industrial deste processo de separacdo por membranas
depende, dentre outros fatores, da escolha adequada da membrana para o
processamento de um determinado produto, inclusive que a membrana tenha alto
fluxo, retencdo desejada, altas resisténcias quimica, mecanica e térmica, e vida util
relativamente longa. O elevado custo destes processos em nivel industrial deve-se
principalmente ao preco das membranas e, em alguns casos, a necessidade de
frequente substituicdo destas (LAWRENCE et al.,, 1997, citados por JULIANO,
2004).

O uso de microfiltragdo e ultrafiltracdo tem sido amplamente empregado na
separacdo de biomoléculas com interesse industrial. Existem varios trabalhos que
utilizam a tecnologia de separacdo de membranas para purificacdo de bromelina
(BALA et al., 2012).

Doko et al. (2005) reportaram o0 uso para purificacdo de bromelina. A bromelina
purificada foi obtida utilizando uma sequéncia em batelada que envolvia
microfiltracdo, ultrafiltracdo seguida por extracdo com sulfato de amonio. Os
resultados obtidos mostraram 50% de recuperagdo com 98% de proteina.

Outros trabalhos mostram a purificacdo de bromelina da polpa do abacaxi
combinando a microfiltracdo e ultrafiltracdo, apresentando 85% de atividade de
bromelina recuperada (LOPES et al., 2009). Também ha relatos na literatura
utilizando membrana de adsorcdo com oxido de titanio e ultrafiltracdo apresentando
5,3 de fator de purifficacdo (CHAO et al., 2009 citado por BALA et al., 2012).

2.5.4 Precipitacéao

A separacdo de proteinas de meios aquosos por precipitacdo é um dos métodos
mais tradicionais para a recuperacao e purificacdo parcial dessas biomoléculas. Este
método implica na alteracdo da estrutura tridimensional da proteina,
desconformando-a, por isso aplicado somente quando a ressolubilizacdo do
precipitado € possivel. Os precipitados de proteinas sdo agregados de moléculas
protéicas, grandes o suficiente para serem decantados ou centrifugados (CESAR,
2005).
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A solubilidade das proteinas depende da distribuicdo de grupos ionizaveis, zonas
hidrofébicas e hidrofilicas na superficie da molécula. Tais caracteristicas sao
responsaveis por interacées polares com o solvente aquoso, interaces ibnicas com
0S sais presentes no meio, além da repulsdo eletrostatica entre moléculas de
mesma carga. A presenca de solventes organicos, pH, sais ou polimeros séo fatores
importantes na solubilidade das proteinas, podendo induzir a precipitacdo se houver
mudanca em um desses fatores (SCOPES, 1994, citado por SARTORELLO, 2004).

A adicdo de solventes organicos misciveis em agua tais como etanol, metanol ou
acetona a um meio aquoso contendo proteinas causa uma variedade de efeitos, os
quais, combinados provoca a precipitacdo da proteina. O tamanho da molécula é
importante, e geralmente as de maior massa molecular sdo precipitadas em

menores concentragdes de solvente (NETO, 2005).

O solvente destr6i a camada de hidratacdo hidrofébica em torno das zonas
hidrofobas e passa a circundar tais regides devido a maior solubilidade destas em
meio ao solvente. Com isso, as regides carregadas com carga positiva ou negativa
da superficie da proteina podem interagir, atraindo-se umas as outras, formando
agregados. As interagfes do solvente com as zonas hidréfobas internas causam

uma desconformacao irreversivel da proteina (CESAR, 2005).

Para evitar a desnaturacdo o solvente deve ser usado resfriado adicionado
lentamente sob agitacdo, ou seja, 0 processo deve ser efetuado em baixas
temperaturas da ordem de zero ou abaixo, pois nestas condi¢des a flexibilidade da
molécula é menor, reduzindo a capacidade de penetracdo do solvente e a
desnaturacao irreversivel das proteinas, sendo que, os alcoois de cadeia mais longa
apresentam maior efeito desnaturante do que os de cadeia mais curta (SCOPES,

1994, citado por CESAR, 2005).

Uma carga global préxima a zero na superficie da proteina, o que acontece no ponto
isoelétrico das proteinas (pl), minimiza a repulsdo eletrostatica podendo causar
precipitacdo por interacdo entre as zonas hidrofébicas, e esse processo chama-se
precipitacdo isoelétrica, e € realizado apenas com a corre¢cdo do pH, assim, a

precipitacdo ocorrerd em concentracfes mais baixas de solventes. De modo geral, a
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precipitacdo por qualquer método escolhido é facilitada no ponto isoelétrico da
proteina (CESAR, 2005).

A precipitacdo com 80% v/v de etanol, a 5°C e no pH original da amostra € uma
forma adequada para a recuperagao da bromelina presente no fruto do abacaxi com
rendimento de cerca de 100%. A vantagem de utilizagdo do etanol como agente de
precipitacdo encontra-se na abundancia e baixo custo deste solvente, tornando a
recuperacdo da enzima economicamente interessante. O etanol pode ser reciclado
ao processo por operacdo de destilacdo, reduzindo impactos ambientais pela
liberacdo de efluentes. As desvantagens do seu uso s&o: a necessidade de
operacdo a baixa temperatura para minimizar a desnaturacdo da enzima e o perigo
de inflamabilidade deste solvente (SANTOS, 2006). Sant’Anna Junior (2005) relatou
que apesar de muitos trabalhos optarem pelo etanol, a acetona é precipitante mais
conveniente na preparagdo industrial de bromelina, pois utiliza-se um volume de
acetona para quatro volumes de etanol. E, assim como o etanol, pode ser

recuperada destilando-se o sobrenadante resultante da centrifugacao.

A adicdo de sais neutros e acidos, principalmente (NH4), SO, a elevadas
concentracdes 1,5 a 3,0 M, reduz a disponibilidade da 4gua devido a hidratacdo dos
ions, criando condicbes para a precipitacdo, a qual ocorre principalmente por
interacdo das zonas hidréfobas. O sal e outros precipitantes ndo provocam a
precipitacdo de todas as proteinas, pois o0 seu efeito € o de reduzir a solubilidade.
Com isso, a concentracdo de sal ou solvente que provoca a precipitacédo varia com a
concentracdo da proteina e a presenca de outras proteinas contaminantes. Este fato

€ aproveitado para a realizacdo de um fracionamento (CESAR, 2005).

A adicdo de sais como NaCl ou (NH4),SO,4 aumenta a forga ibnica, de tal forma que
as moléculas protéicas se agregam e precipitam. O sal é adicionado ao
sobrenadante até uma porcentagem de saturacdo em que a enzima de interesse &
precipitada e obtida por centrifugacéo, a qual deve ser realizada a frio e mantida a 0°
C. A composicdo do extrato pode influenciar a precipitagdo, assim como sua
concentracdo e a temperatura. A adicdo do sal deve ser lenta e sob agitacao para
favorecer a homogeneizacdo; a adicdo na forma de p6 tem a vantagem de nao

aumentar muito o volume do sobrenadante, evitando problemas de centrifugacgéao.
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ApoOs a centrifugacdo, o sedimentado (“pellet”) pode ser redissolvido em tamp&o
adequado, utilizando-se um volume de aproximadamente duas vezes o volume do
“pellet”’, o solvente presente no mesmo, ao final do processo, pode ser retirado por
evaporacdo ou tratamento sob vacuo, preferencialmente a 4°C. Como a
concentracdo de sulfato de amdnio nesse ponto ainda é alta pode ser necessaria
uma dessalinizacdo para a medida de atividade e também para procedimentos

posteriores de purificacdo (NETO, 2005).

A precipitagdo com sulfato de amoénio tém sido amplamente empregada para
precipitar proteinas de uma forma parcial. O sulfato de aménio é o mais empregado

por ser considerado de baixo custo e suficientemente soluvel (BALA et al., 2012).

Devakate et al (2009) ao purificarem bromelina do fruto do abacaxizeiro encontram

um fator de 2,81 de purificacdo na fragéo de 40-60%.

Também foram encontrados valores elevados (98%) em atividade de bromelina
purificada parcialmente a partir do caule do abacaxizeiro na fragdo 50-75% de
saturacdo. Na comparacdo com a precipitacdo por acetona, a bromelina do caule
manteve o0s valores mais elevados de atividade quando precipitada com sulfato de
amonio (82 e 98% respectivamente) (COSTA, 2010).

2.5.5 Técnicas Cromatogréficas

As técnicas cromatograficas tém sido amplamente e continuamente utilizadas com
sucesso em desenvolvimento de metodologias de separacdo e purificacdo de
bromelina do abacaxi. Dentre as técnicas utilizadas na purificacdo merecem
destaque a cromatografia por troca iGnica cromatografia por exclusdo molecular; e
entre a menos utilizada esta a cromatografia por afinidade (BABU et al., 2008; BALA
et al., 2012).

Os métodos cromatograficos sdo os procedimentos de separacao e isolamento que
podem ser usados para fins de identificacdo e analise de misturas e substancias
isoladamente, chamadas de cromatografia analitica e, usadas para isolamento de

compostos, neste caso cromatografia preparativa. A fase estacionaria é formada por
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particulas esféricas de material insolivel e pode estar numa coluna aberta ou
fechada, ou ainda constituir uma superficie plana, como na cromatografia em papel
e camada delgada (FALKENBERG; SANTOS; SIMOES, 2004).

As enzimas que possuem maior atracéo pela fase estacionaria irdo fixar e mover-se
lentamente daquelas que tém maior afinidade pela fase moével. A fase estacionéria é
chamada de matriz ou resina que pode ser modificada pela ligacdo de grupos
guimicos para conferir-lhe determinadas caracteristicas fisico-quimicas adquiridas a
cada processo. As matrizes mais comuns sao polimeros como celulose, dextrana,
agarose, poliacrilamida e poliestireno, e devem possuir alta estabilidade quimica,
mecanica e biologica (NETO, 2005). Em geral, a técnica envolve a montagem da
coluna ou placa, aplicacdo da amostra, desenvolvimento, revelacao, visualizacédo e
extracdo da substancia retida (FALKENBERG; SANTOS; SIMOES, 2004).

Para isolamento e separacédo da bromelina do caule e do fruto tem sido utilizada a
cromatografia de troca ibnica que se baseia na adsorc¢éo reversivel de moléculas do
soluto carregadas a grupos idnicos de cargas opostas ligadas covalentemente a um
suporte. Esta técnica de purificacdo de proteinas depende basicamente de quatro
passos, como equilibrio da resina em pH e condutividade, adsor¢cao das proteinas
pela resina, eluicdo destas proteinas e regeneracdo da resina (CABRAL, 2005;
COSTA 2010).

As enzimas carregam grupos ionizados em sua superficie em funcao principalmente
dos residuos de aminoé&cidos, em que as cargas positivas sdo devidas aos residuos
de histidina, lisina, arginina e amina N-terminal e, as cargas negativas, devido aos
acidos aspértico e glutamico e ao grupo carboxi-terminal. O balanco das cargas

depende da quantidade desses grupos e isso varia com o pH (NETO, 2005).

O ajuste do pH deve facilitar a adsorcdo da enzima, porém nao de modo a dificultar
a eluicdo, como ocorre quando se tem uma diferengca maior no pH levando uma
ligacdo entre enzima e resina. A eluicdo torna-se mais eficaz quando se utiliza um
gradiente linear em que o pH ou a forca idnica sofre uma mudancga continua,
entretanto sdo pouco utilizados em relagcdo a forca idnica, pois existe pouca
reprodutibilidade e é dificilmente produzido em funcdo das mudancas de pH para

uma forga ibnica constante (NETO, 2005).
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As proteinas séo anfifilicas e possuem tanto carga liquida positiva quanto negativa,
dependendo do pH do meio e do seu ponto isoelétrico (pl). Portanto, para sua
purificacdo pode ser utilizado tanto trocador aniénico quanto catiénico. A escolha do
trocador i6nico dependerd da estabilidade da proteina em fungcdo do pH a ser
utilizado. Na selecédo da resina para purificacdo de enzimas, o pH de estabilidade
deve ser considerado para que se trabalhe numa faixa adequada. Se a enzima é
estavel acima do pl, uma resina trocadora aniénica devera ser escolhida, assim
como abaixo do pl, uma resina trocadora catibnica sera escolhida (NETO, 2005;
PESSOA JUNIOR; KILIKIAN, 2005).

Na cromatografia de troca ibnica, a de troca cationica é a metodologia mais comum
e bem aceita de cromatografia para a separacdo de misturas de proteinas. A
cationica oferece boa capacidade dinamica, alta especificidade, boa escalabilidade,

custo relativamente baixo e de simples execucdo (NADZIRAH et al., 2013).

Outra técnica que tem sido empregada na purificacdo de bromelina é a
cromatografia de filtracdo em gel, que ocorre segundo a separacdo de moléculas em
funcdo de suas massas moleculares numa coluna envolta pela fase movel. As
matrizes (gel) sdo dotadas de esferas com poros que variam de tamanho, de acordo
com o tipo da resina. As moléculas maiores ndo conseguem penetrar nos poros e
sdo arrastadas pela fase mével, enquanto as de menor tamanho séo retidas por
mais tempo no interior da coluna. A escolha da porosidade é fundamental, pois
moléculas maiores saem primeiro e estdo sujeitas a menor turbuléncia e difuséo, ja
as moléculas menores, sujeitas a maior difusédo e eluicdo em picos mais amplos em
uma velocidade maior ( FALKENBERG; SANTOS; SIMOES, 2004; NETO, 2005).

Vérios fatores devem ser levados em consideracdo para se escolher o gel
adequado, mas basicamente a escolha dependera da finalidade a ser alcancada. Se
0 objetivo é a separacdo de moléculas grandes, por exemplo, enzimas, de moléculas
pequenas como sais e outros solutos com massa molecular menor que 3000 Da,
géis com poros pequenos sao utilizados. Neste caso, as enzimas sao excluidas dos
poros e sdo eluidas na fase movel. Géis adequados para este fim sdo, por exemplo,

o0 Sephadex (Pharmacia) derivado do dextrano e Biogel (Bio-Rad). Para maior
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resolucdo, géis com diametro menor (grau fino ou superfino) devem ser escolhidos
(NETO, 2005).

Suh et. al. (1992) purificaram a bromelina do fruto e do talo até a homogeneidade

por cromatografia de gel-filtracdo, com rendimento de apenas de 23% em atividade.

Hernandez et al. (2005), utilizaram Sephadex® G-100 como primeira etapa de

purificacdo de bromelina com um rendimento de 87,81% de atividade.

Por fim, as técnicas cromatograficas sdo as mais utilizadas na purificacdo de
bromelina, entretanto, € importante destacar que a escolha da estratégia
cromatografica para purificagdo de bromelina depende ndo somente da manutencéo
da atividade proteolitica, como do custo da obtencéo do produto final e para qual fim
se destina a enzima, uma vez que para determinados fins ndo é necessario a
utilizacdo de bromelina com alto grau de pureza. Assim, torna-se desafiador para
industria biotecnologica o desenvolvimento de estratégias cada vez mais atraentes,
por exemplo, reduzindo os passos de purificacdo, tornando a metodologia mais
viavel economicamente, aumentando o rendimento em atividade da bromelina
(COSTA; FERNANDES; VENTURA, 2012).
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3. OBJETIVOS

3.1 OBJETIVO GERAL

Desenvolver uma nova metodologia de purificacdo de bromelina a partir de caule de

abacaxizeiro cultivar Vitoria.

3.2 OBJETIVOS ESPECIFICOS

e Analisar as caracteristicas fisico-quimicas e da atividade da bromelina em
frutos de abacaxi em diferentes estadios de maturacdo nas cvs. Pérola e
Vitdria,;

e Determinar o teor de proteinas totais, atividade proteolitica e atividade
especifica de bromelina em diferentes estadios de maturagéo nas cvs. Pérola
e Vitoria.

e Extrair bromelina a partir de caules do abacaxizeiro cv. Vitéria utilizando
diferentes solucdes de extracao;

e Fazer uma comparacdo entre duas técnicas de precipitacdo na manutencao
da atividade proteolitica de bromelina;

e Comparar a eficiéncia de resinas de cromatografia de troca idnica na
manutenc¢do da atividade da bromelina.

¢ Desenvolver uma nova metodologia de purificacdo de bromelina a partir de
caule do abacaxizeiro cv. Vitoria;

e Confirmar a pureza da bromelina obtida no processo utilizado na purificacéo;

e Calcular o rendimento de atividade em cada etapa do processo de obtencéo
da bromelina.

e Realizar a caracterizacao cinética de bromelina pré purificada e purificada,

e Avaliar a utilizacdo dos residuos agricolas do abacaxizeiro cv. Vitéria como

potenciais fontes de obtenc¢&o de bromelina.
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4.RESULTADOS E DISCUSSAO

Os resultados e discussdo serdo mostrados na forma dos artigos cientificos

preparados a partir dos dados obtidos com o desenvolvimento do trabalho de tese.
4.1 CAPITULO 1 — Artigo Submetido

Periédico — Scientia Horticulturae
Fator de Impacto — 1.396

Bromelain extraction, activity and chemical characterization at different stages
of maturity in two pineapple varieties.

Helber B. Costa'; Adriana M.N. Korres?, Gléria M. V. Aquije®; Patricia M. B.
Fernandes’; José A. Ventura™*'

!Ntcleo de Biotecnologia, Universidade Federal do Espirito Santo 29040-090,
Vitoria, ES, Brasil

’|Instituto Federal de Educacéo, Ciéncia e Tecnologia do Espirito Santo, 29040-

780, Vitoéria, ES, Brasil;

3Instituto Capixaba de Pesquisa Assisténcia Técnica e Extensdo Rural - Incaper
29052-010, Vitéria, ES, Brasil.

Corresponding authors:
T J.AV : ventura@incaper.es.gov.br/ + + 55-27-3636-9817

*H.B.C: farmhel@gmail.com / Phone: + + 55-27-3149-0833



64

Abstract

The pineapple (Ananas comosus var. comosus) is a fruit widely accepted around the
world. The physicochemical characteristics and activity of bromelain are related to
the pineapple's nutritional and commercial quality. It is extremely important to search
for new strategies to prolong storage life so that the fruit arrives at the consumers
table with good quality. The physicochemical characteristics and activity of bromelain
at all stages of maturation of the two pineapple cultivars (cv.); cv. Vitéria (a new
variety of pineapple resistant to fusariosis) and cv. Pérola were compared. The
cultivar Vitéria presented values of total soluble solids (14.3 to 17.3° Brix) superior to
those of cv. Pérola at all stages of maturation. The acidity of the -cultivars
demonstrated a statistically significant difference (P<0.05) in the final stage of
maturation (Vitoria 0.37% and Pérola 0.52%). At the last stage of maturation the ratio
TSS/AT of cv. Vitoria (42.77) was superior (P<0.05) to that of cv. Pérola. The specific
activity of bromelain of cv. Vitdria was also superior to that of cv. Pérola at all stages
of maturation, demonstrating a statistically significant difference only at stage 4
(908.11 U/mg). The fruit of cv. Vitéria shows a differencial in characteristics in
comparison with the cv. Pérola currently comercialized. The high specific activity of
bromelain found in the cultivar Vitoria at stage 4 suggests that collection at this stage
should better conserve the nutritional quality of the fruit, protecting it from internal
browning, as well as indicating that this new variety will present greater health
benefits.

Keywords: Posthaverst; stages of maturity; Bromelain
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1 INTRODUCTION

Brazil is among the world's largest producers of the pineapple Ananas comosus L.
Merrill var. comosus (Coppens d'Eckenbrugge & Leal), with an estimated production
of 2 million tons of fruit in 2010 (Faostat, 2012).

In November 2006, a new pineapple cultivar (cv.) Vitéria was launched in the
domestic market, having as a main characteristic resistance to fusariosis, a disease
caused by the fungus Fusarium guttiforme Nirenberg and O'Donnell, which causes a
30-40% loss in fruit production in Brazil (Ventura and Zambolim, 2002; Ventura et al.,
2009).

The commercial quality of pineapple fruit is associated with its external physical
characteristics (i.e., skin color, size, and shape of the fruit) and the internal
characteristics that are determined by the physicochemical composition of the pulp,
which is responsible for the flavor and nutritional value, especially the high sugar
content. The ratio of total soluble solids/titratable acidity (TSS/TA) is related to the
palatability and, hence, the consumer approval of the fruits (Freiman and Sabaa,
1999).

Another feature of the pineapple fruit is the high level of bromelain. Bromelain is
comprised of a group of proteolytic enzymes found in plants of the Bromeliaceae
family. The pineapple plant is the main source of these enzymes, which are found in
the fruits (fruit bromelain EC 3.4.22.33), crowns, and stems (stem bromelain EC
3.4.22.32). Bromelain has a high commercial value due to its use in the food, textile,
cosmetic, pharmaceutical, and brewing industries, as well as in medicine (Costa et
al., 2009).

According to Neuteboom et al. (2009), bromelain plays a role in the process of

senescence and fruit ripening. The enzyme is not present in the early stages of fruit
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development; however, its level increases rapidly and remains elevated up to the
ripening stage, then decreases slightly after the ripening.

Interest in novel biotechnological processes has substantially grown in recent
decades. The widespread use of bromelain has highlighted the importance of
studying viable processes for extracting and purifying this group of enzymes. In
addition, the purification process applied to new breeds that are fusariosis resistant
may create opportunities to minimize losses and to add value to the pineapple
agribusiness (Costa and Fernandes and Ventura, 2012).

Distribution of the cultivar Vitoria is expanding within the national and international
market; however, technical information about this variety is scarce. Therefore, the
objective of the present study was to compare the bromelain activity and the physical
and chemical characteristics of the two cultivars, Vitéria and Pérola, at different
maturation stages. This comparison would allow a correlation between fruit quality for
consumer approval, as well as facilitating improved harvesting strategies to increase
the shelf life of pineapples, thereby increasing their quality for the domestic and

international markets.

2 METHODS

2.1 Fruit source and sample preparation

Pineapple fruits of cultivars Pérola and Vitéria were produced at the Experimental
Farm of Incaper in Sooretama, in the municipality of Sooretama-ES, where the plants
were grown according to the technical recommendations for regional cultivation.

The fruits were harvested from each cultivar at six maturity stages and divided
according to the color of the fruit skin, as follows: stage 0 (zero) = the color starts to

change from green to yellow; stage 1 = ¥ of the fruit is yellow; stage 2 = %2 of the fruit
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is yellow; stage 3 = % of the fruit is yellow; stage 4 = the fruit is completely yellow;
and stage 5 = the fruit is fully ripe, with all of the fruitlets turned yellow (Py and
Lacoeuilhe and Teisson, 1984).

The fruits were cut into cubes, divided into 100 g samples, ground in a blender at a
low speed (3,500 rpm) for 5 minutes (without the addition of water), and analyzed in

the same day.

2.2 Total soluble solids (TSS)

The TSS were determined by the Hand Refractometer Instruction Operating
(Euromex®) with reading range of O - 32°Brix Ref. 103, with a temperature
compensation at 20°C, using the method recommended by the Adolfo Lutz Institute

(IAL, 1985) .

2.3 Total titratable acids
The total titratable acids were measured in the juice by volumetry, using standardized

0.1 N NaOH, according to the standards specified by the Adolfo Lutz Institute (IAL,

1985) (1).

Total titrable acids (%) = V. xf x M x 100 (1)
P

where:

V = volume (mL) of the NaOH solution used for titration
f = correction factor of the NaOH solution
M = molarity of the NaOH solution

P = sample mass (g) or volume (mL)
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2.4 Ratio of total soluble solids/titratable acidity (TSS/TA)
The TSS/TA ratio was determined by dividing the value of the total soluble solids by

the value of the total titratable acids.

2.5 Preparation of the crude pineapple extract

The samples were mixed with an extraction solution (0.4 M H,SO4; 2 mM NaySOy,
pH 4.5) in the proportion of 100 g of the sample to 130 mL of the extraction solution.
The mixture was homogenized in a domestic blender for 5 minutes, filtered twice
through cheese cloth, and filtered once more through filter paper. The whole
procedure was performed in a refrigerator at 4°C to avoid denaturation of the
bromelain enzyme. After filtration, the extract was centrifuged at 14,750 x g in a
refrigerated centrifuge at 4°C for 20 minutes, and the supernatant was subsequently

collected.

2.6 Protein content
The Bradford method (1976) was used to determine the total protein in crude extract,

using bovine albumin as the standard.

2.7 Proteolytic activity

Determination of the proteolytic activity was performed in crude extract using the
method to determine casein digestion units (CDU), using casein as a substrate in the
presence of cysteine and EDTA (Murach and Neurath, 1976).

The absorbance of the filtrate was measured at 280 nm by a spectrophotometer

(Thermo Spectronic ® BIOMATE 3) after the samples were incubated in presence of
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casein at 37°C (pH 7), for 10 minutes. The enzyme activity was calculated and

expressed in U/mL (2).

Enzyme (U/mL) = ((At — Ab)/ Ayrosine) X (WMol tyrosine/V1) x V, (2)

where:

At = absorbance of the sample tube

Ab = absorbance of the blank tube

Ayrosine = absorbance of tyrosine

pmol tyrosine = concentration of the tyrosine solution in the test tube
V1 = volume added to the enzyme extract

V>, = volume used in the test

2.7 Specific activity
The specific activity of the proteolytic enzymes was determined as the ratio between

the proteolytic activity in U/mL and the protein content in mg/mL (3).

Specific activity = Proteolytic activity (U/mL) (3)
Protein content (mg/mL)
2.8 Statistical analysis
The experiments were conducted using a completely randomized design with three
replications for each treatment. The mean of the TA, pulp Brix, total protein,
proteolytic activity, and specific activity of the crude extract were subjected to an

analysis of variance (ANOVA) and a comparison of the means by Tukey’s test (P
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<0.05), using GraphPad Prism version 4.00 (GraphPad Software, Inc., San Diego,

USA; Motulsky, 2003).

3 RESULTS AND DISCUSSION

3.1 Chemical characterization

3.1.1 Total soluble solids

At all stages of maturation, cv. Vitoria showed higher values of soluble solids in
comparison with the values of cv. Pérola, with levels ranging from 14.3 to 17.3°Brix.
The levels at the early stages of maturation (0, 1, 2, and 3), but not the later stages

(4 and 5), were significantly different (P <0.05) (Figure 1).

20
_1Vitoria Il Perola
i
15m . . 1 LA N
-
m
o
5_
D_-_
0 1 2 3 4 5

Stages of maturation

Figure 1 — Total soluble solids (°Brix) of cvs. Pérola and Vitéria at different stages of fruit
maturation. (*Tukey test, P < 0.05)

The sugar content (°Brix), is a variable of great importance in determining the fruit
quality. The sugar content can be measured in the field using a manual
refractometer, which provides rapid and practical readings that are used to monitor
the fruit quality (Bengozi et al., 2007). Fruits with soluble solids below 12°Brix (12%)

are considered immature and its sensory characteristics still not suitable for
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consumption according established by CODEX and FAO/WHO(to the pineapple
classification standards (Antunes et al., 2008).

The present results indicated that cv. Vitoria has characteristics that are similar or
superior to cv. Pérola, which is currently available on the market. This affirmation is
possible because the market for the consumption of pineapple in natura the fruit is
collected in stages 3 and 4 and when the goal is to export is performed in stage 2.
Abilio et al. (2009) performed a comparable analysis of cultivars Pérola, Smooth
Cayenne, and MD-2 and did not find significant differences (P<0.05) in the TSS
among these pineapple cultivars. The significant differences found in the present
study may be associated with the harvest seasons, the cropping systems, and the

direct influence of the climate and harvest point (Bengozi et al., 2007).

3.1.2 Titratable acidity

The cv. Vitéria exhibited levels of acidity that were expected for the pineapple,
ranging from 0.76% (stage 0) to 0.37% (stage 5). In the first four stages of
maturation, cv. Vitoria presented higher acidity levels; however, the difference was
not statistically significant. In contrast, during the last stage of maturation, cv. Pérola
exhibited a higher acidity level than cv. Vitéria (0.52% and 0.37%, respectively),

which presents a statistically significant difference (P<0.05), as presented in Figure 2.
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Figure 2 — Titratable acidity values at the different stages of maturation, expressed as
percentiles (%) (*Tukey test, P < 0.05).

When a pineapple is ready for consumption, the acidity content is predominantly
composed of citric acid (87%), in addition to malic and other acids (Salunkhe and
Desai, 1984). The TA measures the total acid content present in the pineapple fruit.
The acidity of the pineapple varies based on factors such as the variety, maturation
stage, plant fertilization, and production site, with the latter feature being mainly
responsible for the flavor of the fruit and its commercial acceptance (The et al., 2010)
The acidity levels increase from the beginning of ripening, reach a maximum value
approximately 10 days into the ripening period, and subsequently decrease sharply
(Carvalho, 1999).

The decreased levels of organic acids throughout the pineapple ripening stage are
attributed to the plant metabolism. The acids accumulate during the period of plant
growth and, during the fruit ripening, are consumed by respiratory processes (i.e.,
glycolysis and the citric acid cycle) or converted into sugars (gluconeogenesis) (Sha

et al., 2011; The et al., 2010).



73

The TA values found in cv. Vitéria were significantly lower (P<0.05) than in cv.
Pérola, during the last stage of maturation. This result indicates that, at the last
maturation stage, cv. Vitoria exhibits superior characteristics over the other varieties
available in the market. However, Abilio et al. (2009) compared the acidity in cvs.
Pérola, MD-2, and Smooth Cayenne in the last stage of maturation and found no
significant differences (P<0.05) (0.51%, 0.56%, and 0.43%, respectively).

The ratio TSS/TA is very important and used measure fruit quality in agricultural
industry being tha the lower the acidity, the higher this ratio.

The pH, which is commonly correlated with the TA, is among the most used
parameters for determining the fruit quality. According to Py et al. (1984), the pH
values in pineapple juice vary from 3.0 to 4.0. However, the pH is not a parameter
that should be directly associated with the TA. As previously mentioned, the
predominant acids in pineapples are citric acid and malic acid, which are weak acids
with low ionization constants (pKa 3.15 and 3.4, respectively). There is a
predominance of the protonated form of these acids depending on the pH. This fact
signifies that changes in the quantity of these acids will not be detectable in pH
measurements during the process of maturation, thereby rendering these

measurements unreliable indicators.

3.1.3 Ratio of total soluble solids/titratable acidity
During the first four stages of maturation, there were no differences between the
cultivars in their TSS/TA ratios; however, the TSS/TA ratio in cv. Vitéria was

significantly higher during the last maturation stage (Figure 3).
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Figure 3 — TSS / TA ratios at the different maturation stages in the Vitoria and Pérola
pineapple cultivars (*Tukey test, P < 0.05).

Therefore, the high TSS/TA ratio (42.77), which resulted from the expected levels of
soluble solids during the final maturation stage (14.4°Brix) and was normalized by the
total TA, contributed to the sweetness of the Vitéria pineapple. This result supported
the previous indication that cv. Vitoria exhibited an equivalent commercial quality and
a better sensory quality compared with the current commercial varieties (Ventura et
al., 2009).

Consumers seek the appearance and sensory characteristics of the product.
However, when intended for industrialization, interest is directed towards the raw
material yield, color, flavor, and texture. High quality pineapple fruits have a high
sugar content (TSS) and low acidity (TA) (Malézieux and Bartholomew, 2003). Thus,
the physicochemical properties of the pineapple are important parameters for
controlling the delivery of products with a quality that would be approved by

consumers.
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3.2 Total protein, activity, and specific activity of bromelain
The cv. Pérola yielded significantly higher levels of total protein and proteolytic

activity compared with the cv. Vitoria, at all maturity stages (Table 1).

Table 1. Comparison of the values of total proteins, proteolytic activity, and specific
proteolytic activity at the different maturation stages in cultivars Vitéria and Pérola

Maturation Total protein Proteolytic activity (U/mL)* Specific activity
stage (mg/mL)* (U/mg)*

cv. Vitéria  cv. Pérola cv. Vitéria cv. Pérola cv. Vitoria cv. Pérola
0 0.103** 0.153% 35.00°4 41.08"° 365.70* 268.86
1 0.079* 0.123%¢ 37.92%8 44,06 483.70" 358.21"®
2 0.098* 0.218"* 40.66*B¢ 46.83"® 437.27°4 214.81"°
3 0.092 0.224°* 41.95%¢ 47.12"® 468.39% 210.08"™
4 0.045% 0.067°° 39.73%8¢ 46.86"° 908.11%® 699.10 ™
5 0.091** 0.149°8¢ 45.04°¢ 56.21°4 497.85* 375.50

1 Average of three repetitions. The averages that are followed by the same letter in lowercase in comparison
between cv. Vitdria and cv. Pérola (on the line) do not differ. The averages followed by the same uppercase
letter (within the column) do not differ (P <0.05), as determined by the Tukey test.

The differences between the amounts of the total protein and proteolytic activity in
the literature may be attributed to differences in the farming, soil, and climate
conditions (Abilio et al., 2009).

The values may also differ because of the various buffers used to extract the
enzyme. Factors such as the type and pH of the extraction buffer can lead to a loss
of the three-dimensional structure of these complex molecules, consequently causing
a partial or total loss of the enzyme activity (Cesar, 2005; The, 2010; Costa and
Fernandes and Ventura, 2012).

The hydrogenionic concentration may affect the intermolecular interactions between
the amino acid residues of bromelain, causing the enzyme to lose its tertiary
structure, thereby undergoing changes in its active site and consequently losing its

activity (Cesar, 2005; The, 2010; Costa and Fernandes and Ventura, 2012).
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Bromelain is a cysteine protease and possesses sulfhydryl groups (-SH) in its active
site that can undergo oxidation to form disulfide bridges. This process leads to
autoproteolytic cleavage and, hence, loss of activity. The use of chemicals (such as
salts of sulfides and sulfates) to protect the sulfhydryl group, with minimal oxidizing
action in the extraction soltution and improve protein solubility can preserve
bromelain activity. Therefore, the use of Na,SO, in the extraction solution would
protect the active site of bromelain and thus maintain the activity of this enzyme.

With regard to the protease specific activity, both cultivars exhibited the same
characteristics during the maturation process (Figure 4). César (2005) stated that the
enzyme is not present during the early developmental stages of the fruit; however,
the enzyme level increases rapidly as the fruit matures, remaining high until maturity
and decreasing slightly during the final stage. The present study revealed that similar

changes occur in cv. Vitoria.
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Figure 4 - Specific activity of bromelain from pineapple fruit at different stages of
maturation of cvs. Vitéria and Pérola.



77

The presence of bromelain depends on the stage of plant growth, and the enzyme is
not found in extremely young or extremely old plants. Hence, bromelain is most likely
converted into another protein possessing a different metabolic function, such as a
flavor, during the different stages (Baldini et.al., 1993).

Comparing the two cultivars, the specific activity of bromelain in cv. Vitéria was
higher than cv. Pérola at all stages of maturation, being significantly different in
stages 1 to 4 (Table 1).

Noteworthy is the difference found in the specific activity of bromelain in stage 4 of
maturation for cv. Vitéria (908.11U/mg) and cv. Pérola (699.10 U/mg). This result
suggests that this stage was optimal for harvesting, when a longer period of
preservation at a temperature below 10°C is required, such as during long-distance
export particularly because fruits subjected to these conditions are susceptible to
internal browning caused by a physiological disorder (Weerahewa and Adikaram,
2005). The high activity of bromelain can prevent the oxidation of polyphenols to
quinones, which are the compounds responsible for the internal browning of the fruit,
because the sulfhydryl groups present in the enzyme are protected from oxidative
reactions.

Other factors, such as peroxidase and polyphenoloxidase activities, should also be
evaluated because elevated activity of these enzymes increases the susceptibility to
internal browning.

The high specific activity of bromelain in cv. Vitoria may also protect nutrients that are
susceptible to oxidation, thereby improving the nutritional value of the fruit.

These results allowed discussing a new point. The possibility for obtention of fruit
bromelain from pineapple. This is an unusual activity because presents high costs

and low yield for activity and quantity of this enzyme. Frequently bromelain is
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obtained from pineapple residues. However, at the cases of bumper crop of
pineapple the fruit cv. Vitéria can be harvest in stage 4 of maturation to purification
bromelain when the fruit presents high specific acitivity of bromelain. This strategy
can be used to avoid total losses of pineapple production and the bromelain obtained
from cv. Vitéria will show higher activity than cv. Pérola. Thus, it's necessary to study
new viable methods to obtain bromelain from pineapple fruit.

Konno et al. (2004) claim that proteolytic enzymes from the cysteine-peptidase class
are related to the plants’ main defense mechanisms. Thus, these results also indicate
a possible relationship between the high specific activity of bromelain in this
pineapple cultivar and its resistance to fusariosis.

Fusarium infection occurs at the onset of flowering, and although the specific activity
values are lower during the early maturation stages, cv. Vitéria presents higher
values in all phases of plant development when compared to cv. Pérola. This finding
indicates that the defense mechanisms of cv. Vitoria are more active, which can be
one of the factors explaining their resistance to the fungus.

Abilio et al. (2009) compared fusariosis resistant cv. Imperial to cvs. Pérola, MD-2,
and Smooth Cayenne and likewise found higher values of bromelain in all stages of
plant development until the fruit ripened.

According to Hale et al. (2005), the beneficial health effects of proteolytic enzymes
are predominantly found in the pineapple fruit. The following activities are among the
many other benefits and beneficial effects of bromelain: antitumor and anti-
inflammatory effects, improved immunomodulation, increased response to antibiotics,
mucolytic and digestive actions, effects on circulatory and cardiovascular diseases,
and utilization in surgical procedures and wound treatments (Costa et al., 2009). The

higher values of bromelain specific activity in cv. Vitéria may also indicate that this
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cultivar will provide improved health benefits compared with the other pineapple

varieties.

CONCLUSIONS

Pineapple cv. Vitéria had higher TSS/TA ratios than cv. Pérola, which explains the
consumers’ approval after its introduction to the market. For the first time, the levels
of bromelain activity at the different ripening stages of cv. Vitdria were measured and
the high specific activity found in stage 4 of maturation may indicate that harvesting
the pineapples at this stage may help preserve the nutritional quality of the fruit as
well as indicating that this new variety will present greater health benefits and may
protect it from internal browning when stored at temperatures below 10°C, thereby
increasing the shelf life and consequently ensuring the quality of the postharvested
fruit. This work pointed to the necessity to study new viable methods for bromelain

purification from pineapple fruits.
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Abstract

Bromelain is an enzyme with wide commercial acceptance, of interest for use in the
pharmaceutical, food and biotechnical industries. Because of increasing demand,
researchers in biotechnology are constantly seeking, to improve the steps for
purification of this enzyme in pursuit of reducing the cost of the final product.
Purifying bromelain is challenging, because it is necessary to maintain elevated the
proteolytic activity during extraction and purification, since the enzyme’s utility is
related to this activity. For that reason in the present work a comparison was made of
the efficacy of different forms of extraction and partial purification of bromelain from
cv. Vitoria plant residues with the objective of evaluating efficiency of extraction, and
maintenance of proteolytic activity during extraction. Of the different forms of
extraction, the solution of H,SO4/Na,SO, pH 4.5 maintained higher values of
proteolytic and specific activity than the forms of extraction currently in use.
Fractional precipitation with (NH;).SO, produced larger yields (98.42%) of bromelain
recovery in comparison with those resulting from precipitation by acetone. And the
chromatography by carboxymethyl cellulose was an excellent technique that
maintained high values of proteolytic activity. The combination of techniques used
here maintain higher bromelain proteolytic activity values than the existing

methodologies.

Keywords: Bromelain; extraction strategies; purification process
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1 INTRODUCTION

Bromelain is a proteolytic enzyme belonging to the cysteine peptidase family. This
enzyme can be found in tissues of the Bromeliaceae family of plants, the pineapple
plant (Ananas comosus var. comosus) being its main source [1,2]. Bromelain is not
present in the first stages of fruit development, however, its level increases, rapidly,
remaining elevated until ripening, when there is a small decrease in its level. This is
one of the advantages of utilization of the pineapple plant as a source of proteases
[3].

Bromelain presents a wide biotechnical application, being of interest for the
alimentary, cosmetic and pharmaceutical industries, with many clinical applications,
such as, an antitumoral agent, as an immunomodulator, antibiotic potentiator, as a
mucolytic, for its digestive action, besides its utilization in the treatment of
cardiovascular and circulatory diseases, as well as being used in surgical procedures
and wound treatment [1,2,4].

As a result of the wide range of applications in which bromelain is used, there is a
high demand for this enzyme. However the commercially available enzyme is very
expensive (2,400 USD per kilogram) [5]. Because of that consideration, there is an
ever increasing interest in the biotechnical industry in the development of purification
strategies that increase this enzyme’s degree of purity and enzymatic activity while
reducing the procurement costs for this enzyme.

The key to successful and efficient purification of bromelain is to select the most
adequate technique, optimize its performance to meet the demands of the consumer
and to combine these elements in a logical way that maximizes productivity while
reducing the number of steps required for the purification. Moreover, also contributing

to such success is the development of new techniques or improvements in the
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existing techniques for extraction and purification which provide improved levels of
enzymatic activity; given that all of the utility of the enzyme rests in this property [6,7].
The goal of this work was to make a comparison of the effectiveness of five different
forms of bromelain extraction from pineapple plant residues, a comparision of two
different forms of fractional precipitation and a comparison of the partial purification
by chromatography of the crude extract with three different ion exchange resins to
evaluate their relative effectiveness for purification and maintenance of the enzyme’s

proteolytic activity.

2 .METHODS
2.1 Pineapple wastes
Pineapple wastes from cv. Vitéria were obtained from Incaper Sooretama

Experimental Farm, Sooretama-ES, Brazil.

2.2 Chemicals
All of the chemical products were purchased from Sigma, Merck or GE (USA) except

for the HPLC grade products which were purchased from Tedia Brazil.

2.2 Crude Extracts

A determined quantity of five samples of wastes from the same batch were crushed
for five minutes, at 4°C, using five different extraction solutions (1- 0.4 M H,SO,4 / 2
mM Na,SO, pH 4.5 ; 2 — Acetate buffer pH 3.6; 3- Acetate buffer pH 4; 4- Acetate
Buffer pH 5 ;5- phosphate buffer pH 7). After that, each extract was filtered and then
centrifuged (Eppendorf centrifuges 5804 R, Germany) at 14,750 x g for 20 min at

4°C. The supernatant (crude protein extract) obtained from each extraction solution
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was submitted to protein concentration determination and bromelain activity

measurement.

2.3 Protein concentration determination
Protein concentrations of the crude extracts were determined using bovine serum

albumin as the standard [8].

2.4 Bromelain Activity Measurement Procedure

Bromelain activity was determined in casein digestion units (CDU), using casein
substrate in the presence of cysteine and EDTA (Murachi, 1976 with modifications).
The assays were based on the proteolytic hydrolysis of the casein substrate.

The absorbance of clear filtrate (solubilized casein) was measured at 280 nm using a
spectrophotometer (Biomate 3). One unit of bromelain activity was defined as 1 pg of
tyrosine released in 1 min per mL of sample when casein was hydrolysed under the
standard conditions of 37°C and pH 7.0 for 10 min.

The sample analyses were performed against their respective blank solutions.
Protein concentration readings were taken in triplicate and the average value of the
results was used in the calculation of the extraction efficiencies. The specific activity,
activity recovery (%) and the estimated purification factors were calculated as shown
below:

Specific activity = Proteolytic activity (U/mL) (1)
Protein content (mg/mL)

Bromelain Recovery (%) = Bromelain activity after purification x 100 (2)
Bromelain activity of crude extract
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Purification Factor (PF)= Specific activity after purification (3)
Specific activity of crude extract

2.5 Acetone Fractional Precipitation

For the acetone precipitation fractionation one half (1/2) of the crude extract
produced and selected for further study was put into a beaker and placed on a
magnetic stirrer in a glass door refrigerator with the temperature maintained at 4°C.
Afterwards, cold acetone in the proportion of 20 % of the volume of the extract was
added to the beaker. The cold acetone was added slowly (10 ml/min) and in small
portions, to avoid denaturation of the protein. After addition of the solvent, the extract
was stirred for 20 min to obtain complete homogenization of the mixture. The
fractionation was performed by centrifugation of the mixture for 20 min at 1.950 x g
and 4 °C. The supernatant volume was then measured after the precipitate had been
recovered in the minimum volume possible of acetone (Fraction F1A). To the first
supernatant there was then added cold acetone until 50% of its volume was reached.
As in the first step, the resulting sample was again centrifuged in the same way and
the precipitate was solubilized in precipitation buffer (Fraction F2A). The second
supernatant then was submitted to precipitation using 75% of its volume of cold
acetone; subsequently proceeding in the same way as in the two previous
operations, to obtain fraction F3A. At all fractions (F1A, F2A and F3A) were
determined the protein content and bromelain activity measurements as previously

described.
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2.6 Ammonium Sulfate Fractional Precipitation

For the ammonium sulfate fractional precipitation one half (1/2) of the crude extract
produced and selected for further study was put in a beaker and taken to a magnetic
stirrer in a glass door refrigerator at a controlled temperature of 4°C. Afterwards,
ammonium sulfate (NH;).SO, was added to the extract to 20% saturation .The
addition of the salt was performed slowly (about 1g/min) and in small portions,
waiting for the crystals to dissolve completely before adding more salt to the extract.
After addition of the salt, the extract was stirred for 20 min to attain complete solution
of the salt. This first fraction was separated by centrifugation for 20 min at 11.950q9,
and 4 °C. The supernatant volume was measured and the precipitated protein was
recovered in the minimum volume possible of the precipitation buffer, (Fraction
F1S).To the supernatant there was then added ammonium sulfate until reaching 50%
saturation. As in the first step, the sample was centrifuged in the same way the
precipitate being dissolved in extraction buffer (Fraction F2S). The new supernatant
then being submitted to precipitation by up to 75% saturation of the salt and
proceeding in the same way as in the two preceding operations to obtain the
fraction F3S. At all fractions (F1S, F2S and F3S) were determined the protein content

and bromelain activity measurements as previously described.

2.7 Dialysis

After their resuspension, the sulfate fractions (F1S, F2S and F3S) were dialyzed
using semi permeable membranes having a porosity of 3.5 kDa (Sigma Aldrich ®).
They were dialyzed repeatedly against distilled water. The fractions were maintained
in constant, slow agitation while the distilled water was changed at hourly intervals

and were stored at glass door refrigerator at 4°C.
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2.8 lon Exchange Chromatography

For the ion exchange chromatography of the bromelain, the anion exchange resin
DEAE (Diethylaminoethyl Cellulose (GE®)), the cation exchange resin CM
(Carboxymethyl Cellulose (SIGMA®)), and SP (Sulfopropyl Sepharose (SIGMA®)),
were used, set up in three glass columns (25 mm ID and 110 mm long) there being
one for each of the three resins tested.

In one column the DEAE resin was equilibrated with 20mM TrisHCI buffer pH 7.0 ;
an aliquot of the dialyzed sample was then applied. After the sample had been in
contact with the resin for 1 hour, the same buffer was utilized to elute the sample at a
flow rate of 0.5 ml/min. The fractions were collected in 4 ml aliquots, the presence of
the proteins during the chromatography being monitored with a recording
spectrophotometer at 280 nm, using the same buffer as the blank and bromelain
activity measurements. After finishing the elution a 0.1M NaCl solution was passed
through the columns maintaining the same flow until it was protein free. The resin
was then kept in this solution until the next utilization.

In the other two columns the other resins (SP-Sepharose and CM-CELLULOSE)
were initially equilibrated with 0,005 M acetate buffer pH 5. After equilibration,
dialyzate was pipetted into the columns and allowed to remain in contact with the
resin for one hour. The samples were then eluted with acetate buffer (NaOAc) at 0.1
M, 0.3M and 0.5 M concentrations at a flow rate of 0.5 ml.min™. The fractions were
then collected in 4 ml aliquots. Different buffer concentrations were used to evaluate
the effects of concentration on proteolytic activity. The presence of proteins during
the chromatography was monitored using a UV spectrophotometer at 280 nm, using
the acetate buffer as blank and bromelain activity measurements. After finishing the

elution a 2M NaCl solution was passed through the columns until it was protein free.
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The resin was then kept in this solution until the next utilization. All the procedures

were performed the refrigerated environment of a glass door refrigerator at 4°C.

2.9 SDS-Page
SDS-PAGE was performed using 15% (w/v) polyacrylamide gels. Gel staining was

performed using Coomassie brilliant blue G-250 [9].

3 RESULTS AND DISCUSSION

3.1 Crude extract preparation

Three of the extraction solutions used for extraction of total proteins, H,SO4/Na,;SOy,
acetate buffer pH 4 and acetate buffer pH 5, did not differ significantly (p value<0.05)
in their yield , thereby being the best, since the extracts obtained presented the
higher values of total protein (1.17 mg/ml, 1.13 mg/ml and 0.98 mg/ml respectively).
Moreover, the crude extract obtained using the sulfuric acid/ sodium sulfate solution
presented the highest value of proteolytic and specific activity (37.54 U/ml and 32.08
U/mg respectively), this result differing significantly  (p<0.05) from the other

extraction solutions used (Table 1).

Table 1 -Values of protein content, proteolytic and specific activities, of the protein extracts
obtained with the different extraction solutions:

Extraction solutions Protein Proteolytic Specific

content activity activity

(mg/mL)* (U/mL)* (U/mg)*
H,SO4/ Na,SO4 1.17°¢ 37.54 % 32.08 @
Acetate buffer pH 3.6 0.458 © 9.71° 21.20°
Acetate buffer pH 4.0 1.132 15.56 ¢ 13.78 ¢
Acetate buffer pH 5.0 0.98 @ 13.83°¢ 14.11°
Phosphate buffer pH 7.0  0.878 " 17.19°° 19.57 ¢

1 Average of three repetitions. Averages followed by the same letters in a column, do not differ
from each other at the 5% level of probability by Tukey's Test.
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During the extraction and purification processes peptidases are susceptible to
oxidation and autolysis. The latter especially, can constitute a source of
heterogeneity and loss of activity, which can be eliminated by reversible blockage of
the active site [10].

That justifies the utilization of sodium sulfate in the extraction solution chosen,
because the addition of the sulfate allows for protection of the sulfhydryl groups that
are found at the active site of the enzyme and whose inactivation causes the loss of
activity.

The optimum pH for bromelain is around 7.0- 8.0. The success of the extraction
process for bromelain in the presence of sulfuric acid demonstrates that this
procedure can be accomplished at a pH far from the optimum, allowing a decrease in
auto proteolysis [11,7] .

This is the first time that a comparison of bromelain extraction procedures has been
done for the cultivar Vitoria recently developed at this facility. The extract obtained
with the use of sulfuric acid/sodium sulfate solution was chosen for the succeeding
purification stages, discarding from consideration use of the other extraction buffers
for the standardization of bromelain extraction from cv. Vitoria because extraction
with that solution gave a larger return of total protein, besides vyielding higher
proteolytic activity. Moreover, the extract obtained through the use of sulfuric
acid/sodium sulfate solution also yielded proteins with the greatest value of specific

activity for proteolytic enzymes of the pineapple plant.

3.2 Fractional precipitation
In the comparison of the two techniques for fractional precipitation, precipitation by

ammonium sulfate was more effective in the maintenance of proteolytic activity in the
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fractions 20— 50% (F2S) and 50-75% (F3S), because there were significant
differences (p<0.05) with regard to the total protein extract. Using the ratio between
the activities of the precipitation fractions and the activity of the total protein extract, it
can be seen that these fractions presented proteolytic activity nearer that of the total
protein extract with 88.57% and 98.42% recovery, respectively. The fraction F3S is

the fraction which best recovers bromelain activity (Table 2).

Table 2 - Comparison of the values obtained by use of fractional precipitation with
ammonium sulfate and cold acetone

Fraction Protein  Proteolytic Recovery Specific Fold Purity
content activity (%)* activity (PF)
(mg/mL)t  (U/mL)* (U/mg)*
Crude Extract 1,172 37,542 1002 32,092 1.00
F1S 0,41° 8,13" 21,65" 19,82° 0,61
F2S 0,921°¢ 33,25% 88,57°¢ 36,10% 1,12
F3S 0,785¢ 36,95% 98,42% 47,07° 1,46
F1A 0,498 31,12°¢ 82,89° 62,48° 1,94
F2A 0,541°¢ 21,70° 57,80° 40,11° 1,24
F3A 1,048% 16,58° 44,16° 15,82¢ 0,49

1 Average of three repetitions. Averages followed the same letters in a column, do not differ from
each other at a 5% level of probability by Tukey's Test.

The results indicate that precipitation using ammonium sulfate is the most effective
technique for the initial steps in bromelain purification and concentration, taking into
consideration the maintenance of proteolytic activity.

Protease activity of heads of Salmo gairdnerii was measured, and noted that, for
these proteolytic enzymes, precipitation by the use of cold acetone is the method to
best maintain proteolytic activity which as can be seen in Table 2, is not applicable
to bromelain extraction [12].

In a general way, when proteins are dissolved in water or electrolyte solutions
repulsive electrostatic forces develop, because of the presence of a solvation layer

around the hydrophilic surface areas of the protein, which produces a concentration
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gradient, dampening the electrostatic attraction between the molecules and inhibiting
aggregation; also solvent interactions with the internal hydrophobic zones of the
protein can cause an irreversible deformation of the protein which causes
denaturation [13]. However, when a acid salt is added to the solvent containing the
protein, solvation layer compression occurs causing an increase in protein-protein
interactions. As the salt concentration is increased the charges on the surface of the
protein interact with the salt, not with the water exposing hydrophobic areas and in
that way promoting aggregation and precipitation of the protein molecules.

In the case of bromelain the addition of acid salts, especially (NH4)>,SO,4 in high
concentrations, reduces the availability of water due to ionic hydration, creating
conditions favorable for the precipitation of the enzyme, which occurs mostly
because of interaction of the hydrophobic zones [13] The addition of a salt such as
(NH4)2SO,4 increases the ionic force in such a way that the protein molecules
aggregate and precipitate. In practice it is generally preferable to use less expensive
salts, of low impurity and having high solubility, the use of ammonium sulfate being a

common practice [14].

3.3 lon exchange chromatography

After fractional precipitation using ammonium sulfate, fraction F3S was dialysed and
stored at glass door refrigerator at 4°C. After that, three aliquots were submitted to
chromatographies (Aliquot 1 — DEAE Cellulose; Aliquot 2 — SP- Sepharose and
Aliguot 3 — CM-Cellulose). This fraction was choice to continue the purification
because it showed highest activity proteolytic and recovery than others as previously
related.

Thirty five (35) subfractions were collected in the chromatography done using DEAE-
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cellulose (Figure 1a). Of these, eighteen (18) were collected with the first buffer
(TrisHCI pH 7.0 10mM). When zero absorbance was reached, NaCl was inserted
(arrow —Figure 1a) and seventeen (17) more subfractions were collected. The
proteolytic activity in the first peak was 11.91 U/ml (3" subfraction). The second peak
(Subfraction 21 — 26) whose mobile phase was NaCl, which was used for the
removal of the retained proteins, had an activity level of 3.37 U/ml (22" subfraction)
From the SP-Sepharose column, forty seven (47) subfractions were collected (Figure
1b). Of these, eighteen (18) were from elution with 0.1 M acetate buffer (peak 1),
while twenty two (22) subfractions were eluted with 0.3 M acetate buffer (peak 2)
and the last seven (7) were eluted with 0.5M acetate buffer (peak 3). The second
peak that was eluted with 0.3 M acetate buffer presented the higher proteolytic
activity (2.23 U/ml) (29" subfraction)

The number of subfractions eluted from the CMC column was thirty seven (37)
(Figure 1c).Of those, nineteen (19) were eluted with acetate buffer 0.1M (peak 1),
fourteen (14) with 0.3 M acetate buffer (peak 2) and four (4) were eluted with 0.5M
acetate buffer (peak 3). The second peak from the subfraction which was eluted with
0.3 M acetate buffer, presented higher proteolytic activity (14.12 U/ml)(26™
subfraction)

The fraction F3S which was applied to the DEAE column to be eluted had an activity
level of 30.82 U/ml. The subfraction eluted with the greater proteolytic activity seen in
peak 1 (Third Subfraction — Figure 1a) had an activity level of 11.91 U/ml which
indicated that there was a 38 % recovery of the proteolytic activity.

Biomolecular purifications using DEAE resins increase the purification cost

considerably [15].
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Figure 1- Chromatograms of the fraction F3S eluted from (a) DEAE- cellulose (b) SP-
Sepharose and (¢) CM- cellulose. In (a) Subfractions eluted with Tris buffer (peak 1) and

subfractions eluted with NaCl

(peak 2).

In (b) and (c) columns using
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concentrations of acetate buffer; 0.1M (Peak 1), 0.3 M (Peak 2) and 0.5 M (peak 3).
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DEAE was used to purify bromelain, and obtained lower values of activity, which can
be attributed not only to the resin used but also to the fact that the protein extract was
obtained using a 10 % NaCl Solution [16].

Proteins are ambiphilic and have a positive or negative net charge, depending on the
pH of the medium and have, as well, an isoelectric point (pl) of pH at which the net
charge of the protein is zero. Therefore, for their purification either anionic or
cathionic exchange resins can be used. The choice of exchange resin will depend,
among other considerations, on the protein’s stability at the pH to be used [17].

Thus, the fall in activity observed in DEAE cromatography may be related to the pH
of the buffer that was selected for elution (pH 7). The pH value adopted is in
bromelain’s optimal performance range, which could have contributed to auto
proteolysis liberating small residual fragments of bromelain with some proteolytic
activity. That possibility is corroborated, when SDS-PAGE 15% is observed (Figure
2-line 2). The peak line of higher activity of this chromatograph is seen as a
prominent band at 28 kDa, while there is also another less intense band at a lower
molecular weight.

The fraction F3S was applied to the SP-Sepharose column to be eluted having an
activity level of 15.81 U/ml. The fraction eluted which had the higher proteolytic
activity seen in Peak 2(Figure 1b — 28™ subfraction) had a level of 2.23 U/ml. That
indicates that, there was a proteolytic activity recovery of 14%.

One can observe in the SP-Sepharose chromatogram (Figure 1b) that besides a
significant loss of activity, that in all the buffers used for elution, there were also
present anionic proteins or anionic fragments of bromelain with relatively little
proteolytic activity.

The fraction F3S applied to the CM-cellulose column to be eluted presented an
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activity of 15.81 U/ml. The subfraction eluted having the higher proteolytic activity
seen in peak 2 (Figure 1c - 26™ subfraction) had an activity level of 14.12 U/ml which
indicates that, there was a recovery of proteolytic activity of 89.31 %.

In F3S's chromatogram from the CMC column (Figure 1c), it can be noted in the first
peak that there were eluted anionic proteins that do not have proteolytic activity or
only have low activity. The second peak represents the bromelain peak that eluted
with the high proteolytic activity

Upon analysis of the three chromatograms shown previously, it is possible to make a
clear comparison between the efficacies of the ion exchange resins used. The resin
which best maintained the proteolytic activity was CM-cellulose, this then being the
better choice, in this case, for the purification of bromelain.

Fruit bromelain was purified using CMC, with a return of 84.5 % of activity from the
crude extract, and considered the bromelain obtained three times purer in
comparison with that obtained by fractionation with ammonium sulfate [18].
Previously work [19] made a comparison using SP-sepharose and CM-sepharose in
Brofasina's Purification, of a cysteine protease, that is present in gravata (Bromelia
splendid) and shares a protein sequence identity of 89 % with bromelain. It was
noted that despite the fact that SP-sepharose has presented good results with
brofasina the greatest purification obtained was by chromatography using CM-
sepharose. No comparisons of the efficiencies of ion exchange resins have been

reported, as yet, for purification of the bromelain of the pineapple cultivar Vitoria.

3.4 SDS- PAGE
The chromatographic results were corroborated by SDS-PAGE 15% considering that

the bromelain complex of enzymes presents a molecular mass close to 31 kDa [20],
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in Figure 2, where it is possible to visualize only one band; In line 4 (CMC) near this
region, that corresponds to the subfraction collected of the second peak eluted with
acetate buffer 0.3 M, indicating the partial purification of the bromelain with high
proteolytic activity. Moreover, when observing line (2) that is associated with the
fraction from DEAE having higher activity, one notes that the protein purification was
not perfect. And still more, the chromatography of the fraction with higher proteolytic
activity from SP-sepharose, when examined suggests one treats with some other

purified protein, or, of bromelain auto proteolysis by-products.

97 KDa - |ssw
66 KDa - | &
45 KDa - |
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Figure 2 - SDS-Page 15% in comparison with the peaks of fractions having higher proteolytic
activity collected from chromatography with different resins . (M- Marker of molecular Weight,
1- F3S; 2— DEAE, 3- SP-Sepharose and 4 — CMC).
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The analysis by SDS-Page suggests that bromelain purification using CMC as the
chromatographic resin is viable and that the estimated molecular weight for

bromelain is approximately 30 kDa, as reported in previous works [21]

4 CONCLUSIONS

Extraction with a solution of H,SO4/Na,SO, pH 4.5 maintained higher values of the
proteolytic activity of bromelain. The values of proteolytic activity found are superior
to those found in the existing methodologies reported up to the present moment.
And, after analysis of the three chromatograms shown, it is possible to make a
comparison between the ion exchange resins used and thereby conclude that the
resin which best maintained the proteolytic activity was the CM-cellulose resin, that
then, being the better choice for purifying bromelain. The combination of techniques
employed in the present study maintain the values of proteolytic activity of bromelain
higher after purification than is reported with the existing associations of procedures
in use, indicating that this sequence of procedures has potential for application in the

biotechnical industry.
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Abstract

Bioproducts separation and purification processes are an important segment of the
biotechnical industry. Bromelain is an enzyme which has great commercial value and
is of wide interest in the pharmaceutical, alimentary, and textile industries, among
others. This wide use of bromelain demands the development of viable processes for
extraction and purification of this enzyme. The goal of this study was to develop a
new method for bromelain purification from the stem residues resulting from
agricultural processing of the pineapple plant. Bromelain was purified using two liquid
chromatography steps. Use of the methodology which was developed produced an
enzyme with a molecular weight of 30 kDa, high recovery of enzymatic activity (89%),
and with a purification factor of 16.6, a result superior to the methodologies described
in the literature. Moreover, besides its superiority to other methodologies, it can be
applied to take advantage of the agricultural and industrial pineapple plant residues.

Keywords: Bromelain; enzyme; pufirification; chromatography.



104

1. INTRODUCTION

The isolation and purification of bioproducts are very important processes in the
biotechnology industry, representing 80 to 90% of total production costs.
Furthermore, the development of simple, viable methods for protein purification has
been an essential prerequisite for many advances in biotechnology (Harikrishna et
al., 2002; Costa et al., 2009).

Liguid chromatography (LC) is a techniqgue commonly used for protein purification. In
liquid chromatography, proteins in solution (mobile phase) are isolated and purified
through their interaction with a stationary phase (Cao, 2005). Generally, the products
obtained by LC purification are very expensive due to the costs of the materials used
in the production process. The development of low-cost LC purification methods has
been challenging (Costa et al., 2009).

Proteolytic enzymes, or proteases, are a class of hydrolytic enzymes capable of
cleaving the peptide bonds of protein chains and are essential in physiological
processes. In addition, proteases are among the most relevant enzymes from an
industrial standpoint because of their involvement in several technological
applications (Bon et al., 2008).

Bromelain is a proteolytic enzyme belonging to the cysteine peptidase family. This
enzyme can be found in the tissues of plants of the Bromeliaceae family, and
pineapple (Ananas comosus var. comosus) is its main source (Rowan et al., 1990;
Hebbar and Sumana and Raghvarao, 2008). Bromelain has a number of
biotechnological applications, especially in the food, cosmetics and pharmaceutical
industries, as well as several clinical applications, such as an antitumor agent,
immune response modulator and an enhancer of antibiotic effects and mucolytic and

gastrointestinal action. Furthermore, the enzyme has an effect on cardiovascular and
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circulatory diseases and may have potential uses in surgical procedures and wound
care (Costa et al., 2009).

The worldwide application of bromelain increases the importance of determining a
viable extraction and purification method for this enzyme. Such a method may help to
minimise losses in the pineapple agribusiness because the agricultural and industrial
wastes of pineapple (stems, leaves and crowns) are rich in this enzyme. Usually, this
residue is not used and has no appropriate destination (Bardiya and Somaji and
Khanna, 1996; Costa et al., 2009). Therefore, the present study presents a new,
viable method for the purification of bromelain from pineapple stems using LC as its

main technique.

2. METHODS

2.1 Materials

2.1.1 Pineapple wastes

Pineapple wastes from the cv. Vitoria were obtained from the Incaper Sooretama

Experimental Farm, at Sooretama-ES, Brazil.

2.1.2 Chemicals
All chemicals products used in this study were purchased from Sigma, Merck or GE

(USA). HPLC grade chemical products were purchased from Tedia Brazil.

2.2 Crude extract
A known quantity of waste was crushed for five minutes along with an extractor
solution (0.4 M H,SO4/ 2 mM NaySO4 pH 4.5 at 4°C). The extract was then filtered

and centrifuged (Eppendorf centrifuge 5804 R, Germany) at 14,750 x g for 20 min at
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4°C, and the supernatant (crude enzyme extract) obtained was used for the following

experiments.

2.3 Protein determination
The protein concentrations from enzymatic solutions were determined according to
the method described by Bradford (1976) using bovine serum albumin as the

standard.

2.4 Bromelain activity

The bromelain activity was determined according to the casein digestion unit (CDU)
method, which uses casein as a substrate in the presence of cysteine and EDTA
(Murachi, 1976 with modifications). The assays were based on the proteolytic
hydrolysis of the casein substrate.

The absorbance of the clear filtrate (solubilised casein) was measured at 280 nm
using a spectrophotometer (Thermo Spectronic ® BIOMATE 3, USA). One unit of
bromelain activity was defined as 1 pg of tyrosine released in 1 min per mL of sample
when casein was hydrolysed under the standard conditions of 37°C and pH 7.0 for 10
min.

The sample analyses were performed against their respective blank solutions. The
protein concentration readings were taken in triplicate, and the average value was
used for the calculation of the extraction efficiencies. The specific activity, activity

recovery (%) and purification fold were estimated by the following equations:

Specific activity = Proteolytic activity (U/mL) 1)
Protein content (mg/mL)
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Bromelain recovery (%) = Bromelain activity after purification x 100 (2)
Bromelain activity of the crude extract

Purification fold = Specific activity after purification (3)
Specific activity of the crude extract

2.5. lon exchange chromatography

A 25mm ID glass column, 110 mm long was packed with caboxymethyl cellulose
(CMC) and equilibrated with four column volumes of 5. 10° M acetate buffer. Then
10 mL of the crude extract was submitted and remained in contact with the resin for
one hour. After, sample was eluted using a 1 M acetate buffer at a flow rate of 0.5
mL min™. The fractions were then collected in 4 ml aliquots. The presence of protein
was monitored using recording spectrophotometer at 280 nm (Biomate ®), using
acetate buffer as blank . The procedures for the estimation of protein content and
enzyme activity are described below. Finally, the column was then washed with 2 M
NacCl solution was passed through the columns until it was protein free. All procedure

was conducted in a refrigerated environment at 4°C.

2.6 Gel filtration chromatography

Fractions from ion exchange chromatography were collected and submitted to gel
filtration chromatography. A glass column with a 17.5 mm ID and 200 mm long was
packed with Sephadex G-50® and equilibrated with one and half column volumes of
acetate buffer. The sample was applied and and left in contact with the resin for one
hour. The sample was then eluted with 1M acetate buffer at flow rate of 0.7 mL.min™,
and the eluent was collected as previously described. All procedure was conducted

in a refrigerated environment at 4°C.
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2.7 SDS-PAGE
SDS-PAGE was performed according to the method of Laemmli (1970) using 15%
(w/v) polyacrylamide gels. The staining of the gels was performed using Coomassie

Brilliant Blue G-250.

2.8 HPLC

A 20 pL aliquot of the sample obtained from the ion exchange and gel filtration
chromatography was subjected to analytical high performance liquid chromatography
(HPLC) performed on a Shimadzu Prominence (Kyoto, Japan) apparatus with a
UV/visible LC-20A detector. The fractions were eluted with a Shimadzu Shim Pack
CLC (M) C18 (4-6 mm ID x 250 mm long) column using a linear gradient between
TFA/H20 (1:1000 v/v) and TFA/acetonitrile (1:1000 v/v) over 80 min at a flow rate of

0.5 mL mint, and the absorbances were read at 280 nm.

2.9 Mass spectrometry

The protein spot of interest was excised out of the gel (Shevchenko et al., 1996). The
spot was washed three times with a washing solution (1:1 v/iv 25 mM ammonium
carbonate-acetonitrile) at 25°C for 2 h. The washing solution was then removed and
the spot was now covered with acetonitrile for 20 min at 25°C. Finally, the acetonitrile
was removed and the excess evaporated, thus providing, the drying of the spot. The
dehydrated gel particles were then rehydrated for 10 min with 10 uL of digest buffer
(25 mM ammonium carbonate) containing 20 ng of trypsin (sequencing grade
modified porcin trypsin, Promega, Madison, WI, USA). After, 20 pL of digest buffer
were added, and the sample was incubated for 20 h at 37°C. The resulting tryptic

peptides were twice extracted with 50 pL of 0.1% trifluoroacetic acid (TFA) in 50% v/v
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acetonitrile with 20 min sonication. The products from the two extracts were
combined, vacuum dried and then dissolved in 0.1% TFA in 50% v/v acetonitrile.

The matrix (10 mg/mL CHCA (a-ciano-4-hydroxycinnamic acid) in 0.1% TFA and
50% v/v acetonitrile) and the sample (1:1 v/v) were spotted and cocrystallised on a
target plate. Matrix-assisted laser desorption ionization time-of-flight/time-of-flight
mass spectrometry (MALDI-TOF/TOF MS, model 4700 Explorer Proteomics
Analyser, Applied Biosystem®, USA) has been applied to Peptide Mass Fingerprint
(PMF) and peptide sequencing. For MALDI-MS/MS measurements, N2 was used as
collision gas in the collision cell at 2.8 x 10® torr. Trypsin autolysis peptides of
masses 842.5 and 2211.1 and calibration mixtures 1 and 2 (Sequazyme Peptide
Mass Standard kit, PerSeptive Biosystems®, Foster City, CA, USA) were used,
respectively, as internal and external standards in both the MALDI MS and MALDI
MS/MS procedures.

For database searching, ppw files were submitted to the Mascot search engine using
Daemon 2.1.0 (Matrix Science: http://www.matrixscience.com) on a Mascot server
version 2.2.1. The data were searched against the latest version of the public non-
redundant protein database of the National Center for Biotechnology Information
(NCBI), downloaded on August 2008, with a mass accuracy of 15 ppm for the parent
ion (MS) and 0.2 Da for the fragment ions (MALDI MS/MS).

The search was constrained to tryptic peptides with a maximum of one missed
cleavage. The carbamidomethylation of cysteine was considered a fixed modification,
whereas the oxidation of methionine residues was considered as a variable
modification. An initial list of proteins was generated and formed the basis for further

analysis. A “positive list” was generated by considering only those proteins that
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contained at least one unique peptide (minimum 10 aa) with a Mascot score above

67 (p-value<0.05).

3. RESULTS AND DISCUSSION

3.1 lon exchange chromatography

Bromelain purification with carboxymethylcellulose (CMC) exhibited a purification
factor of 3.01, with 93% recovery of the proteolytic activity. No activity was detected
after the washing flow. The ion exchange chromatography of bromelain resulted in a
prominent peak in the sixth fraction (Figure 1). The specific activities of the applied
crude extract and the sixth eluted fraction were 23.07 and 69.50 U/mg protein,

respectively.
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Figure 1- lon exchange chromatographic purification profile for bromelain from pineapple
stems.

We observed a higher bromelain activity than those reported for existing

methodologies of ion exchange chromatography. This activity is due to the use of 1
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M acetate buffer in this step. Costa (2010), compared different buffers for the
maintenance of bromelain, and noted that this buffer at pH 4.5 contributed to
bromelain activity. Moreover, previous works have indicated that differences in the
ion chromatography resin are important to bromelain activity (Devakate et al., 2009;

Costa, 2010).

3.2 Gel filtration chromatography

The fractions obtained by ion exchange chromatography (fractions 3 — 22) were
pooled and subjected to molecular exclusion chromatography using Sephadex G-50
resin, and a total of 51 fractions were collected (Figure 2). The specific activity of
bromelain was 389.02 U/mg , whereas that the proteolytic activity was 89 % of

recovery with a purification factor of 16.86.
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Figure 2- Gel filtration chromatographic purification profile for bromelain from pineapple
stems after ion exchange chromatography.
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The coupling of CMC resin with the Sephadex® G-50 resin is a powerful analytical
chromatography method to obtain bromelain in its pure form. Suh et al. (1992)
purified bromelain from pineapple fruit and stem until homogeneity using gel filtration
chromatography, obtaining a yield of only 23 % of activity.

Hernandez et al. (2005) reported a purification method for bromelain similar to our
study. Authors conducted the bromelain purification however using opposite
treatment: they performed the gel filtration followed by ion exchange
chromatography. The gel-filtration resin used was Sephadex® G-100, vyielding
87.81% activity. The second purification step was used the CMC, which the yield of
bromelain activity decreased to 41.15%.

The Sephadex® G-50 is cheaper than Sephadex® G-100 (reduction of 50 % of cost),
becoming the purification process of bromelain economically viable. Additionally, the

purification methodology developed presents a higher yield of proteolytic activity.

3.3 SDS-PAGE

In the SDS-PAGE analysis, the molecular weight of bromelain was estimated as 30
kDa, and predicted by Gautam et al. (2010) and other previous studies. Bromelain
may not be completely pure when the extract is eluted only with ion exchange, as
suggested by the double gel band in the 30 kDa region (Lane 1 - Figure 3). The result
of the gel filtration purification of bromelain was confirmed by the SDS-PAGE result,

in which only one band can be observed in the 30 kDa region (Lane 2 - Figure 3).
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30 KDa -

Figure 3- SDS-PAGE analysis of ion exchange (Lane 1) and gel filtration (Lane 2)
chromatography. (M — Molecular Weight Marker).

3.4 HPLC

Aliquots from the same fractions used for the preparation of the SDS-PAGE gels
were then prepared for HPLC. The HPLC analysis corroborated with the SDS-PAGE
results. The reversed phase chromatography confirmed the presence of two peaks in
the ion exchange chromatogram (Figure 4a) and only one protein (Peak 1) in the gel

filtration chromatogram, which was eluted in the first 10 min (Figure 4b).
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Figure 4- HPLC chromatograms obtained from the fraction with the highest proteolytic activity
in the C18 column using a gradient of 0-80% water-acetonitrile at a flow of 0.5 mL/min for 80
min (a) lon exchange chromatogram (b) gel filtration chromatogram

Bromelain is a protein with polar characteristics, as indicated by the peak appearing
during the first few minutes when water is the main solvent in the non polar column
(C-18), causing it to be rapidly eluted. Napper et al. (1994), in a comparison of
pineapple proteases, ascribed the polarity of bromelain mainly to its contents of the

amino acids lysine and arginine, which are present in larger amounts in comparison

with other proteases.
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3.6 Mass spectrometry

The SDS-PAGE previously shown (Figure 3, lane 2) was excised and trypsinised to
obtain a PMF. The MALDI-TOF MS confirmed the purity of the bromelain (Figure 5a)
from identification of 10 more abundant peptides with m/z values of 951.44, 963.44,
1000.49, 1016.48, 1032.48, 1068.52, 1103.52, 1526.70, 1566.73 and 1584.75.
Among signals identified, the ions of m/z 951 and 1584 were submitted to MALDI-
MS/MS experiments for determination of fragmentation profile and sequencing
(Figure 5b and 5c). The Mascot program has been used for the MALDI-MS/MS data,
thus providing, the most likely sequence for the peptides of m/z 951 (Probable
sequence: WGEAGYIR) and 1584 (Probable sequence:TNGVPNSAYITGYAR).

The NCBI (http://blast.ncbi.nim.nih.gov) database analysis of the two peptides
identified a FBSB precursor [Ananas comosus| with the access code Qi2463584,
which has a 95-100% identity with bromelain. Additionally, the SwissProt

(http://blast.ncbi.nlm.nih.gov) database was also used, confirming again the purity of

the bromelain as an identity of 95-100% between bromelain and a peptide with the
access code BROM2_ANACO.

The MSDB database was also used to analyse the two peptides. The peptide with
the m/z 951 showed high homology with ananain, identified as an AN8 precursor.
Rowan et al. (1990) described the presence of four main proteases in pineapple

(Ananas comosus): fruit bromelain, stem bromelain, ananain and comosain.


http://blast.ncbi.nlm.nih.gov/
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Figure 5 — (a) MALDI-TOF MS spectrum from bromelain purified (b) MALDI TOF
MS/MS from peptide m/z 951 (c) MALDI TOF MS/MS from peptide m/z 1584.

Ananain shows a 77% amino acid sequence identity with bromelain (Lee et al.,
1997). This peptide (m/z 951) is present at the N-terminus region of bromelain, which

is a portion identical to that of other cysteine proteases, as it comprises mainly the
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region of the catalytic site. If we align only one fragment of the two proteins
(bromelain and ananain- see bellow), the peptides differ by only one amino acid:
bromelain has an alanine (A), whereas the ananain has a glycine (G).

Stem bromelain WGAKWGEAGYIR

Ananain WGAGWGEGGYIR
Peptide m/z 951 WGEAGYIR

As proteases of the same family, the proteins were expected to share several
identical regions in their primary sequences, and some peptides would have a high
identity with ananain or other proteases. The most likely sequence identified for the

peptide mass of m/z 951 is the bromelain.

3.7 Purification process

The bromelain purification method using carboxymethylcellulose was able to purify
the compound approximately 3.01 times the level in the crude extract, and the
Sephadex® column purified the compound approximately 16.86 times (Table 2).

The results indicate that, depending on the destination of the bromelain, the process
can be stopped after the first purification step using ion exchange chromatography.
This method is possible because the CMC purified the compound 3.01 times the
level in the crude extract (Table 1), with this result confirmed by the SDS-PAGE and
HPLC results.

Table 1 — Yield in total protein, proteolytic activity, specif activity and purification factor for
each bromelain purification step

Volume Total_ Pro_tgolytic Sp(_ec_ific .
Steps (ML) protein activity activity PF
(mg/mL) (U/mL) (U/mq)
Crude extract 8 1.77 40.84 23.07 1
CMC 100 0.20 13.90 69.50 3.01
Sephadex 5 0.093 36.34 390.75 16.93

!PE — Purification Factor
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In many cases, the commercial use of bromelain in the food, cosmetics, and
nutritional, medicinal and pharmacological supplement industries (Ketnawa and
Chaiwut and Rawdkuen, 2012) does not require a high purity bromelain enzyme
preparation. The process described in the present study enables producers to
choose the desired level of bromelain purity, thereby further reducing the costs of the
production process.

Proteolytic activity is the main parameter for quality control, and the bromelain
purified by the process demonstrated in the present study had a proteolytic activity

yield of 89%, which is higher than that obtained from current purification processes.

4. CONCLUSIONS

The bromelain purification method of the present study employs two LC steps: ion
exchange chromatography (carboxymethylcellulose), followed by gel filtration
chromatography (Sephadex® G-50). The purified bromelain has a molecular weight
of approximately 30 kDa and is of high purity, and the purification method yields a
higher proteolytic activity value (89%) at a lower cost than the existing
methodologies. Therefore, the method demonstrated in the present study can be
used to transform the agricultural and industrial wastes of pineapple crop into a

product with high added value and significant biotechnological interest.
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Abstract

Bromelain is a protease present in the pineapple that has numerous biotechnological
interests. New varieties of pineapple that have promise for agricultural improvements
and improved commercial acceptance are an object of current research and some
are now being introduced to the market. Evaluation of the kinetic characteristics of
the bromelain in these newly launched varieties with as an objective, optimizing its
separation and purification, is a good strategy for aggregating value in the pineapple
sector of agribusiness. The goal of this work was to accomplish a Kkinetic
characterization of the bromelain from cv. Vitdria, a new variety resistant to
fusariosis. Bromelain obtained from agricultural residues of this new variety, by
chromatography, in two steps, pre-purified and purified, was studied. The results
show that the pre-purified extract of bromelain obtained from the first step of
purification contains two proteolytic enzymes. Moreover, the purified bromelain
presented its optimal proteolytic activity at pH 8 and 60 °C, thusly having
characteristics similar to those of the bromelain obtained from varieties currently
used as a source of bromelain. The results demonstrate that cv. Vitoria represents a
good source of bromelain coupled with its agricultural and commercial benefits

related to disease resistance.

Keywords: Bromelain; kinetic characterization; new source of obtention
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1.INTRODUCTION

Proteases are enzymes of great industrial interest and yield about 3 billion dollars in
sales annually (Leary et al. 2009). They represent about 60 % of the total amount of
enzymes commercialized in the entire world. Among the most well known proteases
having high value and with good commercial acceptance are papain from the papaya
(Carica papaya), ficin of the fig (Ficus spp.) and pineapple bromelain (Ananas
comosus var. comosus) (Muntari et. al, 2012)

Considering this, one realizes that one of the great challenges in this market is in
realizing cost reduction for the production of these enzymes. The separation process
and subsequent bioproduct purification is then, a very important segment of the
biotechnical industry since the separation and purification procedure represents 80 to
90 % of the production cost. This way, the development of simple and economically
viable methodologies for protein purification has become an essential prerequisite
for many of the advances in biotechnology (Harikrishna et al. 2002; Costa and
Fernandes and Ventura, 2012).

Bromelain belongs to the group of proteolytic enzymes which constitute the cysteine-
peptidase family, which are described as playing a role in the processes of ripening
and senescence of fruits (Neuteboom and Matsumoto and Christopher, 2009). This
enzyme is of great interest for the alimentary, cosmetic and pharmaceutical
industries, with many clinical applications, such as, an antitumoral agent, as an
immunomodulator, potentiation of antibiotics, a mucolytic, and for its digestive action,
besides having application in the treatment of cardiovascular and circulatory
diseases, as well as being used in surgical procedures and the treatment of wounds
(Rowan et al.,, 1990; Hebbar and Sumana and Raghavarao, 2008; Costa et al.,

2009).
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Bromelain can be found in tissues of the plant family Bromeliaceae, being a
byproduct of the fruit processing and related agricultural residues of the pineapple
plant (Ananas comosus var. comosus), especially the stem, its main source (Rabelo
and Tambourgi and Pessoa Junior, 2004). Moreover, the pineapple is the only fruit in
which the plant has relatively high concentrations of proteases in the mature state.
Considering that pineapple culture is based on a restricted number of genotypes,
cultivar diversification is desirable. In this context, researches are frequently being
performed to evaluate cultivars and genotypes of the pineapple plant with the
objective of selecting plants resistant to the main diseases, which are productive and
have fruit of acceptable commercial quality.

In this context we find the cultivar Vitéria, a new variety of pineapple, resistant to the
fusariosis, a disease caused by the fungi Fusarium subglutinans f.sp. ananas (sin:
Fusarium guttiforme) which can cause losses from 30 to 40 % of the fruit. This
cultivar presents similar or superior agronomical characteristics to those of the
cultivars Pérola and Smooth Cayenne, industry standards for fruit production and as
a source of bromelain these being however, susceptible to fusariosis. The use of
resistant cultivars has been pointed out as the more efficient and economic control
measure for plant diseases, especially for cultivars such as the pineapple, which is
usually planted by low income farmers who lack agricultural technological knowledge
(Ventura and Zambolim, 2002; Ventura, et. al., 2009).

Previous works have elucidated the biochemical and structural mechanisms of cv.
Vitoria resistance. (Aquije et al., 2010) in comparison with the existing varieties.
There are however, no reports regarding the kinetic characterization of the bromelain
in cv. Vitoria. The present work proposes accomplishing the kinetic characterization

of the bromelain obtained from cv. Vitdria residues to evaluate the potential of this
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new variety as a source of bromelain.

2 METHODS
2.1 Pineapple wastes
Pineapple wastes of cv. Vitéria were obtained from Incaper Sooretama Experimental

Farm, Sooretama-ES, Brazil.

2.2 Chemicals

All chemical products were purchased from Sigma, Merck or GE.

2.3 Crude extract

A determined quantity of wastes was crushed for five minutes in an extraction
solution (0.4 M H,SO4/2 mM Na,SO, pH 4,5 at 4°C). After that the extract was
filtrated and centrifuged (Eppendorf centrifuges 5804 R, Germany) at 14,750 x g for
20 min at 4°C and the supernatant (crude enzyme extract) obtained was used in the

subsequent experiments.

2.4 Bromelain purification from pineapple stems

Bromelain was purified with a new methodology developed. The crude extract was
submitted to ion exchange chromatography. A 25mm ID glass column, 110 mm long
was packed with caboxymethy-celullose and equilibrated with four column volumes
of 5.10° M acetate buffer. Then 10 mL of the crude extract was submitted and
allowed to remain in contact with the resin for one hour. After, sample was eluted using a
1 M acetate buffer at a flow rate of 0.5 mL. min™*. The fractions were then collected in

4 ml aliquots. The presence of protein was monitored using recording
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spectrophotometer at 280 nm (Biomate ®), using acetate buffer as blank . The
procedures for the estimation of protein content and enzyme activity are described
below. Finally, finishing the elution the column was then washed with 2 M NacCl
solution was passed through the columns until it was protein free. Aliquots from ion
exchange chromatography were collected and submitted to gel filtration
chromatography. A glass column with a 17.5 mm ID and 200 mm long was packed
with Sephadex G-50® and equilibrated with one and half column volumes of acetate
buffer. The sample was applied and and left in contact with the resin for one hour.
The sample was then eluted with 1M acetate buffer at flow rate of 0.7 mL.min™, and
the eluent was collected as previously described. The entire procedure was
conducted in a refrigerated environment at 4°C. (Costa and Fernandes and Ventura,
2012).

To confirm the purification of bromelain the proteolytically active fractions in both
chormatographies were analyzed by RP-HPLC (Shimadzu Prominence LC — 20AT).
Fractions were eluted from a Shimadzu Shim Pack CLC (M) C18 (4:6 mm x 250 mm)
column using the linear gradient between TFA/H20 (1:1000 v/v) and TFA/acetonitrile
(1:1000 v/v) over 80 min at a flow rate of 0.5 mL.min™ and with the absorbance being
read at 280 nm. The purity of the bromelain was also checked by SDS-Page

electrophoresis using to 15% polyacrylamide gel and coomassie blue staining.

2.5 Proteolytic activity of the pre purified and purified bromelain

The proteolytic activity was determined according to the casein digestion unit (CDU)
method, which uses casein as a substrate in the presence of cysteine and EDTA
(Murachi, 1976 with modifications). The assays were based on the proteolytic

hydrolysis of the casein substrate.
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The absorbance of the clear filtrate (solubilised casein) was measured at 280 nm
using a spectrophotometer (Thermo Spectronic ® BIOMATE 3). One unit of
bromelain activity was defined as 1 pg of tyrosine released in 1 min per mL of sample
when casein was hydrolysed under the standard conditions of 37°C and pH 7.0 for 10

min. Results were expressed as a recovery percentage of bromelain activity.

2.6 Optimum pH for pre-purified and purified bromelain

The optimum pH for bromelain activity was determined at 37°C by incubating the
enzyme obtained from CMC and Sephadex at different pHs (6.0; 6.5; 7.0; 7.5; 8.0;
8.5; 9.0) for 10 min. Phosphate buffer was used for the range from 6.0 to 7.5, TRIS-

HCI buffer for pH 6.0 to 8.0.

2.7 Optimum temperature for pre-purified and purified bromelain.
The optimum temperature for bromelain activity was determined by incubating the
enzyme obtained from CMC and Sephadex for 10 min at different temperatures from

40 to 0°C (at regular intervals of 10°C).

3. RESULTS AND DISCUSSION

3.1 Bromelain purification

SDS Page and HPLC were the methodologies applied for the bromelain purification
confirmation and, which served, as a consequence, as the basis for validation of the
subsequent studies to determine the pH and temperature range for optimal enzyme
activity. SDS Page and HPLC revealed that ion exchange chromatography is not
adequate for complete purification of the bromelain, yielding instead a pre-purified

enzyme (Figure 1a).
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Investigating these methodologies has shown, indeed, that use of both
chromatographic procedures is essential for obtaining protein with a high degree of
purity (Costa and Ventura and Fernandes, 2012) since there is evidence of only one
peak for the purified protein while there were two peaks for the pre purified protein in
HPLC. And, in SDS-Page's analysis, the molecular weight of the bromelain was

estimated to be 30 kDa as predicted by Gautan et al. 2010 (Figure 1b).
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Figure 1- (a) HPLC and SDS-PAGE of pre-purified bromelain by ion exchange
chromatography (b) HPLC and SDS-PAGE of purified bromelain by gel filtration

3.2 Optimum pH

The pre-purified bromelain of cv. Vitéria presented optimal activity in the pH 8, in Tris

buffer (Figure 2).
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Figure 2 - Optimal pH of pre-purified bromelain activity

One of the first parameters to be established for a recently discovered enzyme is its
activity profile in function of pH. This practice is frequently applied in the case of the
endopeptidases of plants. (Wagner, 1986).

The pH for optimal enzyme activity is related to the chemical characteristics of the
substrate, because the reaction velocity of an enzyme is altered by the effect of pH
on the substrate ionization state (Franca-Santos et al, 2007).

Other factors that can influence the optimal pH of an enzyme are: its concentration,
pH of the extraction medium, the type of buffer solution used and the presence of
reducing agents (Franca-Santos et al, 2007)

According to Rowan et al. (1990) all endopeptidases of the pineapple exhibit a wide
profile of optimal pH activity near neutral pH.

Even though evaluation of the enzyme, pre-purified by ion exchange
chromatography, indicates that there is more than one enzyme in this fraction, the
maximal proteolytic activity was in only one pH (pH 8) (Figure 2). That can be

explained by the existence of two or more proteolytic enzymes present in that fraction
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having the same pH for optimal activity.

Moreover, bromelain is a mixture of several proteases which differ in their action on
different substrates, in their susceptibility in oxidation and reduction and in the pH at
which they hydrolyze substrates more rapidly (Franca-Santos et al, 2007; Maurer,
2001) Thusly, in the fraction from this stage of purification there can be two
proteases of bromelain present, with the same optimal pH, since the proteolytic
activity is elevated and in SDS-Page both present nearly the same molecular weight
(Figure 1a). Maurer (2001) previously described proteases of bromelain that have
this characteristic.

Bromelain purified from cv. Vitdria obtained after the complete purification process,

also had its optimal pH for enzymatic activity in pH 8, in Tris buffer. (Figure 3).
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Figure 3- Optimal pH of purified bromelain activity

Bromelain obtained with this new purification process has an optimal pH value within
the expected range. According to Minami and Doi and Hata (1971); the optimal pH
range for bromelain when using casein as substrate is between 7 and 8,5. Mahmood

and Saleemuddin (2007) also describe the optimal pH of native bromelain as being 8



131

at the temperature values given in the methodology used in this work.

3.4 Optimum temperature
Pre-purified bromelain obtained from the CMC process attained maximal activity at
the temperature of 60°C. The elevation of the proteolytic activity (Figure 4) that

presented at the temperature of 40 °C also deserves our attention.
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Figure 4- Optimal temperature of pre-purified bromelain activity

The activity increase consider contrasting with the behavior at different pHs at
different temperatures (40 and 60°C) confirms the existence of more than one
enzyme with proteolytic activity in the pre-purified bromelain extract.

The optimal activity temperature study of bromelain is important not only for the
kinetic characterization of the enzyme purified by this new process but also because
knowledge of the optimal temperature allows determining the best storage
temperature to be used for bromelain to maintain its catalytic activity since heat is a

denaturing agent. As well as pH variation from the ideal, temperature elevation
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causes losses denaturing protein and consequently affecting the enzymatic activity
factor (Franca-Santos et al., 2007).
Regarding the purified enzyme, values of optimal temperature to 60°C (Figure 5) can

be seen.
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Figure 5 - Optimal temperature of purified bromelain activity

There are various bromelain optimal temperature values described in the literature;
25 °C (Hatano and Tanokura and Takahashi; 1998, Bhattacharya and
Bhattacharyya, 2009), 37 °C, (Rasheedi and Hag and Khan , 2003); 45°C (Bala
et. al., 2012); 60° C ( Suh et al., 1992; Mahmood and Saleemudin, 2007 ; Khatoon
and Younus and Saleemuddin, 2007; Ketnawa and Chaiwut and Rawdkuen, 2012)
62,5 °C (Ko and Kang, 1990). The explanation of this divergence of values can be
that the bromelain used in these studies is, in fact, a complex of proteolytic enzymes,
with the optimal temperature depending on the isoforms of the bromelain isolated.
Moreover, some other factors should be taken into consideration concerning this

divergence found in the literature, such as, the kind of substrate used in the activity
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experiment, and the duration of enzyme contact with the substrate. For example, with
regard to the type of substrate, depending on the substrate used the enzyme activity
can be more or less affected by temperature variation which can influence the
optimal temperature determination (Franca-Santos et al., 2007).

Extreme temperatures (10°C and 100°C) also were evaluated in the bromelain
activity in the two situations of pre purified and purified, in both cases, the enzyme
was already completely denatured, without proteolytic activity, or at insignificant
values of activity (data no show).

Thus the kinetic characteristics regarding the cv. Vitéria bromelain proteolytic activity
are similar to the characteristics found in the varieties nowadays used in bromelain
production, presenting optimum values of activity in the range of pH 8 and 60° C.
Considering that all the bromelain uses having industrial interest are based on its
proteolytic activity the enzyme purified in present work demonstrates that this new
variety can be used as a good source for bromelain production (Franca-Santos et al.,

2007).

4.CONCLUSION

This kinetic characterization enabled identification of cv. Vitdria as a good source of
bromelain, since the enzyme studied presents similar characteristics to that present
in the varieties currently used as its source. Moreover, the results reaffirm that new
varieties can aggregate value to the pineapple sector of agribusiness, benefiting the
entire production chain because cv. Vitéria, besides having resistance to fusariosis,
which prevents a potential 30 to 40% loss in agricultural production, yields by-
products which can be effectively used as a source of bromelain by taking advantage

of biotechnical improvements in the purification process.
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5.CONCLUSOES

Nos frutos em diferentes estadios de maturagcdo demonstrou-se que a cv. Pérola
apresentou maior teor protéico e maior atividade proteolitica diferindo
significativamente (P<0,05) da cv. Vitoria. A atividade especifica de bromelina
apresentou o0 mesmo perfil para ambas as cultivares nos diferentes estadios de
maturacdo do fruto, porém os valores encontrados na cv. Vitéria foram superiores

em relagdo a cv. Pérola, com diferengas significativas (P<0,05) no estadio 4.

Na comparacdo dos parametros quimicos entre as cultivares a cv. Vitdria apresentou
caracteristicas semelhantes ou superiores quando comparados a cv. Pérola em
todos os estadios de maturacao dos frutos. Na cv. Vitéria foi considerado o estadio 4
como o melhor ponto de colheita para consumo desse fruto. Neste estadio, além de
apresentar caracteristicas quimicas adequadas para o consumo, 0s Vvalores
elevados de atividade especifica da bromelina poderdo trazer mais beneficios a

salde do consumidor.

Os maiores valores de atividade especifica foram encontrados na cv. Vitoria, o que
indica a possibilidade de purificacdo da bromelina a partir dos frutos no estadio 4 de

maturacao.

Com a ampla aceitacdo comercial da cv. Vitéria quando comparada a cv. Pérola &
possivel afirmar que exista um alto potencial de disponibilidade de matéria prima
para a purificacao e obtencao de bromelina a partir dos seus residuos agricolas.

Entre as solucdes de extracdo de bromelina utilizadas a partir de residuos da cv.
Vitéria, a solucdo de H,SO4/Na,SO, pH 4,5, rendeu maiores valores de proteinas
totais e atividade proteolitica o0 que consequentemente elevou os valores de
atividade especifica de bromelina (32,08 U/mg), valor esse, superior ao encontrado
nas metodologias atualmente existentes. A utilizacdo do Na,SO, permitiu uma
protecdo do sitio sulfidrilico da enzima evitando que ela sofresse autolise e perdesse

sua atividade.
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Na comparagdo entre as técnicas de precipitacdo fracionada para purificacdo de
bromelina obtidos a partir de residuos da cv. Vitéria, a precipitacdo por sulfato de
amonio foi a melhor para as etapas iniciais de purificacdo de bromelina por manter
os valores de atividade proteolitica elevados. As fragcbes 20-50% e 50-75% de
saturacdo, renderam os maiores valores de atividade proteolitica com 88,57 % e

98,42 % de recuperacédo, respectivamente.

A comparagdo entre as resinas de troca ionica utilizadas mostrou que a resina que
melhor manteve a atividade proteolitica (89.31%) e ainda manteve a integridade da

enzima foi a CM-Celulose, sendo essa de melhor escolha para purificar bromelina.

Foi desenvolvido um novo processo de purificacdo de bromelina (Numero de
depdsito no INPI: PI110201027122, data de deposito: 23/10/2012) obtendo uma
enzima com alto grau de pureza utilizando duas técnicas de cromatografia liquida:
troca ibnica (utilizando carboximetilcelulose) e gel filtracdo (utilizando sephadex G-
50). A metodologia purifica bromelina com maiores valores de atividade proteolitica
(89%) e, ainda a metodologia apresenta maior viabilidade no processo laboratorial

frente as metodologias atualmente descritas na literatura.

Considerando ainda que nem todos os usos industriais da bromelina exigem que a
enzima esteja com elevado grau de pureza, dependendo do fim a que se destina
nao ha a necessidade de execucdo de todas as etapas envolvidas no processo de
purificacdo apresentado. Com isso € possivel obter a partir desse novo processo
também, uma bromelina pré-purificada. Isso faz com que, o custo de sua obtencéo

figue ainda menor.

A caracterizacdo cinética da bromelina pré-purificada obtida até a etapa da utilizacéo
de carboximetilcelulose apresenta pH 6timo 8 e temperatura 6tima de 40 e 60°C. A
bromelina purificada apresenta pH 6timo de 8 e temperatura 6tima de 60°C. Assim,
€ possivel afirmar que a bromelina obtida a partir do processo de purificacéo
desenvolvido apresenta caracteristicas quimicas e bioquimicas semelhantes as

bromelinas descritas na literatura e comercializadas atualmente. E possivel afirmar
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ainda, que os residuos de abacaxizeiro da cv. Vitoria representam uma boa fonte de

obtencéo de bromelina.

Estima-se que a partir de 1 kg de residuo do abacaxi, é possivel obter
aproximadamente 267 mg de bromelina pré purificada e 124 mg de bromelina
purificada. Pelos dados disponiveis é possivel produzir aproximadamente 21,36 kg
de bromelina pré purificada e aproximadamente 9,92 kg de bromelina pura, obtidos
por hectare de abacaxi cultivado. Considerando que 1 (um) g de bromelina
atualmente é importada a aproximadamente R$ 25,00 (vinte e cinco reais), pode-se
gerar 248 mil reais por hectare de abacaxi cultivado a partir dos residuos culturais

gue atualmente ndo tém aproveitamento.
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APENDICE A — Deposito de Patente: “Processo de Purificacdo de Bromelina,

Bromelina purificada e usos da enzima purificada”

A modalidade de invencao proposta trata de um processo de purificacdo de enzima
proteolitica, a enzima purificada e seus usos. E proposto um método para a
purificacdo da enzima em questdo, mas especificamente a bromelina, a partir de
produtos organicos, em especial residuos agricolas do abacaxizeiro (Ananas
comosus). O extrato vegetal é filtrado e centrifugado, obtendo-se um sobrenadante,
gue é aplicado em uma coluna de troca ibnica. As fracdes obtidas sdo submetidas a
colunas de exclusdo, obtendo-se a protease purificada, com baixo custo e
aproveitamento de residuos. O processo proposto permite a manutencdo da
atividade biolégica da bromelina, permitindo a esta uma vasta aplicacdo
biotecnoldgica, de interesse para industria farmacéutica, cosmética, alimenticia e de
bebidas.
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