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RESUMO

Os solventes organicos sdo comuns em processos industriais que utilizam enzimas,
mas, a0 mesmo tempo, sabe-se que alteram suas propriedades. Assim, os efeitos
do solvente organico aquoso (etanol) em diferentes concentracbes na estrutura a-
tripsina foram investigadas por técnicas espectroscépicas e analise de dados
termodinamicos. A espectroscopia de absorcao UV-Vis, a fluorescéncia intrinseca do
triptofano e o espalhamento dindmico da luz (DLS) sugerem a formacgao de estados
parcialmente dobrados, em vez de estados agregados, em alta concentracao de
etanol (> 60% Vv/v de etanol/tampao), exibindo pouca perda de estrutura secundaria,
mas alteracoes significativas na estrutura terciaria. Os dados termodinamicos (T, e
AH) sugerem um afrouxamento de interagbes intramoleculares fracas, o que se
reflete em um aumento de flexibilidade de tal forma que a capacidade catalitica pode
ser aumentada ou diminuida de acordo com a concentragdo de etanol no sistema.
Os resultados globais sugerem que na faixa de 0-60% v/v de etanol/tampéo, a a-
tripsina sofre fenbmenos de multimerizagéo reversiveis, mantendo a sua atividade
catalitica. No entanto a partir de 60% v/v de etanol/tampéao, a populacdo de estados

parcialmente enovelados com menor atividade catalitica é predominante.

Palavras chaves: tripsina, isoformas, enzimologia, solventes orgéanicos, estrutura,

termodinamica.



ABSTRACT

Organic solvents are common in industrial processes that use enzymes but, at the
same time, it is known that they change the properties thereof, thus the effects of
aqueous-organic solvent (ethanol) in different concentration on the a-trypsin structure
have been investigated by spectroscopic techniques and thermodynamic data
analysis. The results from spectroscopic measurements, including far-UV Circular
Dichroism, UV-Vis absorption spectroscopy, intrinsic tryptophan fluorescence and
dynamic light scattering (DLS) suggest the formation of partially folded states,
instead of aggregates states, at high ethanol concentration (> 60% v/v ethanol), with
little loss of secondary structure, but with significant tertiary structure changes. The
thermodynamic data (7, and AH) suggest a loosen of intramolecular weak
interactions, which reflects in a flexibility increase such that the catalytic capacity can
be increased or decreased according to the ethanol concentration into the system.
Overall results we suggest that in range of 0-60% v/v ethanol/buffer, a-trypsin
undergoes reversible multimerization phenomena maintaining its catalytic activity.
However from 60% v/v ethanol/buffer, population of folded partially states with less

catalytic activity are predominant.

Key words: trypsin; isoforms; enzymology; organic solvent; structure; thermodynamic.
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PARTE |

1 REVISAO LITERARIA

1.1 Enzimas em meios aquo-organicos

Embora a agua seja considerada como o solvente da vida, é um solvente bastante
fraco para a maioria das reacOes sintéticas. Os solventes organicos sao
normalmente necessarios para aumentar a solubilidade dos substratos hidrofébicos,
deslocar o equilibrio termodindmico para favorecer a sintese por hidrélise e suprimir
reacdes secundarias aquo-dependentes. No entanto, a maioria das enzimas naturais
exibe uma menor eficiéncia catalitica em solventes organicos em comparacao com
solucbes aquosas nativas (STEPANKOVA et al., 2013). A presenca de agua é
essencial para o funcionamento de varias biomoléculas (LEVY; ONUCHIC, 2006).
Ao interagir com as moléculas presentes no meio, a agua forma uma camada de
hidratacao, que influencia as propriedades estruturais e dindmicas das biomoléculas
(BALL, 2008). Porém, o minimo nivel de hidratagdo necessario para o correto
funcionamento de uma proteina ainda esta em definicdo e provavelmente leva em
conta quais propriedades desta devem ser consideradas, como por exemplo as
diferencas estruturais e termodinamicas de cada proteina (FOGARTY; POTESTIO;
KREMER, 2015).

As enzimas possuem varias qualidades desejaveis para uma ampla gama de
aplicagdes, desde a sintese de intermediarios farmacéuticos até a producdo em
larga escala de biocombustiveis a partir de fontes renovaveis (ILLANES et al., 2012).
Isto é principalmente devido a sua capacidade de converter um amplo espectro de
substratos; sua alta estabilidade em temperaturas extremas; sua alta quimio-, regio-
e enantiosseletividade. No entanto, as vantagens dos biocatalisadores, como sua
biodegradabilidade, alta especificidade e atividade em condicdes suaves, refletem o
fato de que as enzimas evoluiram para trabalhar em ambientes celulares e, portanto,
sdao geralmente intolerantes as duras condicbes do processo industrial (IYER;
ANANTHANARAYAN, 2008; SCHMID et al., 2001).

Existem duas solugdes possiveis para lidar com a baixa tolerancia das enzimas em

relacdo aos solventes organicos: (l) otimizacdo das condicées do processo para o
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biocatalisador disponivel e (ll) preparacao de biocatalisadores que podem funcionar
sob condicdes ideais do processo (LUETZ; GIVER; LALONDE, 2008). Enquanto no
passado as condicdes do processo costumavam ser projetadas em torno das
limitacbes da enzima, hoje as enzimas sao geralmente projetadas para atender as
rigorosas especificagdes do processo (CARREA; RIVA, 2000). Durante as ultimas
trés décadas, inumeros estudos tém lancado luz sobre os efeitos dos solventes
organicos na estrutura e funcdo enzimatica. O aumento da compreensao das
mudancas moleculares na estrutura enzimatica e no mecanismo catalitico em meios
de reacdo nao-convencionais levou ao desenvolvimento de muitos métodos
complementares, desde a adicdo de simples agentes estabilizadores até
abordagens de engenharia de proteinas altamente sofisticadas, para aumentar a
estabilidade enzimatica em relagdo a solventes organicos. Curiosamente, tem sido
observado que os biocatalisadores podem ser manipulados a um nivel tal que
funcionam mesmo em solventes organicos puros (STEPANKOVA et al., 2013).

Muitos trabalhos tém sido realizados para se avaliar a atividade enzimatica em meio
aquo-organico. Em um deles, Zaks e Klibanov (1988a) utilizaram as enzimas
Polifenoloxidase, Alcool Desidrogenase e Alcool Oxidase em solventes com
hidrofobicidades e concentracbes de agua diferentes. Eles verificaram que a
concentracdo de agua nos solventes organicos nao interferia na atividade enzimatica
e que esta atividade estava relacionada a quantidade de agua ligada a proteina,
provavelmente porque as moléculas de agua na interface da enzima formam um

“cluster” em torno de regides polares e carregadas da enzima.

Outros estudos mostram também que a quantidade de agua necessaria para
catélise depende das caracteristicas de cada enzima. Lipases sao altamente ativas
quando poucas moléculas de agua estdo associadas com a molécula proteica
(VALIVETY; HALLING; MACRAE, 1992a, 1992b). Alcool oxidase, 4lcool
desidrogenase e polifenoloxidase sédo ativas somente quando um elevado numero
de moléculas de agua estd ligado com a molécula de enzima, formando uma
monocamada (ZAKS; KLIBANOV, 1988a). A a-quimotripsina, entretanto, necessita
de quantidade inferior a 50 moléculas de agua por molécula de enzima para exibir
sua atividade minima (ZAKS; KLIBANOV, 1988b).

Ensaio utilizando a a-quimotripsina em acetato de etila com diferentes

concentragdes de agua verificaram que ha um aumento da velocidade de reagao
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com o incremento do grau de hidratacdo da enzima até atingir uma condicao 6tima
(WEHTJE; ADLERCREUTZ; MATTIASSON, 1993). Isso, provavelmente, se deve ao
aumento da flexibilidade interna da molécula da enzima. Um aumento acima do
ponto 6timo de hidratagdo resultou na diminuicdo da atividade enzimatica. Nesse
caso, a agua atuaria como um substrato na reacdo enzimatica especialmente em
reacdes hidroliticas, produzindo reacbes secundarias e diminuindo o rendimento do
processo quimico (LIMA; ANGNES, 1999). A atividade das enzimas, quando em
solventes misciveis que ndo apresentam limite de solubilidade, aumenta até uma
determinada concentracao (“ponto 6timo”). Se a concentracdo destes solventes for
maior do que este ponto, a enzima comeca ser inativada (KHMELNITSKY et al.,
1991b; MOZHAEYV et al., 1989).

Experimentos realizados por Gorman e Dordick (1992) mostraram que os solventes
podem alterar a atividade enzimatica por retirarem a agua da camada de hidratacao
da enzima. Isto ocorre principalmente com o uso de solventes muito polares e o
resultado é a perda das atividades cataliticas por desnaturacdo ou inativacao.
Segundo os mesmos autores, o uso de solventes organicos causa reducao na
flexibilidade da molécula, se comparado ao meio aquoso. Isso ocorre por causa da
influéncia direta da constante dielétrica. Quanto menor o valor dessa constante,
maior a facilidade de interacdo entre os residuos de aminodacidos, aumentando a
rigidez da enzima e a interacdo proteina-proteina. Estudo realizado por Klibanov
(1989) mostra que moléculas mais rigidas apresentam maior termoestabilidade,
provavelmente pela retencdo da “impressdo” do sitio ativo onde, anteriormente,
havia ligantes. Portanto, a escolha do solvente e o controle do meio de hidratacao

influenciam diretamente o grau de flexibilidade da enzima.

A influéncia da polaridade de solventes sobre as moléculas de agua presentes nas
enzimas também foi avaliada por Khmelnitsky et al. (1991), que aumentaram a
hidrofilicidade na superficie da a-quimotripsina usando di-anidridopirometilico, e
observaram que esta modificacdo ajudou a manter as moléculas de agua no
microambiente enzimatico. Porém algumas substancias, como certos carboidratos,
conseguem reduzir a atividade da agua ao redor da enzima (SANCHEZ-MONTERO
et al., 1991). Isto faz com que a enzima tenha sua vida util aumentada.

Melhorias continuas e uma melhor compreensao da biocatalise em meios de reacao

nao convencionais podem nao apenas aumentar o potencial econdmico dos
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processos enzimaticos existentes, mas também permitir que novas areas, até entao
impedidas pela instabilidade intrinseca das enzimas, sejam exploradas. A
estabilidade proteica relaciona-se intimamente com as questdes contemporaneas da
ciéncia proteica, interagcdes proteina-solvente e dobramento de proteinas. A
engenharia da estabilidade enzimética €, portanto, de interesse comercial e cientifico
(STEPANKOVA et al., 2013).

A partir dos dados na literatura que relatam a influéncia de solventes organicos
sobre a estrutura e a atividade das enzimas de forma geral, e conhecendo a
importancia das serino-proteases em processos biolégicos e industriais (BARRETT,
1970; DAVIE; FUJIKAWA; KISIEL, 1991; STOYTCHEVA, 2013), 0 nosso grupo
resolveu investigar a influéncia do solvente em diferentes concentracbes de

solventes organicos sobre a tripsina, que & uma serino-protease.

1.2 Serino-Proteases

Serino-proteases sao enzimas que fazem a hidrélise da ligacdo peptidica de
proteinas, sendo que um dos aminoacidos responsaveis pela atividade catalitica é
uma serina muito reativa (VOET; VOET, 2011).

1.2.1 Caracteristicas das serino-proteases

As serino-proteases constituem a familia das enzimas mais estudadas até os dias
atuais, sendo amplamente pesquisada por mais de 60 anos. Os membros mais bem
caracterizados sdo a quimotripsina, a tripsina e a elastase (VOET; VOET, 2011), que
fazem parte da superfamilia das quimotripsinas (Fig. 1). Estas pertencem a familia
S1, caracterizada por um sistema de triade catalitica formada por residuos de
aspartato, histidina e serina. Estes residuos trabalham juntos para controlar a
nucleofilicidade do residuo de serina durante a catalise (KUMAR; VENKATESU,
2012). As serino-proteases apresentam dois dominios similares, provavelmente
originados por modificacbes durante duplicacdo génica, e entre esses dominios
encontra-se o sitio ativo contendo a triade catalitica (LESK; FORDHAM, 1996;
VOET; VOET, 2011).
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Figura 1: Superposigdo da estrutura terciaria de quatro serino-proteases e seus centros
ativos. Note que o enovelamento é semelhante. Enzimas: tripsina bovina - 5PTP (azul),
quimotripsina bovina - 2CHA (vermelho), elastase porcina - 3EST (verde) e calicreina
porcina - 2PKA (amarelo).

1.2.2 Formacao das isoformas da tripsina

A tripsina foi isolada de diversos vertebrados e invertebrados, como porcos, ovelhas,
bois, cachorro, homem, entre outros (SIMPSON; HAARD, 1984). De acordo com Keil
(1971), as tripsinas sdo uma familia de enzimas de peso molecular variando de 20 a
25 kDa que catalisam preferencialmente a hidrélise de ésteres e ligagdes peptidicas
envolvendo o grupo carboxilico de aminodcidos basicos e na qual um residuo de
histidina e um de serina participam da catdlise. A tripsina bovina é uma enzima
proteolitica ativa, obtida pela clivagem do tripsinogénio (seu zimogénio), que tem
atividade proteolitica restrita (Fig. 2). O tripsinogénio é produzido pelo pancreas e
secretado no intestino, onde sofre a acdo de enteropetidases (enzimas presentes na
mucosa do duodeno), formando a B-tripsina, que apresenta atividade proteolitica e
auto-ativadora (BODE; FEHLHAMMER; HUBER, 1976; BODE; SCHWAGER,;
HUBER, 1978). A clivagem da ligacao peptidica do tripsinogénio ocorre entre os
residuos de aminoacidos Lys6 e lle7 do lado carboxilico da cadeia (contagem feita
na sequéncia do tripsinogénio). Com isso, ocorre a saida do hexa-peptideo N-
terminal “Val-Asp-Asp-Asp-Asp-Lys” (DAVIE; NEURATH, 1954).
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Val-Asp-Asp-Asp-Asp-Lys

y

ripsinogénio ——— [iripsing ——— Q-iripsing  ——»  Y-ITIPSING

/ \

Enteroguinase *Clivagem *Clivagem
Figura 2: Esquema de formag&o das isoformas de tripsina.

O grupo a-amino da lle7 forma uma ponte salina com o residuo Asp194 (PERKINS;
WUTHRICH, 1980), levando a alteragdes estruturais na B-tripsina recém-formada.
Essa nova conformacdo torna a pB-tripsina duzentas vezes mais ativa que o
tripsinogénio (ROBINSON; NEURATH; WALSH, 1973).

O processo de autdlise continua com a clivagem da ligacao entre os residuos
Lys131 e Ser132 na B-tripsina, gerando uma outra forma ativa conhecida como a-
tripsina (Fig. 3) (SCHROEDER; SHAW, 1968).

fe— R —— >)
229 225
o
S \N _ -
| I

-
132

Figura 3: Pontos de clivagem do tripsinogénio e formagéao das isoformas ativas da tripsina.
As setas mostram os pontos de clivagem. |- tripsinogénio, Il- B-tripsina, Ill- a-tripsina, V- W¥-
tripsina. Fonte: KEIL, 1971.
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A a-tripsina formada apresenta estrutura terciaria similar a da isoforma B-tripsina,
porém apresenta menor quantidade de folha beta (FOUCAULT et al., 1974). A a-
tripsina, quando comparada a isoforma beta, possui menor atividade para substratos
amidasicos, mas nenhuma diferenca significativa é encontrada quando se utiliza
substratos do tipo éster (FOUCAULT et al., 1974).

1.2.3 Estrutura secundaria e terciaria

Quanto a estrutura tridimensional, o trabalho de Bode e cols (BODE; CHEN;
BARTELS, 1983; BODE; SCHWAGER, 1975; BODE; SCHWAGER; HUBER, 1978),
realizado com métodos cristalograficos, mostrou que a B-tripsina apresenta um
arranjo globular com dois dominios estruturalmente semelhantes. O primeiro dominio
e formado pela sequéncia compreendida entre o 1% e 0 105° residuo de aminoacido,
e 0 segundo dominio é formado pela sequéncia de aminoacidos entre as posicdes
106 a 223. Esses dominios estdo unidos assimetricamente e entre eles esta o sitio

ativo.

O tripsinogénio e as isoformas de ftripsina (B, a e y) sao constituidos,
respectivamente, por uma, duas e trés cadeias polipeptidicas. Estas cadeias estédo
interligadas por seis pontes dissulfeto (Fig. 4). Uma ponte dissulfeto (13-143)
interliga os dois dominios, outra ponte dissulfeto (Cys (31)- Cys (47)) estabiliza o
primeiro dominio e as outras quatro pontes estdo no segundo dominio (MIKES et al.,
1966; WALSH; NEURATH, 1964).

As moléculas de a- e y-tripsina, até a presente data, ndo possuem suas estruturas
tridimensionais determinadas; assim todos os estudos sobre as isoformas de tripsina
bovina se baseiam na estrutura de sua molécula precursora, a B-tripsina. Embora
algumas caracteristicas cinéticas da a- e y-tripsina ja tenham sido descritas
(FOUCAULT et al., 1974; FOUCAULT; SEYDOUX; YON, 1974), pouco se sabe da

sua caracterizacao termodinamica.
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Figura 4: Estrutura tridimensional de B-tripsina bovina. O primeiro dominio esta realgado em
cor azul (1-105) e o segundo dominio realgado em cor vermelha (106-223). O residuo de
aminodacido N-terminal estd representado em cor laranja e o C-terminal em cor ciano. Os
residuos de aminoacidos que compode a triade catalitica estdo representados em modo de
bastao Ser195 (amarelo), His57 (lilas) e Asp102 (verde). As pontes dissulfeto estao
representadas pelas esferas azuis no primeiro dominio, vermelhas no segundo dominio e
azul-vermelha no interdominio (ligacdo entre os dois dominios). O ion metdlico Ca2+ que
esta em seu sitio de ligacao é representado por uma esfera de cor laranja acondicionada em
uma alga da molécula de proteina (5ptp.pdB).

1.2.4 Tripsina e solventes organicos

Existem alguns estudos com a tripsina em solventes organicos, porém sao poucos
os trabalhos realizados com a isoforma purificada. Trabalhos com a tripsina
comercial mostram que o solvente organico exerce influéncia sobre a estrutura desta
enzima em graus variados, dependendo do tipo e da concentracdo do solvente. A
adicdo de solventes organicos misciveis em agua provoca pequenas alteracdes no
sitio catalitico, o que se reflete na alteracdo da eficiéncia da atividade catalitica da
tripsina (GUINN; BLANCH; CLARK, 1991). Em elevadas concentragdes, a alteracao
de estrutura é suficiente para causar a perda da atividade catalitica (GUINN;
BLANCH; CLARK, 1991).
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Estudos utilizando a a-quimotripsina sugerem que a inativacdo desta enzima ocorre
em uma concentracdo de solvente critica, que varia conforme o tipo de solvente
utilizado, e esta atrelada a mudancas conformacionais reversiveis na enzima
(MOZHAEV et al., 1989). Porém o trabalho de Simon et cols (2001) registrou que a
tripsina, em meio contendo 95% v/v de etanol, apresenta uma atividade catalitica
similar quando comparado ao meio puramente aquoso. Apesar das semelhancas na
estabilidade e atividade, pequenas alteracbes conformacionais foram observadas. A
alteragao conformacional sugerida esta relacionada as caracteristicas das folhas-$3
presente nestas duas solucdes (SIMON et al., 2001), pois a quantidade de folhas
antiparalelas aumentou quando o solvente organico foi adicionado ao meio, levando
a um possivelmente aumento da rigidez da estrutura. A capacidade de catalisar
substratos em meios organicos parece ser devido a rigidez estrutural da enzima que
resulta em elevada barreira cinética, impedindo a desnaturacdo da proteina (ZAKS;
KLIBANQV, 1988b).

Quase nao ha relato sobre estudos envolvendo a isoforma a-tripsina e solventes
organicos. Trabalho ndo publicado realizado por nosso grupo (PEREIRA, 2015)
avaliando a influéncia do tipo e concentracdo do solvente orgénico na atividade e na
estabilidade termodinamica da enzima observou que a adi¢cdo de solvente organico
a a-tripsina ndo causou processos de agregacao significativo na mesma, porém
alterou significativamente os parédmetros cinéticos da enzima em presenca do
solvente orgéanico. Trabalhos utilizando agentes desnaturantes ou calor para
avaliacao de modificacées estruturais e conformacionais da tripsina sugerem que a
modificacdo da estrutura ocorre em mais de uma etapa. Trabalhos com a isoforma
purificada a-tripsina mostram uma possivel formacao de estados intermediarios em
processos de desnaturacao induzidos por agentes quimicos (MARTINS et al., 2003).
Zajizek et al (1981) utilizaram a técnica de desnaturacao térmica para acompanhar
modificacdes estruturais na B-tripsina e sugeriram em seu trabalho que o processo

de desnaturacao ocorre de forma sequencial.
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1.3 Aplicacoes da Tripsina

A tripsina € uma enzima digestiva cuja funcdo bioquimica pode ser explorada em
diversas areas, como a farmacéutica, a biotecnolégica industrial e a bioquimica.

Algumas dessas aplicac6es serdo descritas a sequir.

1.3.1 Aplicacdo Farmacéutica

A tripsina tem sido estudada ha varios anos, principalmente para o emprego no
tratamento de inflamacgdes. Varios estudos demonstram sua eficacia no tratamento
de doencgas inflamatérias e o aumento da eficacia de analgésicos e antibiéticos,
quando usado em associacdo com estes ultimos.

A tripsina, por exemplo, tem sido administrada por via intramuscular no tratamento
de tromboflebites (INNERFIELD; ANGRIST; SCHWARZ, 1953). O uso de tripsina
isolada ou associada a substancias analgésicas e antibiéticas se mostrou eficaz no
tratamento de desordem gastrointestinal, lise de colecbdes protéticas, adjuvante no
tratamento tromboembdlico e no tratamento de inflamagdes (SHERRY; FLETCHER,
1960). Pacientes portadores lesdes ulcerativas, tromboflebites e arteriosclerose nos
membros inferiores e cujo uso de esterdides estava contra-indicado foram tratados
com Parenzyme® (tripsina + alfa-quimotripsina) (HAZAN, 1960). Ugolini fez uso
tépico de tripsina para digestdo de tecidos necroéticos (UGOLINI, 1963). Pereira e
Padovan comprovaram que a associacao de tripsina e quimotripsina ao paracetamol
€ mais eficiente do que o tratamento com as enzimas ou paracetamol isolados
(PEREIRA; PADOVAN, 1968). Barros, em sua tese, estudou a influencia do
Parenzyme® (tripsina + alfa-quimotripsina) e Parenzyme® analgésico (tripsina +
alfa-quimotripsina +paracetamol) no desenvolvimento de tecido de granulagéo e
observou que a agdo das enzimas associadas ao paracetamol € melhor do que o
uso de um dos dois isoladamente (BARROS, 1989). Outra associacao terapéutica
estudada e utilizada em outros paises é o Phlogenzym® (tripsina + bromelina +
rutosideo), com acgédo anti-inflamatéria e com pronunciada diminuicdo de dor em
casos de osteoartrite (KLEIN et al., 2006; MANHART et al., 2002).

Para a industria farmacéutica, é frequentemente problematica a producao de
medicamentos a base de proteinas, ja que elas possuem caracteristicas proprias,
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ndo podendo a caracteristica de uma ser extendida a outra (VELLARD, 2003). A
tripsina, por exemplo, é produzida na forma sélida e, nesta forma farmacéutica,
encontra-se desnaturada. Quando em contato com o conteudo gastrico, apenas uma
pequena parte volta a seu estado nativo, o0 que resulta em baixa atividade. A
industria farmacéutica costuma, entdo, colocar grandes quantidades de principio
ativo para compensar as perdas por agregacao e nao-renaturagdo da enzima.
Porém, o aumento da concentracdo pode causar um efeito reverso: mais proteinas
agregam, pois 0 processo cinético de conversdao das enzimas em produtos
insoluveis ocorre mais rapido do que o processo termodinamico de enovelamento e
desenovelamento das proteinas. Assim, estudos sobre a termodinamica e a
estabilidade da tripsina e suas isoformas, bem como a atividade enzimatica de cada
isoforma isolada, sdo importantes para possibilitar a producdo de formulacdes
farmacéuticas mais estaveis, para definir parametros mais claros na realizacdo do
controle de qualidade dessas formulacbes e para fornecer a populacdo um

medicamento mais estavel (maior durabilidade) e mais confiavel em seu efeito.

1.3.2 Aplicacao industrial

A biocatalise industrial € reconhecida como um dos principais motores da industria
quimica (KAUL; ASANO, 2012). A tripsina, por ser uma enzima proteolitica com
elevada atividade e relativa facilidade de extracdo, € amplamente explorada nas
industrias de alimentos e bebidas para, por exemplo, aumentar a qualidade de
massas e a maciez de carnes, na producado de hidrolisados proteicos e durante a
estabilizacao fria de cerveja, entre outros (SHAHIDI; JANAK KAMIL, 2001;
STOYTCHEVA et al., 2013). Apesar de a enzima atuar de maneira eficiente nestes
sistemas, as condi¢cdes nao sao favoraveis a catalise, pois em muitas situagdes os

substratos sao pouco soluveis na condicao de atuagéao da enzima.

Outros exemplos interessantes do uso da tripsina que geram produtos com alto valor
agregado podem ser enumerados. O quanin, que €& um pigmento prata
esbranquicado usado na fabricacdo de pérolas, é extraido das escamas de peixes
usando enzimas proteoliticas como a tripsina (WINDSOR; BARLOW, 1981). Outro
exemplo interessante € o tratamento do leite com tripsina para prevenir a oxidacao
do leite, provavelmente devido a melhora na eficiéncia da ligacdo do cobre a
proteina do leite modificada pela enzima (SHAHIDI; JANAK KAMIL, 2001). Outro
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exemplo é o uso da tripsina reduzindo o tempo de fermentacdo de molhos a base de
peixe, sem causar alteracdo em suas caracteristicas sensoriais (CHAVEESUK;
SMITH; SIMPSON, 1993).

1.3.3 Aplicacdao em laboratorios de pesquisa

Na pesquisa, a tripsina é utilizada em protocolos de cultura de células e tecidos,
agindo por meio da reacao de dissociacdo enzimatica, que leva ao rompimento da
matriz extracelular para obtengdo de células individualizadas, com a finalidade de
transferir as culturas para um novo substrato (BANUMATHI et al., 2009;
SOLEIMANI; NADRI, 2009; YANG et al., 2009). Também utilizada na identificagcao
de proteinas por meio de técnicas de sequenciamento de peptideos (SCHUCHERT-
SHI; HAUSER, 2009).
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2 JUSTIFICATIVA

A o-tripsina € uma enzima que ja estd parcialmente caracterizada e possui
comprovada atividade esterasica e amidasica em aproximadamente 50% cada. O
emprego em meio aquoso € muito comum em processos cataliticos, porém seu uso
€ limitado devido ao fato de poucos substratos serem soluveis em agua. O uso de
solventes organicos ou mistura aquo-organica € uma forma direta de aumentar a
solubilidade de substratos apolares, tornando a reacdo possivel. No entanto, os
solventes organicos afetam a atividade enzimatica. Desta forma, o estudo dos
parametros cinéticos, estruturais e termodinamicos de enzima em sistemas aquo-
organicos pode fornecer informacdes importantes para o entendimento da atividade
da enzima em meio aquo-orgéanico e possibilitar possiveis aplicacdes em reagdes de
biocatélise. Os parametros cinéticos e termodinamicos em alguns solventes aquo-
organicos ja foram determinados em trabalho anterior, e foi observado que alguns
desses parametros se alteram com a adigdo de solventes organicos a a-tripsina.
Assim, pretende-se entender quais alteragdes estruturais ocorreram nesta proteina
que refletem as alteracbes termodinamicas vistas no trabalho de Pereira, E.V.
(2015).



25

3 OBJETIVOS

3.1 Objetivo geral

Trabalhos anteriores com a enzima indicam os tipos e concentracées de solventes

organicos que conferem a enzima atividade catalitica 6tima (PEREIRA, E.V., 2015).

A partir destas determinagdes, o presente trabalho busca fazer a determinacao dos

parametros estruturais da enzima alfa tripsina em solvente orgéanico.

3.2 Objetivos especificos

Determinar os parametros estruturais da isoforma a-tripsina em meio aquo-organico

por:

Espalhamento de Iluz dindmico (DLS) monitorando o0s estados
supramacromoleculares da enzima;

Dicroismo circular (CD) monitorando a mudancga da estrutura secundéaria em
funcéo da concentracao de solventes orgéanicos;

Fluorescéncia (FL) monitorando a mudanga da estrutura terciaria
indiretamente em fungéo da concentracao de solventes orgéanicos;

Absorcao no ultravioleta (ABS-UV) monitorando a exposicdo de residuos
aromaticos na superficie da enzima em funcao da concentragdo de solventes

organicos.
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DELINEAMENTO EXPERIMENTAL
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Figura 5: Delineamento experimental. Os ensaios estruturais e termodindmicos foram
realizados concomitantemente. As analises estruturais buscaram avaliar perfil de rearrajo
das unidades da o-tripsina. As analises termodindmicas forneceram os dados de

estabilidade estrutural desta isoforma.
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1 INTRODUCTION

It is increasing the number of industrial processes that use enzymes as catalyzer,
such as both animal and human health food, textile and cellulose areas [1] being
organic solvent commonly found in all these processes. The use of organic solvent
as a reaction medium has dramatically increased the diversity of enzymatic catalysis
[2]. However, the addition of organic solvent to protein solutions can lead a
widespread degeneration route, and understanding its mechanism is essential for
process improvement. The organic solvents are widely applied in industrial
processes, allowing a more efficient catalysis of nonpolar substrates. However, in
elevated concentration, the protein molecules can aggregate, leading to loss of
enzyme activity [3-5]. This fact may cause financial loss, as decay in production
yield, need to use larger amounts of enzymes to achieve the desired yield and/or low
post-process recovery rate. Perhaps, the biggest difficulty for the industries is to find
enzymes that can withstand some industrial conditions as both temperature and pH
changes [6] as well as organic solvent. Therefore, the study of inductor factor of
protein aggregation is of great interest for industries, particularly for both
pharmaceutical and biotechnology industries. Currently, molecular enzymology
studies are performed using model protein whose physical and chemical properties
(molecular weight, secondary/tertiary structure, catalytic activity) are well known.

Trypsin (EC 3.4.21.4 ) is the most studied enzyme and has a lot of physical and
chemical data determined [7—-13]. It is a serine protease family member, playing an
important role in the digestive process with proteolytic function and activation of
zymogens secreted into the intestinal tract[13,14], fertilization [15], blood
coagulation[16,17] and others. Despite many studies have been conducted with
commercial or extracted from animal pancreas trypsin, the trypsin isoforms began to
be discovered from the 60’s [7]. Many studies have shown that, although catalytically
similar, there are differences between the isoforms, especially in respect of
their specific activity (amidasic or esterasic) and structural properties [6,10]. The a-
trypsin is an isoform derived of B-trypsin isoform, which in turn is derived from
pancreatic trypsinogen, being a typical globular protein (223 amino acid residues and
about 24 kDa) [6]. Commercial preparations of trypsin are isoforms mixtures
containing substantial quantities of active forms as y-, B- and a-trypsin and others
until not studied [18].
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There are some studies about trypsin isoforms mixed [19,20], obtained through
commercial preparation, in agueous-organic systems. However, few works have
been performed with pure isoforms [21]. As structural and thermodynamic
informations cannot be deduced one from the other [19], the objective of this study
was the understanding the structural and thermodynamic behavior of a-trypsin in
aqueous-organic media. It will allow the optimization of industrial process that uses

trypsin isoforms as catalyzer.

2 MATERIALS AND METHODS
2.1 Materials

Commercial bovine trypsin (EC 3.4.21.4) type | (Lot 8003), Tris-(hydroxymethyl)
aminomethane, Na-benzoyl-Dl-arginine-p-nitroanilide (BAPNA) and sinapinic acid
were purchased from Sigma (St. Louis, MO, USA). Calcium chloride was purchased
from Casa da Quimica (Diadema, SP, Brazil). Potassium chloride and dimethyl
sulfoxide (DMSQO) were purchased from Vetec (Rio de Janeiro, RJ, Brazil). Acetic
acid, hydrochloride acid and ethanol were purchased from Synth (Diadema, SP,
Brazil). Glycine was purchased from Dindmica (Diadema, SP, Brazil). SP-
SEPHADEX-C50 matrix cationic exchanger was purchased from Pharmacia Fine
Chemicals INC (Uppsala, Sweden). Type | water was obtained with a
ThermoScientific™ Barnstead™ Easypure™ |l ultrapure water system (Thermo
Scientific, Ohio, USA).

2.2 Protein purification and purity of trypsin isoforms
2.2.1 Purification of a-trypsin isoform

The purification of a-trypsin isoform was performed using the conditions described by
Lacerda e cols [18]. The a-trypsin fractions were pooled and dialyzed against 1
mmol.L™" HCI at 4°C by a dilution factor of 10° times sample volume for 24 h and then
lyophilized, aliquoted, and stored at 2 — 8 °C.

2.2.2 Purity of a-trypsin isoform by mass spectrometry
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The a-trypsin purity was determined by mass spectrometry (MS) [22,23], using Matrix
assisted Laser Desorption/lonisation-Time of Flight (MALDI-ToF) technique. For MS
experiments, an aliquot of 0.05 mg.mL™" a-trypsin was dissolved in a sinapinic acid
matrix solution, whose proportion was 1:3 (viv) sample:matrix. This mixture was
applied in triplicate into a MALDI target plate (MTP Anchorchip 384 x 600) and dried
at room temperature for 15 min. The average molecular mass was obtained in an
AUTOFLEX 1l MALDI-Lift Tof-Tof (Bruker TM) in linear positive mode. The Flex
Analysis Software (BrukerDaltonics) was used to interpret mass spectra. The raw
data had its baseline subtracted and, soon after, the curves received a smoothing
treatment. Then, the protein has had its molecular mass determined.

2.3 Hydrodynamic radius

Hydrodynamic radius was measured by Dynamic Light Scattering (DLS) technology
using a NPA152 Zetatrac® (Microtrac Instruments, Inc, USA) instrument equipped
with a solid state diode laser (780 nm, 5 mW) light source. The equipment is localized
at Federal Institute of Education, Science and technology of Espirito Santo, Aracruz,
ES, Brazil. The acquisitions were performed using 70% of laser power with 3s for
each acquisition, and a total time of 2 minutes/acquisition. Since the purpose of this
assay was verify the hydrodynamic radius variation as a function of ethanol
concentration increasing, two systems were tested: the first one was composed of
only protein/buffer and the second of ethanol/buffer from 20% to 80% (v/v). The final
concentration of a-trypsin (0.5 mg.mL™) and buffer (50 mmol.L™" of Glycine buffer pH
3.0 with CaCl, 20 mmol.L™") were maintained in both systems. The temperature in all
tests was 25 °C. The data were obtained through the mean + SD of the acquisitions
in each sample and Microtrac FLEX™ software was used in the analysis of raw data.

2.4 Fluorescence spectroscopy

The fluorescence spectroscopy was used for investigation of structural behavior of
trypsin at aqueous-organic media. Fluorescence intensity was measured using a
Hitachi F-2000 Spectrofluorimeter (Hitachi Ltd., Tokyo, Japan) linked to a thermal
bath and a 1 cm path-length quartz cuvette. The equipment was located to
Laboratory of Cardiovascular Biochemistry at UFES. Measures were performed at
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0.01 mg.mL™" of a-trypsin in 100 mmol.L™" of glycine buffer pH 3.0 with 20 mmol.L™" of
CaCl, at 25 °C varying the ethanol concentration from 10% to 95% (v/v). The
samples were excited at 280 nm (Tyr and Trp amino acids residues) and emission
measures were collected from 310 to 370 nm range, with 1 nm interval. The
photomultiplier was adjusted to 400V and the scan rate was 600 nm.min™". Origin Pro
8® was used in the analysis of raw data. The results were expressed as mean + S.D.
(n=23).

2.5 Circular Dichroism (CD) spectroscopy

The CD technique was used to measure the secondary structure percentage of a-
trypsin at aqueous-organic media. A Jasco J-810 spectropolarimeter (Jasco Co.,
Tokyo, Japan) equipped with a thermoelectric sample temperature controller (Peltier
system) was used to record CD measurements, using a 1 mm path-length cell. For
each test, the buffer spectrum was subtracted from the corresponding protein
spectrum. Each spectrum represented the average of 10 accumulations recorded
from 190 to 260 nm range at 25 °C over nitrogen atmosphere, with a band pitch of
0.5 nm, with a response time of 4 s and high sensitivity and scan speed of 100
nm.min~" [18,23]. The enzyme was diluted directly in 30 mmol.L™" potassium chloride
solution (pH 3.0), obtaining a final concentration of 0.5 mg.mL™". Additionally, it was
prepared more four solutions keeping the same concentration of a-trypsin and buffer,
and only varying the ethanol concentration (20%, 40%, 60% and 80% v/v). The CD
intensities were expressed as ellipticity (mdeg). Percentages of the different
secondary structures, a-helix, B-sheet and random coil were estimated using the
CDSSTR® algorithms and databases accessed through DICHROWERB [18,24,25].

2.6 Thermal denaturation monitored by UV-spectroscopy

In order to monitor the a-trypsin thermal denaturation in aqueous-organic media, the
method of absorption variation between unfold and fold states was applied [8]
monitoring two wavelengths (279 and 285 nm). An Evolution™ 300 UV-Vis
spectrophotometer (Thermo Fisher Scientific, Inc, USA) equipped with a
thermoelectric sample temperature controller (Peltier system) was used to record the
absorption measures. The temperature range was from 298.15K up to 353.25K with
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scan rate of 1 K.min™" and acquisition interval of 30s. Measures were performed with
solutions at 0.5 mg.mL™" of a-trypsin in 50 mmol.L™" of glycine buffer pH 3.0 with 20
mmol.L ™" of CaCl,. Additionally, it was prepared other four solutions keeping the same
concentration of a-trypsin and buffer, but adding 20%, 40%, 60% and 80% (v/v) of
ethanol/buffer. Origin Pro 8® was used in the analysis of raw data. The results were
expressed as mean £ S.D. (n = 3).

2.7 Amidasic activity assay

The enzymatic activity (amidasic) was performed according to Lacerda and cols [18],
using the chromogenic synthetic substrate Na-benzoyl-dL-arginine-p-nitroanilide
hydrochloride (BApNA). For each assay, 100 uL of a-trypsin solution at 2.5 mg.mL™
(stock solution at pH 3.0) was diluted in 395 uL of 100 mmol.L™ of Tris-HCI buffer pH
8.0 with 20 mmol.L™" of CaCl,. The same solution was prepared, but adding ethanol
at 20%, 40%, 60% and 80% (v/v). These samples solutions were centrifuged at
12,396 g during 1 min at 25 °C and the supposed pellet and the supernatant were
separated in different tubes. So the volume of the pellet and supernatant was
completed to the initial volume (495 uL). Protein concentration was determined in the
both supernatant and supposed pellet by absorbance at 280 nm. All these samples
were incubated at 37 °C during 10 min and then was added 5 uL of substrate solution
(BAPNA) at 90 mmol.L™" (solubilized in DMSO); thus, the final protein concentration
was set to 0.5 mg.mL™". After 15 min, 125 uL of aqueous solution of acetic acid 60%
v/v was added and then the chromogenic product (p-nitroaniline) absorbance was
measured at 410 nm using NanoDrop®2000 Thermo UV-Vis Spectrophotometer
(Thermo Fisher Scientific, Inc, USA). The results were expressed as mean + S.D. (n
= 3).

2.7.1 Influence of ethanol on a-trypsin molar extinction coefficient (&uypsin)

In order to ensure whether the ethanol may influence on the a-trypsin apparent
concentration, the measure of activity at organic media was performed using a-
trypsin at 2.5 mg.mL™ in HCI aqueous stock solution at pH 3.0 . Starting this stock
protein solution, it was done five serial dilutions from 0.5 up to 0.1 mg.mL™". These
dilutions were done in 50 mmol.L™" of Glycine buffer pH 3.0 with 20 mmol.L" of
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CaCl,. It was also prepared other four solutions keeping the same concentration of a-
trypsin and buffer, but adding 20%, 40%, 60% and 80% v/v of ethanol. A Evolution™
300 UV-Vis spectrophotometer (Thermo Fisher Scientific, Inc, USA) equipped with a
thermoelectric sample temperature controller (Peltier system) was used to record the
absorption measures. So it was performed scanning from 250 to 310 nm range at
25°C with scan rate of 600 nm.min™ and 1 nm interval and 10 acquisitions per
measure. Maximum absorbance of each curve was collected for each sample and
Emypsin Was calculated by linear regression. GraphPad Prism® was used in the
analysis of raw data.

2.7.2 Influence of organic solvent on molar extinction coefficient of p-
nitroaniline (€p.na)

In order to ensure whether the ethanol may influence on the chromophore apparent
concentration, it was performed absorbance measures adding ethanol to the product
formed in the enzymatic reaction (p-NA). A stock solution of p-NA at 90 mmol.L
solubilized in DMSO was diluted from 1.5x10> mmol.L™ up to 9.0x10®° mmol.L™" in
100 mmol.L™" of Tris-HCI buffer pH 8.0 with 20 mmol.L™ of CaCl,, in order to maintain
the same solution condition found at the item 2.7. Other four solutions were prepared
keeping the same concentration of p-NA and buffer, but adding 20%, 40%, 60% and
80% (v/v) of ethanol. A Evolution™ 300 UV-Vis spectrophotometer (Thermo Fisher
Scientific, Inc, USA) equipped with a thermoelectric sample temperature controller
(Peltier system) was utilized to record the absorption measures. The absorption
measurement was performed at 410 nm [26] at 25 °C. GraphPadPrism® was used in
the analysis of raw data and the €, na values were obtained through Absorbance
versus p-NA Concentration graphic. The results were expressed as mean = S.D. (n =
3).

2.8 Thermodynamic parameters

The graphics generated by the raw data of both fluorescence and thermal
denaturation assays were submitted to nonlinear regression models. Thus, it was
provided thermodynamic parameters in some concentrations of ethanol as well as in

its absence.
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2.8.1 Calculation of Ty,

The raw data of thermal denaturation curves obtained for systems containing only
buffer and containing 40%, 60% and 80% v/v ethanol were submitted a nonlinear
regression fit (Boltzman model) using Origin 8.0° software for obtaining the x0

parameter which is equivalent the T,, values.

2.8.2 Calculation of AH,y (van’t Hoff enthalpy).

The AH,4 of a-trypsin for some ethanol concentration were calculated from thermal
denaturation profile from UV spectroscopy (285 nm) and fitted by nonlinear
regression using Eqg. 1 according to Cohen and Pielak [27], assuming a two-state

transition [28].

AHyy

)

O+ mpT) + (yq + myT) 4 e J
(1)

Yobs = AHyp
e
1+e

In EqQ. (1), Yobs IS an experimental observable value, T is the temperature in Kelvin, R

is the gas constant, T, is the midpoint transition temperature and AH,y is the
enthalpy of unfolding at T,. The parameters y, and yq refer to the y intercepts of the
native and denatured baselines, respectively, while m, and my are the slopes of the
baselines in native and denatured state, respectively. All fits were performed using

Origin 8.0° software.

2.8.3 Calculation of AG"2° of a-trypsin by chemical denaturation

For calculation of AG"2°, that is the free energy of unfolding at zero denaturant
concentration, it was used the fluorescence versus ethanol concentration raw data.
Using the methodology described by Shaw e cols [29], 4G"2° was determined by
linear extrapolation of AG versus ethanol concentration graphic. The C,, parameter,

that is the solvent concentration wherein 50% of the protein population is in the
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folding conformation, was determined using Origin 8.0® software for obtaining a fitted

sigmoid curve (Boltzman model).

2.8.3.1 Calculation of denaturant m value (m)

The m value is the dependence of free energy of unfolding on denaturant
concentration. The raw data of fluorescence versus ethanol concentration assay
(item 2.4) were used for obtaining a AG versus ethanol concentration graphic (Fig.
1B). The straight line equation was generated and corresponds to the Eq. (2):

AG = AGH29 — m[denaturant] (2)

Where 4G9 is the free energy of unfolding at zero denaturant concentration (the x
axis intercept) and [denaturant] is the denaturant concentration [30]. In this work, the
ethanol was considered the denaturant agent.

3 RESULTS AND DISCUSSION
3.1 Purification and purity of a-trypsin isoform

A cationic exchange benchtop chromatography was performed according to Santos
and cols [22] in order to obtain the isolated a-trypsin isoform. The chromatographic
result was similar to that obtained by Lacerda and cols [18]. The a-trypsin isoform
was eluted at sixth peak in elution order (results not showed), according profile
presented by Lacerda and cols [18] and Santos and cols [22]. Results of mass
spectrometry showed that the selected fraction has just one molecule and that the
experimental average molecular mass of a-trypsin isoform is 23.312 KDa, being
similar to the theoretical molecular mass. Thus, both previous results demonstrate

the a-trypsin purity.
3.2 Fluorescence Spectroscopy

The conformational change, which may occur with the use of organic solvent in
different concentrations, was indirectly monitored through the amino acids residues
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movement [31-34] by fluorescence spectroscopy. Only Tyr and Trp residues were
monitored since they exhibit intrinsic fluorescence and have enough quantum yield to

provide a good fluorescence signal [31-35].

3.2.1 Thermodynamic stability of a-trypsin by solvent denaturation

The determination of protein thermodynamic stability is an important initial data to
characterize a biomolecule. The free energy variation in absence of denaturant
influence (4G*29) is a parameter used to ascertain the protein stability. The higher its
value, the more stable is the native state of a protein. Using the fluorescence
spectroscopy technique, it was possible to obtain some thermodynamic parameters

that reflect the a-trypsin isoform stability.
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Fig. 1: Fluorescence spectroscopy of a-trypsin at function of ethanol concentration. Intrinsic
tryptophan emission spectra were measured with excitation at 280 nm for 0.01 mg.mL" a-
trypsin in 100 mM glycine buffer at pH 3.0 and 20 mM CaCl, at 25 °C. a-Trypsin denaturation
profile (figure A), the free energy variation (figure B), and emission intensity (figure C) are
plotted against ethanol concentration. The dotted line in figure B is a linear extrapolation in
order to determine the energy free variation. The dotted line in B and C figures are just to
guide the eye in graphic. C,, is the organic solvent concentration wherein 50% of the protein
population is in the folding conformation.

The graphic of maximum wavelength shift versus ethanol concentration (Fig. 1A)
showed a sigmoidal model that is typical of a two-state process [36] monitored by
spectroscopic techniques [37] and also with a single symmetric transition with 95% of
reversibility. This reversibility is generally valid for chemical denaturation [38]. The
results of linear extrapolation [29,39] obtained by denaturation curves are showed in
Table 1 and Fig. 1B. The value obtained for a-trypsin isoform is in good agreement
with a range of theoretical values (5 — 17 kcal.mol™ or 20.92 — 71.128 kJ.mol™)
[40,41] obtained by other groups and experimental values previously obtained by our
group [6,42]. The result of our work demonstrates that a-trypsin remained stable
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during the purification and storage process. In addition, the stability of our purified
enzyme is higher than that found in other works with a-trypsin and other isoforms.

Table 1: Stability properties of a-trypsin monitored by fluorescence at different
ethanol concentration at pH 3.0.

AGp o9 Cm m
(Kd.mol™)?® (% viv)® (KJ.mol'.M)°
42.997 41 6.095

? Free energy variation in absence of denaturant.

® The organic solvent concentration wherein 50% of the protein population is in the folding
conformation.

¢ The dependence of the free energy of unfolding on denaturant concentration

Specific m [30] and Cm [43] were also obtained for a-trypsin in ethanol. The midpoint
transition Cm, where the polypeptide was partially unfolded, is equal to 41% v/v of
ethanol. These thermodynamic parameters for this isoform will be important for future

comparisons since they have never been determined.

Thus, the set of thermodynamic results suggests that the a-trypsin isoform was
isolated in predominantly stable state and didn’t undergo any kind of irreversible
process during separation and purification process. Also, small conformational
changes may have occurred but without causing alteration in the biological activity of
the trypsin molecule.

3.2.2 Fluorescence emission profile of a-trypsin induced by solvent

denaturation

The raw data (Amax) from emission curves of intrinsic fluorescence of a-trypsin were
fitted using a sigmoidal model (Boltzman) and the result was used to obtain the
denaturation curve as a function of solvent concentration (Fig. 1A). As can be seen in
Fig. 1A, there was a significant red shift of the maximum wavelength (Anax) between
the native and denatured emission plateaus (AA = 5nm). In general, the wavelength
of maximum emission suffers a bathochromic shift to lower values as the polarity of
the environment or the fluorophore decreases [44]. This result indicates that the
solvent induces protein denaturation as the organic solvent concentration increases
[45]. One possibility for this shift is an interaction of the indole ring from tryptophan
amino acid residue with the polar solvent [31]. The Guinn’s work [44] have suggested
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that the red shift may be caused by increasing in the tryptophan residues exposure to
the solvent or by movement of polar groups within the protein closer to the
tryptophan side chain [44]. Moreover, this energy shift may be occurred due to both
hydrogen bonding interactions with the imino group and the general effects of solvent
polarity [46,47].

The results presented in Fig. 1C were plotted from the maximum fluorescence
intensity obtained from the emission scan curves as a function of ethanol
concentration. In Fig. 1C, an increase in fluorescence intensity signal was observed
as ethanol concentration increased. This increasing becomes significant from the
solution containing 70% v/v of ethanol. This result is in excellent agreement with
Guinn and cols [44], who have suggested that structural changes in commercial
trypsin begins to occur between 60% and 70% organic solvent. The fluorescence
emission increasing versus ethanol concentration was unusual since several papers
show that the process of protein denaturation is followed by a decrease in the
fluorescence signal as the denaturant is added [31-33,45,48]. Evaluating these
result, it was hypothesized that there was probably the formation of an aggregate [49]
or an intermediate state [50], but it is hard to draw conclusions based only on
fluorescence intensity since many factors may influence these intensity changes,
such as solvent polarity and concentration of quenching species [44]. Then, in order
to elucidate the formation of an aggregate or an intermediate state other
spectroscopic tests were performed.

3.3 Hydrodynamic radius

In order to understand what have happened when organic solvent was added to a-
trypsin aqueous solution, it was performed measures by DLS [51]. Fig. 2 shows the
particle size distribution as a function of ethanol concentration. In both the buffer and
80% v/v ethanol solutions, there is only a single particle size, that is, a monotonic
profile. However a polytonic distribution was observed in the system containing 20%
v/v ethanol, being the population composed of three particle sizes, with the main
population presenting radius of 1,400 nm. Analyzing the particle size variation in the
protein system, it can be observed that the particle average size increased 1,308
times when ethanol was added to the system. In turn, the difference between

systems containing different organic solvent concentrations has resulted in an
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increase of only 3 times between the lowest and the highest concentration of ethanol
used in this work.

The insert of Fig. 2 shows a considerable sharp increase in the particle diameter
when a-trypsin is solubilized in aqueous-organic systems containing 20% v/v of
ethanol, suggesting a supramolecular process. As the difference in particle size
between a-trypsin states in presence of 20% v/v and 80% v/v ethanol was low, it was
not necessary to perform tests at other concentration ranges. Work of Martins and
cols [52] showed that the variation of hydrodynamic radius between native and
denatured states for a-trypsin was only 0.97 nm. Considering the results of Martins
and cols [52], our results could not be considered as a simple dimerization or loss of
native structure, as such processes would not be able to cause such a diameter
change observed in this work. However, the DLS results (Fig. 2) don’t allow us to
distinguish whether the change seen is related to an aggregate or multimeric state of
a-trypsin [53].
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Fig. 2: DLS of a-trypsin isoform in different organic solvent concentration. Main figure:
Distribution profile of supramolecular states versus ethanol concentration (% v/v). The value
of percent intensity is shown along with the hydrodynamic radius obtained by DLS data. DLS
measurements performed at 25 °C with ¢ = 0.5 mg.mL-1 of a-trypsin. Insert. Evolution of a-
trypsin hydrodynamic radius versus ethanol concentration (% v/v). The particle size is
expressed in neperian logarithm (In).
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Thus, based on our results, it was raised two hypotheses: a-trypsin formed insoluble
aggregates molecules, which are characterized by irreversible denaturation and loss
of enzymatic activity; or the formation of soluble agglomerates of a-trypsin monomers
without impair to their enzymatic activity. Studies involving a-chymotrypsinogen,
which is also a serine-protease, show the formation of aggregates through chain
polymerization mechanism when both pH and ionic strength present low values [54].
For other proteins under these same conditions (low pH and ionic strength value),
Fink and cols found a formation of intermediates that form multimeric soluble
aggregates and have a high content of defined secondary structure, a condition
known as “aggregation of partially folded intermediates” [55]. Comparing the result of
Bittar and cols [42] to the work conditions performed by our group, there wasn’t
aggregation for trypsin isoform at protein concentration range tested.

3.4 Secondary structures percentage of a-trypsin in aqueous-organic media

Circular Dichroism spectroscopy technique was used to monitor changes of
secondary structure content in order to find out aggregation signature [38,56] in a-
trypsin as ethanol concentration increases. Our CD results for a-trypsin in aqueous
system are in good agreement with other works for the same isoform [18]. Foucault
et cols [10] worked with the isolated isoform and observed values different from ours,
but the pH system (pH 2.0) was more acidic than we have used.
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Fig. 3: Secondary structure distributions of a-trypsin secondary at function ethanol
concentrations monitored by far-UV Circular Dichroism are represented in figures A-D.
Figure E shows CD spectra of o-trypsin at only buffer system (open circle) and at different
ethanol concentrations: 20% v/v (open square), 40% v/v (open up triangle), 60% v/v (x) and
80% v/v (solid lozenge). CD measurements were performed at 25 °C with ¢ = 0.5 mg.mL™" of
a-trypsin in 30 mmol.L™" of KCI pH 3.0. Each bar represents the mean + S.D. (n = 3). The
graphic symbols denote the significance levels when compared with control groups.

Significantly different from control: 'P<0.05.
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The Fig. 3 shows the CD results for a-trypsin in buffer system and in systems
containing 20% v/v, 40% v/v, 60% v/v and 80% v/v ethanol/buffer. In each figure,
there is a comparison of the percentage changes of secondary structure for systems
with organic solvent and systems containing only buffer. a-trypsin in 20% (v/v)
ethanol/buffer (Fig. 3A) does not present significant alteration in the percentages of
secondary structure when compared with buffer system. On the other hand, in 40%
and 80% (v/v) ethanol/buffer (Fig. 3B and 3D), a-trypsin showed significant
percentage changes in a-helix and random coil contents, respectively. At 60% (v/v)
ethanol/buffer (Fig. 3C) a-trypsin presented significant percentage changes in both a-
helix and random coil structure. The analysis of systems containing 40% v/v and 60%
v/v ethanol/buffer suggests that the addition of organic solvent to the medium
induces destabilizing changes of these systems. This affirmation is based on the
increase of percentage of a-helix secondary structure seen in Fig. 3B and Fig. 3C
compared to the system with buffer, and is confirmed by analysis of raw spectrum
(Fig. 3E), that shows a broadening of the maximum negative [20]. According to
Griebenow & Klibanov [57], the a-helix content increases because the fraction of the
dissolved (and more denatured) protein decreases. However, the percentages in the
system containing 80% v/v ethanol/buffer are similar to those of the systems without

organic solvent.

This similarity of secondary structure between purely aqueous environment and high
ethanol concentration environment was also seen by Simon and cols [20], for both
commercial trypsin and a-chymotrypsin. In the Fig. 3E, it can be observed that did
not occurred a decrease in both negative and positive maxima, which is a classical
signature for intermolecular B-sheet type structures [58,59], although the type of 3-
sheet can differ, as can be seen by different shapes of the CD spectra [20]. Thus, our
results does not demonstrate significant signature of protein aggregation, i.e., an
expressive increase in the B-sheet percentage [60,61] and/or no decrease of broad of
negative maximum in range of 0 to 60% v/v ethanol/buffer. The general evaluation of
the secondary structure percentage results (Fig. 3) points to small conformational
changes when organic solvent is added to the system, which is in good agreement
with Fink [49] and Mares-Guia [62]. Also, our results are similar to Khurana and cols

[50] and to Barnett and cols [54] whose conclusions were that protein unfolding in the
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absence of aggregation results in minimal secondary structure changes but
significant tertiary structure changes (Fig. 1A).

3.5 Catalytic activity assay in presence of ethanol

The results obtained by CD spectroscopic assay points to formation of partially folded
structures instead of aggregation processes when ethanol is added into the medium
as seen in previously studies [49,50,54,55]. However, other tests were necessary in
order to support this idea and discard totally the aggregation hypothesis. The DLS
assay indicates the formation of agglomerated or aggregated structure, but this result
does not allow to affirm which of these kind of process has occurred. Based on the
knowledge that protein aggregation is generally an irreversible phenomenon [63,64]
and that may lead to loss of catalytic capacity, the influence of organic solvent on the
aggregate formation was tested by measurements of the activities in the system
phase correspondent to the supposed aggregate and supernatant. It is already well
known that organic solvent can affect protein structure and stability which may cause,
for example, increase or decrease in enzymatic activity [4,65—67], but the causes of
this occurrence are multifactorial (Log P [68], dielectric constant and pH [54,55]).

The influence of organic solvent on the €,.na (product of BApNA catalysis) and €q.trypsin
were also taken into account, as in other works [69]. The data analysis of this
possible influence showed that the increase of organic solvent concentration in the
system affects only the ¢gona. Thus, in order to obtain the product (p-NA)
concentration, it was used the €,.na Obtained experimentally for each organic system.
In addition, for eliminating the influence of protein concentration on activity in the
supposed pellet and supernatant, the amount of product released was normalized by
the protein concentration in each phase.
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Fig. 4: Catalytic activity of a-trypsin versus ethanol concentration in supernatant and
supposed precipitate. Protein concentration was experimentally determined in supernatant
and in supposed precipitate. Amidasic product results were normalized for individual
concentration found for each ethanol concentration. The control refers to solution with protein
but with no ethanol. Each bar represents the mean + S.D. for triplicate. The graphic symbols
denote the significance levels when compared with control groups. Significantly different from
control: *P<0.05 for pellet and #P<0.05 for supernatant.

The result shown in Fig. 4 demonstrates the existence of enzymatic activity in the
supposed pellet with addition of ethanol/buffer concentration up to 60% v/v. However,
two trends about the influence of this organic solvent on the enzymatic activity can be
observed: the first one, which ranges from 0 to 40% v/v ethanol/buffer, an increase in
enzymatic activity is observed in the supposed pellet; the second one, for values
from 60% v/v ethanol/buffer, a decrease in catalytic activity is seen. Kudryashova
and cols [70] have studied the ethanol effects on a-chymotrypsin activity and found a
profile in excellent agreement with our results showed in Flg. 4. The discrepancy in
the catalytic activity of a-trypsin in purely aqueous environments and in those with a
high organic solvent concentration (80% v/v) can be explained, from the structural
point of view, by the different types of B-sheet [20]. Although the results for CD
measurements show an overall similar B-sheet (parallel + antiparallel) content on
systems at 0 and 80% v/v ethanol (Fig. 3D), the characteristic of this secondary
structure changes according to the medium, what can be seen by the different forms

of the CD spectrum (Fig. 3E), and is in agreement with previous work [20,57].
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De Diego and cols [64] have also observed a drastic reduction of a-chymotrypsin
enzymatic activity as a function of solvent organic addition and they have concluded
that the enzyme conformation had probably been modified from the native state to an
inactive state with a rigid refolded conformation. Guinn and cols [44] have seen no
major changes in the overall structure up to approximately 70% organic solvent, but
at higher concentration, they saw a more motional freedom consistent with unfolding
of some fraction of surrounding protein, including the active site unfolding. So, the
change in the enzymatic activity of a-trypsin could have occurred due a
conformational change of amino acids located in the active site or, according to
Gorman & Dordick, it may be a result of a physical disruption of the enzyme-bound

water which leads the enzyme to deactivation [71].

In addition to the observations made for the supposed pellet, we can also observe
that the reduced activity in the supernatant phase can be support by our DLS results
(Fig. 2), which indicated the occurrence of an agglomeration process in solution
containing only 20% v/v ethanol/buffer. This is directly reflected in the number of
units available to perform the catalytic activity: the more clusters are, the fewer units
will be available for this purpose. Therefore, the analysis of structural and enzymatic
data supports the hypothesis of inexistence of irreversible process in systems
containing up to 60% v/v ethanol/buffer, but reinforces the idea of a possible
formation of supramolecular structures of a-trypsin isoform which is capable of
maintaining high enzymatic activity up to 60% v/v. Above this ethanol concentration,
our CD results support the hypothesis of occurrence of process that induce
irreversible changes in a-trypsin without aggregate formation.

3.6 Thermodynamic analysis

The thermodynamic stability is directly related to the stability of native protein
conformation [72,73] and the thermodynamic parameters were used to understand a-
trypsin behavior in organic media system. The thermal protein unfolding profile of a-
trypsin in organic solvent (20-80% v/v ethanol/buffer) showed a sigmoidal curve (data
not shown), typical of a two-state process denaturation monitored by spectroscopic
techniques [37]. The thermal denaturation reversibility was estimated to be >95% for

a-trypsin.
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Thus, the thermodynamic parameters obtained by of mathematical analysis
performed according to methodology presented by Cohen e Pielak [27] are shown in
Table 2. Tm and AH parameters vary in a non-linear way when organic solvent is
added. Besides that, from 0 to 60% v/v (ethanol/buffer), the values of Tm and AH
decreased when compared to the control system, but the values of these parameters
increased when the percentage of ethanol raised to 80% V/v.

Table 2: Thermal denaturation of a-trypsin at pH 3.0 obtained by UV-Vis absorption
spectroscopy at 280 nm.

Ethanol / Buffer Tm AHm,
(% v/v) (K) 2 (KJ.mol™)°
0 329.3+0.8 235.39 + 11.41
40 311.0+1.5 151.75 + 8.69
60 327.0+1.0 114.06 + 11.99
80 338.1 +0.2 253.07 +10.05

& Tm is the temperature wherein 50% of the protein population is in the folding conformation.

® Transition enthalpy at Tm. This parameter reflects the denaturation curve shape.

Based on the information that Tm is an intensive property of material and that AH is
an extensive one, the analysis of the parameter Tm suggests that there was a
destabilizing conformational change in the a-trypsin with addition of organic solvent
from 0 to 60% v/v, which would justify the Tm value reduction. Furthermore, these
data suggest that the buffer-ethanol mixture affected the flexibility of a-trypsin
structure, probably due to a weakening of intramolecular interactions or due to a
decreasing of solvation layer stability of protein that takes place when enzymes are
placed in polar organic solvents [71].

Comparing the AH values between organic solvent (up to 60% v/v ethanol/buffer)
and buffer systems, it can be observed that there was a significant decrease that
may be caused by a loosening of a-trypsin structure, which requires a lower amount
of energy for a-trypsin denaturation. In addition to the previous spectroscopic
observations, we can also observe that the possibility of enzyme aggregate formation
was excluded for the 0-60% v/v ethanol/ethanol systems, since our data did not show
the signature of thermodynamic parameters that would describe a protein
aggregation, that is, similar Tm values and lower AH values were observed when

40% v/v and 60% v/v ethanol/buffer systems are compared to the protein-buffer
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system. Comparing 0% and 80% v/v ethanol systems, it can be seen in Table 2 that
the Tm and AH values for aqueous-organic systems increase significantly in
comparison with buffer system, which may be related to increase of strength of weak
intramolecular interactions, leading an induction of system stabilization by organic
solvent, so that the protein component undergoes a stabilizing conformational
change.

Thus, the analysis of the thermodynamic parameters presented in Table 2 suggests
that may occur changes in the strength of intramolecular interactions in protein or the
remodeling of solvation layer type and concentration-dependent. In addition, the
hypothesis of aggregate protein induced by organic solvent can be discard.

4 CONCLUSION

Our studies have shown that addition of ethanol induces modifications in inter- and
intramolecular interactions of a-trypsin molecules at pH 3.0. In the intermolecular
field, the addition of low concentration of ethanol (up to 50% v/v) is able to modify the
biomolecules organization in the system, causing them to become energetically
stable in agglomerate shape. The agglomerate showed catalytic activity in system up
to 60% v/v ethanol/buffer. In the intramolecular field, the data showed a
reorganization of defined secondary structure and a significant change in tertiary
structure, suggesting a possible formation of partially folding states of a-trypsin in
organic system from 60% v/v ethanol/buffer. The lowering of catalytic activity as a
function of ethanol concentration may have occurred due to change in tertiary
structure and this may possibly modify the position of catalytic site amino acid
residues from 60% v/v ethanol/buffer. Still, the thermodynamic data suggest a
loosening of tertiary structure as progressive amounts of ethanol are added to
system, causing an increase in the distance between the amino acids residues,
which results in a reduction of intramolecular interactions (up to 60% v/v
ethanol/buffer). This structure relaxation facilitates the position change of some
amino acid residues, including those of the catalytic site. From 60% v/v
ethanol/buffer, the a-trypsin structure presents a trend of structure tight, leading to
the loss catalytic activity. In this way, the enzymatic activity is compromised in
systems with predominant amount of ethanol (from 60% v/v ethanol/buffer). Finally,
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the characterization of the a-trypsin pure isoform generated more exact (structural
and thermodynamic) data on its properties in aqueous organic media.

Thus, results obtained in this work will enable to use the a-trypsin isoform instead of
trypsin commercial preparations in industrial processes making them more efficient
and less expensive. Beside provide data for application of trypsin in industrial
biotechnological processes which are performed in aquo-organic media.

ACKNOLEDGMENTS

We acknowledge the Multiuser Laboratory of Biomolecular Analysis UFES (LABIOM)
located on Health Science Center from Federal University of Espirito Santo, Vitéria-
ES, Brazil, EMBRAPA Genetic Resource and Biotechnology, Brasilia-DF, Brazil;
Foundation for Research and Innovation of Espirito Santo (FAPES) by providing post
graduate scholarship and by project financing.

REFERENCES

[1]V.N. Monteiro, R. do N. Silva, Aplicagdes Industriais da Biotecnologia Enzimatica,
Rev. Process. Quimicos/ SENAI. (2009) 9-23.

[2]J.S. Dordick, Enzymatic catalysis in monophasic organic solvents, Enzyme
Microb. Technol. 11 (1989) 194-211. doi:10.1016/0141-0229(89)90094-X.

[3]V. V. Mozhaev, Y.L. Khmelnitsky, M. V. Sergeeva, A.B. Belova, N.L. Klyachko, A.
V. Levashov, K. Martinek, Catalytic activity and denaturation of enzymes in
water/organic cosolvent mixtures., Eur. J. Biochem. 184 (1989) 597-602.
doi:10.1111/j.1432-1033.1989.tb15055.x.

[4]Y.L. Khmelnitsky, V. V. Mozhaev, A.B. Belova, M. V. Sergeeva, K. Martinek,
Denaturation capacity: a new quantitative criterion for selection of organic solvents
as reaction media in biocatalysis, Eur. J. Biochem. 198 (1991) 31-41.
doi:10.1111/j.1432-1033.1991.tb15983.x.

[5]A. Kumar, P. Venkatesu, Overview of the stability of a-chymotrypsin in different
solvent media, Chem. Rev. 112 (2012) 4283—4307. doi:10.1021/cr2003773.

[6]JA.M.C. Santos, M.A. Santana, F.T.F. Gomide, A.A.C. Miranda, J.S. Oliveira,
F.A.S.V. Boas, A.B. Vasconcelos, M.P. Bemquerer, M.M. Santoro, Physical-
chemical characterization and stability study of alpha-trypsin at pH 3.0 by
differential scanning calorimetry, Int. J. Biol. Macromol. 42 (2008) 278-284.



55

doi:10.1016/j.ijpiomac.2007.12.002.

[7]1D.D. Schroeder, E. Shaw, Chromatography of trypsin and its derivatives:
Characterization of a new active form of bovine trypsin., J. Biol. Chem. 243 (1968)
2943-2949.

[BJM.H. Nasser Brumano, E. Rogana, H.E. Swaisgood, Thermodynamics of
Unfolding of B-Trypsin at pH 2.8, Arch. Biochem. Biophys. 382 (2000) 57-62.
doi:10.1006/abbi.2000.1983.

[9]J.L. Zajicek, R.M. Carter, C. a Ghiron, A spectroscopic analysis of the thermally
induced folding-unfolding transition of beta-trypsin., Biophys. J. 35 (1981) 23-30.
doi:10.1016/S0006-3495(81)84771-6.

[10] G. Foucault, N. Kellershohn, F. Seydoux, J.Y. Yon, C. Parquet, B. Arrio,
Comparative study of some conformational properties of a,§ and W bovine
trypsins, Biochimie. 56 (1974) 1343-1350.

[11] B.M. Simpson, N.F. Haard, Purification and characterization of trypsin from the
Greenland cod ( Gadus ogac ). 1 . Kinetic and thermodynamic characteristics,
Can. J. Biochem. Cell Biol. 62 (1984) 894—-900.

[12] M. Mares-guia, A.F.S. Figueiredo, Thermodynamic of the Hydrophobic
Interaction in the Active Center of Trypsin. Investigation with amidines and
guanidines., Biochemistry. 9 (1969) 3223-3227.

[13] L. Graf, L. Szilagyi, Trypsin: Is there anything new under the Sun?, J. Mol.
Struct. 666667 (2003) 481—-485. doi:10.1016/j.theochem.2003.08.072.

[14] D. Barrett, Zymogen activation as a sensitive enzyme-amplifying assay for a
protease with tryptic specificity., Biochem. J. 117 (1970) 57-59.

[15] T. Baba, S.I. Kashiwabara, K. Watanabe, H. Itoh, Y. Michikawa, K. Kimura, M.
Takada, A. Fukumizu, Y. Arai, Activation and maturation mechanisms of boar
acrosin zymogen based on the deduced primary structure, J. Biol. Chem. 264
(1989) 11920-11927.

[16] E.W. Davie, K. Fujikawa, W. Kisiel, The coagulation cascade: initiation,
maintenance, and regulation, Biochemistry. 30 (1991) 10363-10370.
doi:10.1021/bi00107a001.

[17] H. Eagle, T.N. Harris, STUDIES IN BLOOD COAGULATION: V. THE
COAGULATION OF BLOOD BY PROTEOLYTIC ENZYMES (TRYPSIN, PAPAIN),
J. Gen. Physiol. 20 (1937) 543-560. doi:10.1085/jgp.20.4.543.

[18] C.D. Lacerda, A.E. Teixeira, J.S. de Oliveira, S.F. Silva, A.V.B. Vasconcelos,



56

D.G. Gouveia, A.R. da Silva, M.M. Santoro, M.L. dos Mares-Guia, A.M.C. Santos,
Gamma trypsin: Purification and physicochemical characterization of a novel
bovine trypsin isoform, Int. J. Biol. Macromol. 70 (2014) 179-186.
doi:10.1016/j.ijpbiomac.2014.06.050.

[19] P.L. Privalov, Thermodynamic Problems of Protein Structure, Annu. Rev.
Biophys. Biophys. Chem. 18 (1989) 47—-69.

[20] L.M. Simon, M. Kotorman, G. Garab, |. Laczkd, Structure and Activity of a-
Chymotrypsin and Trypsin in Aqueous Organic Media, Biochem. Biophys. Res.
Commun. 280 (2001) 1367—-1371. doi:10.1006/bbrc.2001.4282.

[21] E.V. Pereira, Determinagdo da atividade e da estabilidade termodindmica da
isoforma alfa-tripsina bovina em meios aquo-organicos, Universidade Federal do
Espirito Santo, 2015.

[22] A.M.C. Santos, J.S. de Oliveira, E.R. Bittar, A.L. da Silva, M.L.D.M. Guia, M.P.
Bemquerer, M.M. Santoro, Improved purification process of B- and a-trypsin
isoforms by ion-exchange chromatography, Brazilian Arch. Biol. Technol. 51
(2008) 511-521. d0i:10.1590/S1516-89132008000400009.

[23] P.A. Viana, S.T. Rezende, A.N. Meza, F.T.F. Gomide, R.A.P. Nagem, A.M.C.
Santos, M.M. Santoro, V.M. Guimaraes, Spectroscopic and thermodynamic
properties of Debaryomyces hansenii UFV-1 a-galactosidases, Int. J. Biol.
Macromol. 46 (2010) 298—-303. doi:10.1016/j.ijpiomac.2010.01.003.

[24] L. Whitmore, B.A. Wallace, Protein secondary structure analyses from circular
dichroism spectroscopy: Methods and reference databases, Biopolymers. 89
(2008) 392—-400. doi:10.1002/bip.20853.

[25] W.C. Johnson Jr., Secondary Structure of Proteins Through Circular Dichroism
Spectroscopy, Annu. Rev. Biophys. Biophys. Chem. 17 (1988) 145-166.

[26] B.F. Erlanger, N. Kokowsky, W. Cohen, The preparation and properties of two
new chromogenic substrates of trypsin, Arch. Biochem. Biophys. 95 (1961) 271—
278. doi:10.1016/0003-9861(61)90145-X.

[27] D.S. Cohen, G.J. Pielak, Stability of yeast iso-1-ferricytochrome ¢ as a function
of pH and temperature, Protein Sci. 3 (1994) 1253—-1260.

[28] P.L. Privalov, N.N. Khechinashvili, A Thermodynamic Approach to the Problem
of Stabilization of Globular Protein Structure : A Calorimetric Study, J. Mol. Biol. 86
(1974) 665-684. doi:10.1016/0022-2836(74)90188-0.

[29] K.L. Shaw, J.M. Scholtz, C.N. Pace, G.R. Grimsley, Protein Structure, Stability,



57

and Interactions, Human Press, Totowa, NJ, 2009. doi:10.1007/978-1-59745-367-
7.

[80] J.K.K. Myers, C.N.N. Pace, J.M.M. Scholtz, Denaturant m values and heat
capacity changes: Relation to changes in accessible surface areas of protein
unfolding., Protein Sci. 4 (1995) 2138-48. doi:10.1002/pro.5560041020.

[31] J.R. Lakowicz, Principles of Fluorescence Spectroscopy, Springer US, Boston,
MA, 2006. doi:10.1007/978-0-387-46312-4.

[32] J.M. Antosiewicz, D. Shugar, UV-Vis spectroscopy of tyrosine side-groups in
studies of protein structure. Part 2: selected applications, Biophys. Rev. 8 (2016)
163-177. doi:10.1007/s12551-016-0197-7.

[33] M.R. Eftink, The use of fluorescence methods to monitor unfolding transitions in
proteins., Biophys. J. 66 (1994) 482-501. doi:10.1016/S0006-3495(94)80799-4.
[34] Y.K. Reshetnyak, E. a Burstein, Decomposition of protein tryptophan
fluorescence spectra into log-normal components. |l. The statistical proof of
discreteness of tryptophan classes in proteins., Biophys. J. 81 (2001) 1710-1734.

doi:10.1016/S0006-3495(01)75824-9.

[35] R.F. Chen, Fluorescence Quantum Yields of Tryptophan and Tyrosine, Anal.
Lett. 1 (1967) 35—42. doi:10.1080/00032716708051097.

[36] M.M. Santoro, D.W. Bolen, Unfolding free energy changes determined by the
linear extrapolation method. 1. Unfolding of phenylmethanesulfonyl alpha-
chymotrypsin using different denaturants., Biochemistry. 27 (1988) 8063—8068.
doi:10.1021/bi00421a014.

[37] P.L. Privalov, Stability of Proteins Small Globular Proteins, Adv. Protein Chem.
33 (1979) 167—241. doi:10.1016/S0065-3233(08)60460-X.

[38] S. Benjwal, Monitoring protein aggregation during thermal unfolding in circular
dichroism experiments, Protein Sci. 15 (2006) 635-639.
doi:10.1110/ps.051917406.

[39] M.M. Santoro, D.W. Bolen, A test of the linear extrapolation of unfolding free
energy changes over an extended denaturant concentration range., Biochemistry.
31 (1992) 4901-4907. doi:10.1021/bi00135a022.

[40] S. Nakai, H.W. Modler, Food proteins: properties and characterization, Food Sci.
Technol. (1996).

[41] C. Branden, J. Tooze, Folding and Flexibility, in: Introd. to Protein Struct.,
Second, Garland Publishing, New York, 1999: pp. 89-121. doi:10.1016/0307-



58

4412(92)90129-A.

[42] E.R. Bittar, F.R. Caldeira, A.M.C. Santos, A.R. Gunther, E. Rogana, M.M.
Santoro, Characterization of B-trypsin at acid pH by differential scanning
calorimetry, Brazilian J. Med. Biol. Res. 36 (2003) 1621-1627. doi:14666246.

[43] J.-L. Mergny, L. Lacroix, Analysis of Thermal Melting Curves, Oligonucleotides.
13 (2003) 515-537.

[44] R.M. Guinn, H.W. Blanch, D.S. Clark, Effect of a water-miscible organic solvent
on the kinetic and structural properties of trypsin, Enzyme Microb. Technol. 13
(1991) 320-326. do0i:10.1016/0141-0229(91)90151-Y.

[45] R. Elshereef, H. Budman, C. Moresoli, R.L. Legge, Fluorescence Spectroscopy
as a tool for monitoring solubility and aggregation behavior of b-lactoglobulin after
heat treatment, Biotechnol. Bioeng. 95 (2006) 863—874. doi:10.1002/bit.21039.

[46] A.P. Demchenko, A.S. Ladokhin, Temperature-dependent shift of fluorescence
spectra without conformational changes in protein; studies of dipole relaxation in
the melittin molecule, Biochim. Biophys. Acta (BBA)/Protein Struct. Mol. 955
(1988) 352—-360. doi:10.1016/0167-4838(88)90215-4.

[47] J.T. Vivian, P.R. Callis, Mechanisms of Tryptophan Fluorescence Shifts in
Proteins, Biophys. J. 80 (2001) 2093-2109. doi:10.1016/S0006-3495(01)76183-8.

[48] F. Khan, R.H. Khan, S. Muzammil, Alcohol-induced versus anion-induced states
of a-chymotrypsinogen A at low pH, Biochim. Biophys. Acta - Protein Struct. Mol.
Enzymol. 1481 (2000) 229-236. doi:10.1016/S0167-4838(00)00129-1.

[49] A.L. Fink, Compact Intermediate States in Protein Folding, Annu. Rev. Biophys.
Biomol. Struct. 24 (1995) 495-522.

[50] R. Khurana, J.R. Gillespie, A. Talapatra, L.J. Minert, C. lonescu-Zanetti, |. Millett,
A.L. Fink, Partially folded intermediates as critical precursors of light chain amyloid
fibrils and amorphous aggregates, Biochemistry. 40 (2001) 3525-3535.
doi:10.1021/bi001782b.

[51] H. Bey, W. Gtari, A. Aschi, T. Othman, Structure and properties of native and
unfolded lysing enzyme from T. harzianum: Chemical and pH denaturation, Int. J.
Biol. Macromol. 92 (2016) 860—-866. doi:10.1016/j.ijbiomac.2016.08.001.

[52] N.F. Martins, E. Ferreira, K.C.L. Torres, M.M. Santoro, The denaturation of a, 8
and W bovine trypsin at pH 3.0: Evidence of intermediates, Protein Pept. Lett. 10
(2003) 73-81.

[53] D. Arzendek, R. Podgornik, D. Kuzman, Dynamic light scattering and application



59

to proteins in solutions, Semin. Dep. Physics, Univ. Ljubljana. (2010) 1-18.

[54] G. V. Barnett, W. Qi, S. Amin, E. Neil Lewis, C.J. Roberts, Aggregate structure,
morphology and the effect of aggregation mechanisms on viscosity at elevated
protein concentrations, Biophys. Chem. 207 (2015) 21-29.
doi:10.1016/j.bpc.2015.07.002.

[55] A.L. Fink, Protein aggregation: folding aggregates , inclusion bodies and
amyloid, Fold. Des. 3 (1998) 9-23.

[56] V. Joshi, T. Shivach, N. Yadav, A.S. Rathore, Circular dichroism spectroscopy as
a tool for monitoring aggregation in monoclonal antibody therapeutics, Anal.
Chem. 86 (2014) 11606—11613. doi:10.1021/ac503140;.

[57] K. Griebenow, A.M. Klibanov, On protein denaturation in aqueous-organic
mixtures but not in pure organic solvents, J. Am. Chem. Soc. 118 (1996) 11695—
11700. doi:10.1021/ja961869d.

[58] A. Dong, J. Matsuura, M.C. Manning, J.F. Carpenter, Intermolecular beta-sheet
results from trifluoroethanol-induced nonnative alpha-helical structure in beta-
sheet predominant proteins: infrared and circular dichroism spectroscopic study.,
Arch. Biochem. Biophys. 355 (1998) 275-281. doi:10.1006/abbi.1998.0718.

[59] M. Jackson, H.H. Mantsch, Beware of proteins in DMSO, Biochim. Biophys. Acta
(BBA)/Protein ~ Struct. Mol. 1078 (1991) 231-235. doi:10.1016/0167-
4838(91)90563-F.

[60] Y. Li, B.A. Ogunnaike, C.J. Roberts, Multi-variate approach to global protein
aggregation behavior and kinetics: Effects of pH, NaCl, and temperature for a-
chymotrypsinogen A, J. Pharm. Sci. 99 (2010) 645-662. doi:10.1002/jps.21869.

[61] W. Wang, Protein aggregation and its inhibition in biopharmaceutics, Int. J.
Pharm. 289 (2005) 1-30. doi:10.1016/j.ijpharm.2004.11.014.

[62] M. Mares-guia, A.F.S. Figueiredo, Trypsin-Organic Solvent Interaction. The
Simultaneous Operation of Competitive Inhibition and Dieletric Effect,
Biochemistry. 11 (1972) 2091-2099.

[63] C. Mattos, D. Ringe, Proteins in Organic Solvents, Curr. Opin. Struct. Biol. 409
(2001) 761-764.

[64] T. De Diego, P. Lozano, S. Gmouh, M. Vaultier, J.L. Iborra, Fluorescence and
CD spectroscopic analysis of the a-chymotrypsin stabilization by the ionic liquid, 1-
ethyl-3-methylimidazolium bis[(trifluoromethyl)sulfonyllJamide, Biotechnol. Bioeng.
88 (2004) 916—924. doi:10.1002/bit.20330.



60

[65] S.N. Timasheff, Protein-solvent preferential interactions, protein hydration, and
the modulation of biochemical reactions by solvent components, Proc. Natl. Acad.
Sci. 99 (2002) 9721-9726. doi:10.1073/pnas.122225399.

[66] A. Zaks, A.M. Klibanov, Enzymatic catalysis in nonaqueous solvents., J. Biol.
Chem. 263 (1988) 3194—-3201.

[67] E.N. Vulfson, D.B. Sarney, B.A. Law, Enhancement of subtilisin-catalysed
interesterification in organic solvents by ultrasound irradiation, Enzyme Microb.
Technol. 13 (1991) 123—-126. doi:10.1016/0141-0229(91)90166-8.

[68] C. Reichardt, Solvents and Solvent Effects in Organic Chemistry, 3rd ed., Wiley-
VCH Verlag GmbH & Co. KGaA, Weinheim, FRG, 2002. doi:10.1002/3527601791.

[69] R. Lottenberg, C.M. Jackson, Solution composition dependent variation in
extinction coefficients for p-nitroaniline, Biochim. Biophys. Acta. 742 (1983) 558—
564.

[70] E. V. Kudryashova, A.K. Gladilin, A. V. Vakurov, F. Heitz, A. V. Levashov, V. V.
Mozhaev, Enzyme-polyelectrolyte complexes in water-ethanol mixtures:
Negatively charged groups artificially introduced into a-chymotrypsin provide
additional activation and stabilization effects, Biotechnol. Bioeng. 55 (1997) 267—-
277. doi:10.1002/(SIC1)1097-0290(19970720)55:2<267::AID-BIT4>3.0.CO;2-G.

[71] L.A.S. Gorman, J.S. Dordick, Organic solvents strip water off enzymes,
Biotechnol. Bioeng. 39 (1992) 392—-397. doi:10.1002/bit.260390405.

[72] C.N. Pace, B.A. Shirley, J.A. Thomson, Measuring the conformational stability of
a protein, in: Protein Struct. A Pract. Approach, Oxford University Press, New
York, 1989: pp. 311-330. doi:10.1101/pdb.prot4244.

[73] F. Ahmad, S. Yadav, S. Taneja, Determining stability of proteins from
guanidinium chloride transition curves., Biochem. J. 287 (1992) 481—-485.



PARTE IV

61



62

PERSPECTIVA

ApOés a realizacao deste trabalho, outras duvidas surgiram e ficardo como sugestoes
para futuras investigacdes:

Realizacado de ensaios de FTIR e SAXS para determinar o nivel de alteragéao
da estrutura secundaria e o formato das particulas aglomeradas por influéncia
do etanol;

Determinagdo do tempo de vida ou “Shelf life” da enzima em sistema
contendo até 60% v/v de etanol/tampao;

Determinagédo completa dos parémetros termodindmicos da isoforma a-
tripsina em varias concentracbes de etanol por calorimetria diferencial de
varredura (DSC);

Estudo da acdo de outros solventes organicos comumente utilizados em
processos industriais sobre os parametros estruturais e termodinamicos da

isoforma a-tripsina.



