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RESUMO

A hidrélise enzimatica ainda € o método mais utilizado para destruir epitopos, 0s quais
consistem numa por¢éo da proteina capaz de induzir a producao de anticorpos especificos e
se ligar a eles provocando resposta alérgica. Os epitopos conformacionais sao facilmente
destruidos durante a hidrolise. No entanto, epitopos lineares podem ainda sobreviver ao
processo, o que resulta em antigenicidade residual em hidrolisados proteicos. Além disso, a
hidrélise de proteinas extensiva leva a liberacdo de peptideos com gosto amargo. A
combinacdo de hidrélise enzimatica e tratamento com transglutaminase (TG) é uma
estratégia promissora para diminuir a antigenicidade de proteinas do leite e o gosto amargo
normalmente presente nos hidrolisados. Este estudo avaliou as alteragdes fisico-quimicas
em isolado proteico do soro de leite (IPS) induzidas pela hidrolise com Alcalase seguida por
tratamento com TG e se investigou 0 impacto no gosto amargo e na antigenicidade dos
peptideos. As hidrélises foram realizadas sob condi¢cdo sem controle de pH a fim de simular
a condicdo empregada na induastria. Para isto, o impacto da hidrolise conduzida sob
condi¢bes de pH controlada ou néo, utilizando diferentes concentra¢des de substrato (Se, 3
ou 7% de proteina) e relacdes enzima:substrato (E/S, 50 ou 100 U g™), na antigenicidade
dos hidrolisados foi investigado. O pH diminuiu de 8,5 para 7,0 nos 15 primeiros minutos das
hidrélises sem controle de pH e se manteve constante até o final da reacdo. A reducéo no
pH ndo alterou significativamente o grau de hidrélise (GH) dos hidrolisados obtidos com e
sem controle de pH, utilizando as mesmas Sy, € E/S. O GH diminuiu com o0 aumento do S,
enquanto o aumento da E/S elevou ligeiramente o GH dos hidrolisados. As diferentes
condicbes de pH e S resultaram em distintos perfis de hidrofilicidade (CLAE-FR) e
distribuicdo de massa molecular (MM) entre os hidrolisados, indicando mudancas no padréo
de hidrolise da Alcalase em funcdo desses parametros. Essas diferencas refletiram no
comportamento de agregacdo e conformacdo espacial dos peptideos, e nas concentracdes
de B-Lg e a-La, detectadas por kits comerciais de ELISA. Os resultados de ELISA e
immunoblotting indicaram que a hidrélise diminuiu a capacidade dos hidrolisados de se
ligarem as IgE e IgG anti-a-La e anti-B-Lg, ndo havendo diferengas significativas entre
agueles obtidos com e sem controle de pH. Todavia, os hidrolisados obtidos sem controle de
pH apresentaram maior capacidade de ligacéo as IgE e IgG anti-BSA, devido a presenca de
BSA intacta e/ou a liberag@o de epitopos pelo processo de hidrélise. Diante disso, o estudo
prosseguiu usando a hidrélise sem controle de pH, e ultrafitracdo usando membrana de
corte de 5,0 kDa para a separagdo da BSA intacta e parcialmente hidrolisada. Os filtrados
obtidos foram tratados com TG, sendo avaliado o gosto amargo e antigenicidade. Apés o
tratamento com TG, houve aumento de 1,5 e 3,0% na proporcdo de peptideos entre 1,4 e
3,5 kDa, alteragbes no perfil cromatogréaficos, em especial na intensidade dos picos na
regido de alta e média hidrofilicidade e desaparecimento de um pico na regido de baixa
hidrofilicidade (CLAE-FR) e na conformagéo espacial dos peptideos, confirmada pelos
espectros de fluorescéncia. As alteracdes no perfil de peptideos dos filtrados tratados com
TG também foram observadas através dos espectros de massas (MALDI-MS), nos quais
ndo foram mais detectados ions com m/z entre 1600 e 3000. Apesar dessas alteracdes, ndo
ocorreu reducdo na intensidade e/ou persisténcia do gosto amargo dos filtrados tratados
com TG. A hidrdlise seguida pela ultrafiltracdo, associada ou ndo a TG, foi capaz de diminuir
significativamente a capacidade do IPS de se ligar as IgE especificas. O HF7, tratado ou
ndo com TG, ndo induziu a producdo de IgE e IgGl especificas em camundongos
sensibilizados. A TG nédo exerceu efeito adicional na reducdo da capacidade de ligacdo as
IgE especificas ou de sensibilizacdo dos filtrados. Portanto, a hidrélise do IPS com Alcalase



seguida pela ultrafiltracdo mostra-se uma alternativa em potencial para a producdo de
hidrolisados hipoalergénicos, de acordo com os critérios estabelecidos pela American
Academy of Pediatrics para a avaliacdo da hipoalergenicidade de novas formulas.



ABSTRACT

Enzymatic hydrolysis is widely used method to destroy epitopes, a part of protein capable to
induce the production of specific antibodies and to bind to them eliciting allergic response.
Conformational epitopes collapse during hydrolysis, while linear epitopes may survive the
process, leading to residual antigenicity in protein hydrolysates. Moreover the extensive
hydrolysis of proteins releases bitter peptides. The combination of enzymatic hydrolysis and
transglutaminase (TG) treatment is a promising strategy to reduce the protein antigenicity
and bitter taste often associated with protein hydrolysates. This study evaluated the
physicochemical changes in whey protein isolate (WPI) caused by hydrolysis using Alcalase
and TG-treatment and on bitter taste and protein antigenicity, including IgE-binding response
and ability to sensitize animal model. The hydrolysis reactions were performed under
uncontrolled pH condition in order to simulate conditions used in food industry. For that, the
impact of hydrolysis performed with or without pH control, using different substrate
concentration (S, 3 or 7% of protein) and enzyme:substrate ratio (E/S, 50 or 100 U g%), on
antigenicity of the hydrolysates was investigated. The pH dropped from 8.5 to 7.0 within the
first 15 min of hydrolysis without pH control, and remained constant until the end of reaction.
The decrease in pH did not significantly affect the degree of hydrolysis (DH) of the
hydrolysates obtained with and without pH control, under the same Sy, and E/S parameters
conditions. The DH decreased with increasing Se, whereas the increase in E/S slightly raised
the DH of the hydrolysates. The different condition of pH and S resulted in different
hydrophilicity profiles (RP-HPLC) and molecular mass (MM) distribution among hydrolysates,
indicating changes in the cleavage pattern of Alcalase. These differences resulted in different
aggregation behavior and spatial conformation of the peptides, and different concentrations
of B-Lg and a-La detected by commercial ELISA kits. The ELISA and immunoblotting results
indicated that the hydrolysis with Alcalase reduced the binding capacity of hydrolysates to
anti-B-Lg and anti-a-La IgE and IgG and no differences were observed among hydrolysates
obtained with and without pH control. However, the hydrolysates obtained uncontrolled pH
showed increase reactivity to anti-BSA IgE and 1gG, due to the presence of intact BSA
and/or releasing of epitopes. Therefore the study continued with the hydrolysates obtained
under uncontrolled pH, which were ultrafiltered, using a 5.0 kDa cutoff membrane, in order to
separate unhydrolysed and partially hydrolyzed BSA. The filtrates were treated with TG and
bitter taste and antigenicity were assessed. After TG-treatment, the filtrates showed 1.5 and
3.0% increasing in the amount of peptides between 1.4 and 3.5 kDa, changes in
chromatographic profile, especially in peaks intensity in the regions of high and medium
hydrophilicity and disappearance of a peak in the region of low hydrophilicity (PR-HPLC) and
spatial conformation of the peptides, confirmed by fluorescence spectra. Changes in peptide
profile of the filtrates treated with TG were also observed through mass spectra (MALDI-MS),
in which ions at m/z in the range of 1600 to 3000 were no longer detected. Despite these
changes, no difference was observed in the intensity or perception of bitter taste in the
filtrates after TG treatment. The hydrolysis with Alcalase followed by ultrafiltration, associated
or not with TG, reduced significantly the binding capacity of WPI to specific IgE. The HF7
treated or not with TG did not generate specific IgE and IgG1 in mouse model of allergy. TG
had no further effect in reducing of IgE-binding capacity or ability to induce sensitization of
the filtrates. Therefore, hydrolysis of WPI with Alcalase followed by ultrafiltration can be a
potential alternative to produce hypoallergenic hydrolysates, according to established criteria
by American Academy of Pediatrics to determine hypoallergenicity of new formulas.
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CAPITULO 1. INTRODUCAO GERAL

1.1. Introducéo

A alergia alimentar € um importante problema de salde publica mundial que vem
aumentando nas duas Ultimas décadas. As alergias associadas aos alimentos afetam de 1 a
3% da populagdo adulta e de 4 a 6% das criangas (RAHAMAN, VASILJEVIC e
RAMCHANDRAN, 2016). O aumento na prevaléncia de individuos alérgicos esta
relacionado as mudancas no estilo de vida, habitos alimentares e fatores epigenéticos
(SICHERER e LEUNG, 2011).

Mais de 90% das alergias alimentares sédo causadas por leite de vaca, ovos, peixes,
crustaceos, amendoim, castanhas, trigo e soja, os quais sdo chamados de “The Big Eight”
(VERHOECKX et al., 2015). O leite de vaca é uma das principais causas de alergia
alimentar em criangas menores de trés anos de idade, atingindo de 2 a 5% da populagéo
infantil (EL-AGAMY, 2007; SACKESEN et al., 2011).

A alergia ao leite de vaca (ALV) & uma reacdo imunoldgica adversa mediada
principalmente pelas imunoglobulinas E (IgE) o qual se caracteriza por uma resposta T
helper 2 (Th2) que resulta na producéo de anticorpos IgE especificos ao alérgeno (fase de
sensibilizacdo). A ligacdo das IgE aos receptores de alta afinidade FceRIl na superficie de
mastécitos e basofilos seguida pela ligacdo cruzada dos anticorpos IgE ao alérgeno
desencadeia a desgranulacdo e a liberacao de mediadores inflamatérios que provocam o0s
sintomas clinicos da alergia (fase efetora) (KUMAR et al., 2012). A ALV é desencadeada
pelas principais proteinas do leite: as caseinas, a-lactalbumina (a-La) e B-lactoglobulina (-
Lg) (MONACI et al., 2006). As porcdes das proteinas que se ligam aos anticorpos IgE séo
denominadas epitopos e podem ser tanto uma parte da estrutura tridimensional (epitopo
conformacional) quanto uma sequéncia de aminoacidos na molécula (epitopo linear)
(FOEGEDING e DAVIS, 2011). Os epitopos lineares parecem ser mais importantes nas
alergias alimentares, uma vez que estes sdo mais estaveis, podendo ser mantidos mesmo
apos a digestdo (MARTORELL-ARAGONES et al., 2015).

A hidrélise enzimatica ainda € um dos métodos mais utilizados para destruir
epitopos e produzir produtos hipoalergénicos destinados aos individuos alérgicos as
proteinas do leite, especialmente as criangcas (ZHENG et al.,, 2008). A redugdo da
antigenicidade por hidrélise enzimatica ndo depende apenas da especificidade da enzima,
mas também dos parédmetros da reacdo (pH, concentracdo de substrato e enzima,
temperatura) os quais podem alterar o padr&o de hidrolise da enzima (seletividade) (BUTRE
et al., 2014a).
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As férmulas hipoalergénicas, compostas por proteinas extensivamente hidrolisadas,
séo a alternativa recomendada na alimentacdo de criancas diagnosticadas com ALV quando
0 aleitamento materno ndo é possivel (VAN ESCH et al., 2010). Entretanto, a hidrdlise
extensiva das proteinas do leite libera peptideos amargos que tornam essas férmulas pouco
palataveis (NEWMAN et al., 2015). Além disso, embora epitopos conformacionais sejam
facilmente destruidos durante a hidrélise, epitopos lineares podem resistir ao processo.
Estudos tém mostrado que algumas férmulas hipoalergénicas ainda apresentam
antigenicidade residual associada a presenga de epitopos ndo hidrolisados (GORTLER,
URBANEK e FORSTER, 1995; VAN BERESTEIJN, MEIJER e SCHMIDT, 1995b; PUERTA,
DIEZ-MASA e DE FRUTOQOS, 2006; BRAHIM et al., 2012).

Tendo em vista as limitacbes da hidrolise enzimética na producdo de produtos
hipoalergénicos, novas estratégias para reducdo da antigenicidade de proteinas tém sido
estudadas. A polimerizacdo com TG tem sido avaliada com o proposito de diminuir a
antigenicidade de proteinas (BABIKER et al., 1998; STANIC et al., 2010; VILLAS-BOAS et
al., 2010; VILLAS-BOAS et al., 2012). A TG catalisa reag6es de transferéncia de acil entre o
grupo y-carboxiamida dos residuos de glutamina e aminas primarias, incluindo o grupo ¢-
amina da lisina (AGYARE e DAMODARAN, 2010). A formacéo de ligagBes covalentes inter-
e intramoleculares em proteinas/peptideos pode alterar e/ou mascarar epitopos lineares
diminuindo a ligagdo da proteina aos anticorpos IgE (BABIKER et al., 1998; DAMODARAN e
LI, 2017).

A combinacdo da hidrélise enzimética das proteinas do soro de leite seguida pelo
tratamento com TG mostrou-se uma estratégia promissora para a obtencdo de produtos
hipoalergénicos (WROBLEWSKA et al., 2008). Estudos anteriores em nosso laboratério ndo
observaram um efeito adicional do tratamento da B-Lg hidrolisada com TG na reducéo da
antigenicidade dessa proteina (SABADIN et al., 2012; VILLAS-BOAS et al., 2015). No
entanto, apds a digestdo gastrica, a B-Lg hidrolisada e tratada com TG apresentou menor
capacidade de ligacdo a IgE especifica em comparagdo a B-Lg apenas hidrolisada,
sugerindo que o tratamento com TG atenuou a resposta antigénica (VILLAS-BOAS et al.,
2015).

O tratamento com TG ainda pode ser uma estratégia para diminuir o gosto amargo
presente nos hidrolisados proteicos (BABIKER et al., 1996; SONG et al., 2013). A liberagéo
de peptideos de baixa massa molecular (MM) e com alto contetdo de residuos hidrofébicos
sdo os responsaveis por conferir gosto amargo aos hidrolisados proteicos (NEWMAN et al.,
2015). O tamanho dos peptideos e a presenca de residuos de aminoacidos hidrofébicos séo
caracteristicas determinantes na ligacao dos peptideos aos receptores de gosto amargo nas

papilas gustativas (ISHIBASHI et al., 1988a). O tratamento com TG pode diminuir o gosto
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amargo dos hidrolisados tanto pelo aumento da MM quanto pela reducdo da exposicdo dos
residuos hidrofébicos (BABIKER et al., 1996).

Os resultados divergentes da combinagéo de hidrélise enzimética e tratamento com
TG no potencial antigénico das proteinas observadas entre os estudos (WROBLEWSKA et
al., 2008; SABADIN et al., 2012; VILLAS-BOAS et al.,, 2015; DAMODARAN e LI, 2017)
ressaltam a importancia da realizacdo de testes pré-clinicos adequados para avaliar a
antigenicidade das proteinas a cada alteracdo nos métodos e/ou condi¢des dos tratamentos
realizados (VAN ESCH et al.,, 2011). Os testes pré-clinicos, preconizados pela American
Academy of Pediatrics para a avaliagdo da hipoalergenicidade, incluem a quantificacdo de
material imunorreativo residual e a determinacdo da capacidade da férmula de sensibilizar e
provocar reagcfes em modelos animais de alergia (AAP, 2000). No entanto, o impacto dos
tratamentos na capacidade das proteinas de induzir a produgdo de anticorpos IgE

especificos ainda é muito pouco investigado (VERHOECKX et al., 2015).

Este trabalho estudou o impacto da combinacédo da hidrélise do isolado proteico do
soro de leite (IPS) com Alcalase seguida pelo tratamento com TG nas caracteristicas fisico-
guimicas, no gosto amargo dos peptideos liberados pela hidrélise e antigenicidade das
proteinas. As propriedades fisico-quimicas do IPS apds os tratamentos enzimaticos foram
avaliadas a fim de verificar como alteracBes nas caracteristicas das proteinas poderiam
influenciar na antigenicidade e gosto amargo. A antigenicidade residual do IPS apds os
tratamentos foi avaliada (1) in vitro pela medida da sua capacidade de se ligar a anticorpos
especificos do soro de camundongos sensibilizados e (2) in vivo pela sua capacidade de

induzir sensibilizagdo em um modelo animal de ALV.
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CAPITULO 2. REVISAO BIBLIOGRAFICA

2.1. O leite de vaca

O leite de vaca e seus derivados sdo alimentos tradicionais na dieta humana
(HAUG, HOSTMARK e HARSTAD, 2007). O leite de vaca é uma excelente fonte de
proteinas, gordura, minerais e vitaminas, sendo um produto de grande importancia
comercial e industrial. A composi¢cdo quimica do leite varia em funcdo da espécie do
mamifero, genética do animal e seu estado nutricional, do estagio de lactacdo e das
condigcbes ambientais (PEREIRA, 2014).0 leite de vaca contém 87,3% de agua, de 3,3 a
3,5% de proteinas, de 3,5 a 3,8% de gordura, 4,9% de lactose, 0,7% de minerais, e 0,1% de
vitaminas (SGARBIERI, 2005).

A fracdo lipidica do leite € composta por 98% de triacilglicerol, 2% de diacilglicerol,
menos de 0,5% colesterol, 1% de fosfolipideos e 0,1% de acidos graxos livres. Em média,
70% da fracdo lipidica correspondem a acidos graxos saturados e 30% a &cidos graxos
insaturados. O leite é considerado uma fonte importante de calcio na dieta humana, mas
contém outros importantes minerais para nutricdo e funcionamento adequados do
organismo, tais como fésforo, magnésio, zinco e selénio. O leite ainda é composto pelas
vitaminas lipossoluveis A, D e E, e pelas vitaminas do complexo B tais como tiamina e
riboflavina (HAUG, HOSTMARK e HARSTAD, 2007; PEREIRA, 2014).

O leite também é considerado fonte importante de proteina na dieta humana. As
proteinas do leite sdo divididas em duas fracbes: as caseinas e as proteinas do soro, as
quais correspondem a 80% e 20% da proteina total, respectivamente (MONACI et al., 2006).
Ambas as fragOes proteicas séo classificadas como proteinas de alto valor bioldgico, isto é,
contém todos o0s aminoacidos essenciais, e apresentam alta digestibilidade e
biodisponibilidade. As caseinas sdo especialmente ricas em histidina, metionina e
fenilalanina, enquanto as proteinas do soro possuem maior propor¢cdo de aminoacidos de

cadeia lateral ramificada (leucina, isoleucina e valina) e de lisina (PEREIRA, 2014).

As caseinas sdo as proteinas mais abundantes no leite de vaca. Elas sé&o
compostas por quatro proteinas independentes codificadas por diferentes genes presentes
NO Mesmo Cromossomo: Os;-, Osy-, B- € K-caseinas, além das trés y-caseinas (y1, y2 e y3-
caseinas) derivadas da hidrélise da B-caseina, essas proteinas representam 30%, 9%, 28%,
10% e 2% da quantidade total de caseina, respectivamente (MICINSKI et al., 2013;
TSABOURI, DOUROS e PRIFTIS, 2014). Além de estarem presentes em diferentes
concentracdes, as fracdes de caseina diferem quanto ao contetdo de fésforo, composicéo

de aminoacidos, MM e ponto isoelétrico (MICINSKI et al., 2013). A principal funcdo das
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caseinas esta associada a sua capacidade de se ligar a minerais e de transporta-los pelo
organismo, especialmente no caso do célcio e fésforo (PEREIRA, 2014).

A B-Lg (55-60%) e a-La (15-20%) sé&o as principais proteinas do soro de leite, mas
também h& outras proteinas presentes em menores quantidades, tais como BSA,
imunoglobulinas, lactoferrina, fosfolipoproteinas, lactoperoxidase, lisozima, transferrina,
protease-peptonas (IZQUIERDO et al., 2008; MICINSKI et al., 2013). As proteinas do soro
apresentam quase todos 0s aminoacidos essenciais em excesso as recomendacdes
nutricionais, exceto os aminoacidos aromaticos 0s quais ndo estdo em excesso, mas

atendem as recomendag0fes para todas as faixas etarias (SGARBIERI, 2004; 2005).

A B-Lg é uma proteina globular com MM de 18,3 kDa com 162 residuos de
aminoacidos e pl (ponto isoelétrico) de 5,1-5,2. A B-Lg ocorre naturalmente na forma de um
dimero (36 kDa) n&o covalente, em equilibrio no leite, com mondmero da B-Lg. Essa
proteina do soro apresenta um importante polimorfismo genético com, no minimo, sete
variantes genéticas, sendo as principais variantes a B-Lg A e B. Essas variantes genéticas
diferem-se nos residuos 64 e 118, respectivamente: acido aspartico e valina na -Lg A e
glicina e alanina na 3-Lg B (WAL, 2001; GAUCHE et al., 2008). A molécula de B-Lg possui
duas pontes dissulfeto intramoleculares e um grupo tiol livre. Essa estrutura esta relacionada
as principais caracteristicas fisico-quimicas e a interagdo com a caseina durante
tratamentos térmicos (WAL, 2001).

A a-La € uma proteina globular monomérica de 123 residuos de aminoacido, com
quatro ligacbes dissulfeto, estrutura compacta e MM de 14,4 kDa, e pl entre 4,0-5,0
(GAUCHE, BARRETO e BORDIGNON-LUIZ, 2010). Essa proteina participa da regulacédo do
sistema enzimatico da galactosil transferase responsavel pela sintese de lactose
(SGARBIERI, 2004). A a-La possui alta afinidade de ligacdo pelo célcio, o que estabiliza sua
estrutura terceéria (WAL, 2001).

A BSA corresponde aproximadamente a 5% das proteinas do soro de leite. A BSA
€ uma proteina globular composta de 580 residuos de aminoacidos com MM de 66,4 kDa e
pl entre 4,7-4,8. Sua estrutura secundaria é formada por 54% de a-hélice, 40% de estruturas
B-sheet e B-turn com trés dominios especificos para ligagdo de ions metalicos, de lipideos e
de nucleotideos (SGARBIERI, 2005). Esta proteina estd organizada em trés dominios
homdlogos e consiste de nove loops ligados por 17 ligagdes dissulfeto. Muitas dessas
ligagBes dissulfeto localizam-se no nucleo da proteina o que dificulta seu acesso. Isto pode
explicar a grande estabilidade da sua estrutura tercidria mesmo sob condigbes de
desnaturagédo (MONACI et al., 2006).
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A lactoferrina € uma glicoproteina de MM de 76,1 kDa e a pH 8,0 que se liga
fortemente ao jon Fe™. Essa proteina é formada por duas cadeias polipeptidicas homoélogas
e 691 residuos de amino&cidos, cada uma com um sitio de ligacéo ao ion Fe*® e um sitio de
glicolisacdo. Os dois lobos da cadeia polipeptidica da lactoferrina sdo conectados por uma
hélice de trés voltas (SGARBIERI, 2005).

As imunoglobulinas sdo monémeros ou polimeros formados por unidades de quatro
cadeias polipeptidicas: duas curtas (~20 kDa) e duas longas (50-70 kDa), ligadas por pontes
dissulfeto (SGARBIERI, 2005). A fracdo proteose-peptona corresponde a 1,1% do total das
proteinas do leite e é derivada principalmente da protedlise da [-caseina, e sua
concentracdo no leite pode aumentar com o tempo devido a atividade enzimatica da

plasmina (MONACI et al., 2006).

2.2. Alergia ao leite de vaca (ALV)

O leite humano é o alimento mais natural e completo nutricionalmente para a
alimentacdo de recém-nascidos e criangas. No entanto, quando o aleitamento materno néo
€ possivel, o leite de vaca é o substituto mais comum ao leite humano (EL-AGAMY, 2007).
O leite humano contém menor concentracao de caseinas e maior de proteinas do soro em
comparacdo ao leite de vaca, o que o torna o leite humano mais nutritivo para recém-
nascidos. O coagulo formado pelo leite humano apds a ingestdo resulta em maior
digestibilidade e absor¢cdo das proteinas, enquanto o leite de vaca forma um coagulo mais
dificil de digerir (BARLOWSKA et al., 2011). A substituicdo do leite humano pelo leite de
vaca na alimentagcdo de lactentes ndo causa somente consequéncias nutricionais, mas
também pode provocar alteracdes imunoldgicas, tal como a alergia as proteinas do leite (EL-
AGAMY, 2007).

O leite humano nao contém as;-caseina e B-Lg, as quais estdo entre as principais
proteinas envolvidas na alergia ao leite. Muitos estudos demonstraram que a maioria das
criangas com ALV possuem anticorpos predominantemente contra a-caseina e 3-Lg, sendo,
respectivamente, 60 e 80% desses pacientes sensiveis a essas proteinas. O leite de vaca

apresenta alta concentragéo dessas duas proteinas (BARLOWSKA et al., 2011).

2.2.1. Conceito e epidemiologia

As reacdes adversas a alimentos sdo aquelas que ocorrem ap0s a ingestdo de um

alimento, incluindo tanto aquelas mediadas pelo sistema imunologico (alergias alimentares,



Capitulo 2. Reviséo Bibliogréafica 27

doenca celiaca) quanto agquelas ndo imuno-mediadas (intolerancias alimentares, reacdes

farmacoldgicas e mediadas por toxinas microbianas) (ASBAI, 2012).

Ha duas principais reacfes adversas associadas a ingestao de leite de vaca. Uma
delas é a intolerancia a lactose a qual é provocada por uma diminuicdo da atividade da [3-
galactosidase, enzima responsavel pela hidrélise da lactose em monossacarideos durante a
digestdo. A intolerancia a lactose provoca varios sintomas gastrointestinais decorrentes da
fermentacdo deste acucar no colon (PEREIRA, 2014). A outra reacdo adversa consiste na
alergia as proteinas do leite. A ALV é uma resposta imunoldgica de hipersensibilidade que
pode ser mediada pela IgE ou ndo medida pela IgE e desencadeada por uma ou mais
proteinas do leite (MONACI et al., 2006; KUMAR et al., 2012). As reacfes mediadas pela
IgE s&o responséaveis por aproximadamente 60% das reacdes adversas provocadas pelo
leite de vaca (HOCHWALLNER et al., 2014). As reacdes mediadas pela IgE (ou reac¢des do
tipo 1) sdo também conhecidas como hipersensibilidade do tipo imediata pois ocorrem dentro

de minutos a horas apoés a exposi¢cado ao alérgeno (KUMAR et al., 2012).

O leite de vaca, juntamente com o ovo e 0 amendoim, é considerado a causa mais
comum de alergia alimentar. A prevaléncia da ALV tem aumentando nas Ultimas duas
décadas o que pode ser explicado pela diminuicdo no aleitamento materno associada ao
aumento do consumo de férmulas infantis contendo leite bovino (HOCHWALLNER et al.,
2014). No entanto, a real dimensao da ALV na populacdo geral é ainda desconhecida. Os
dados sobre a prevaléncia da ALV sdo muito variados e refletem as diferencas das
populacdes avaliadas (faixa etaria, diferentes fenétipos, fatores geogréficos, entre outros)
assim como a falta de critérios para diagnésticos universalmente aceitos. No entanto, a
prevaléncia de ALV em criancas parece variar entre 0,1% e 4,2% (SACKESEN et al., 2011;
MARTORELL-ARAGONES et al., 2015).

Dados a respeito da prevaléncia de ALV e a severidade da doenca para a América
Latina ainda séo escassos (SACKESEN et al., 2011). No Brasil, um estudo observacional
conduzido entre pediatras gastroenterologistas revelou prevaléncia de 5,4% (513 em 9.478)
e incidéncia de 2,2% (211 em 9.478) de ALV diagnosticada ou suspeita na populacdo
estudada (VIEIRA et al., 2010). As estimativas da prevaléncia de ALV sdo importantes para
o controle da doenca e o desenvolvimento de legislacfes e recomendacdes que possam

melhorar a qualidade de vida dos individuos alérgicos.

2.2.2. Mecanismos imunoldgicos envolvidos, sinais e sintomas

A patogénese e o desenvolvimento da ALV provavelmente envolvem disfungéo ou

perda da tolerancia imunoldgica durante o inicio da vida, combinada a permeabilidade
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intestinal aumentada (WANG e SAMPSON, 2011). A tolerancia € a reducdo da resposta
imune & ingestdo de leite ou outros alimentos. As razdes pelas quais uma pequena parte da
populagdo apresenta resposta de hipersensibilidade aos componentes dos alimentos
(basicamente proteinas), ainda ndo estédo claras. Embora a predisposi¢cdo genética exerca
influéncia, a expressao fenotipica da alergia parece ser mediada por interagdes complexas
entre fatores ambientais e genéticos. Esses fatores ambientais incluem condi¢des higiénico-
sanitérias, variagbes na ingestdo de acidos graxos, antioxidantes ou vitamina D, exposicéo
ao alérgeno e o consumo de alimentos processados (MARTORELL-ARAGONES et al.,
2015).

As células T CD4+ naive dividem-se em duas grandes classes Thl e Th2,
classificadas basicamente de acordo com as citocinas que produzem (KUMAR et al., 2012),
como mostra a Figura 2.1. A ALV corresponde a uma resposta imune inapropriada
caracterizada pelo desequilibrio do balango Th1/Th2. Um perfil de resposta imune
predominantemente Th2 determina as reac¢des alérgicas, enquanto citocinas Thl tendem a

suprimir essas reacoes (LI et al., 2013).

A ALV é causada principalmente por reacdes de hipersensibilidade mediadas pelas
IgE. Na fase da sensibilizacao, os antigenos sdo processados pelas células apresentadoras
de antigeno e apresentadas as células T. As células T CD4+ naive diferenciam-se
principalmente em células Th2 na presenca de quantidades adequadas de IL-4. As células
Th2 ativas secretam as citocinas IL-4, IL-5, IL-6 e IL-13, as quais estimulam a diferenciacdo
de células B e a producdo de IgE especificas. As IgE ligam-se aos receptores de alta
afinidade FceRI na superficie de mastdcitos e basdfilos. A re-exposicao ao mesmo alérgeno
resulta na ligacdo cruzada deste aos anticorpos de IgE ligados ao FceRI, o que desencadeia
a desgranulacdo dos mastdcitos e a liberacdo de mediadores inflamatérios incluindo
histaminas, as quais sdo responsaveis pelos sintomas clinicos (KUMAR et al.,, 2012;
KIEWIET et al., 2015). Na presenca de IL-12 e IFN-y, as células T CD4+ naive diferenciam-
se principalmente em células Thl. As células Thl efetoras produzem grandes quantidades
de IL-2 e IFN-y que induzem a ativacdo dos macrofagos (HALSTENSEN, 1997). Essas
citocinas IFN-y produzidas pelas células Th1 inibem a proliferagao de células Th2 (KUMAR
et al., 2012).
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Figure 2.1: Respostas imume do tipo 1 (Th1l) e do tipo 2 (Th2).

As reacg0Oes alérgicas a alimentos ndo séo limitadas apenas a reagfes mediadas por
IgE, podendo também ser induzidas por respostas imune independentes de IgE. As reagdes
alérgicas ao leite de vaca em criangas podem ser mediadas por IgG (HZST, 1997). Em
camundongos, a resposta Th2 resulta na producéo de IgE e IgG1, enquanto a resposta Thl
resulta na producdo de IgG2a (Figura 2.1). Portanto, os isotipos IgG2a e IgG1l também
podem ser usados como marcadores na resposta humoral de camundongos apoés
imunizacdo, refletindo a orientacdo Thl ou Th2 da resposta, respectivamente (ADEL-
PATIENT et al., 2000).

A ALV mediada pela IgE caracteriza-se pelo aparecimento rapido dos sintomas,
geralmente até duas horas apos a exposicao ao alérgeno. Entre as manifestacées cutaneas,
a urticaria e o angiodema sdo os mais comuns. A hipersensibilidade gastrointestinal
imediata compreende dor abdominal seguida de nauseas, vomito e diarreia. Os sintomas
respiratorios compreendem congestdo nasal, broncoespasmo, rinite, asma, tosse e podem
vir associados a sintomas oculares, tais como hiperemia, prurido e lacrimejamento. A
manifestacdo mais grave da ALV é a anafilaxia, a qual consiste em uma reacdo de
hipersensibilidade grave, subita e potencialmente fatal. Seus sintomas e sinais podem

acometer um Unico 6rgao ou envolver mais de um sistema, sendo o sistema respiratorio o
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principal envolvido no choque anafilatico (MONACI et al., 2006; ASBAI, 2012; BURKS et al.,
2012). A ALV ¢ a terceira causa mais comum de choque anafilatico, depois da alergia ao
amendoim e nozes, e representa de 10 a 19% dos casos de anafilaxia causados por
alimentos (HOCHWALLNER et al., 2014).

Na maioria das criangas, a ALV é controlada até os quatro anos de vida, entretanto
algumas permanecem alérgicas para o resto da vida (EL-AGAMY, 2007). Os mecanismos
envolvidos no desenvolvimento da tolerancia ainda ndo estdo completamente elucidados.
Estes mecanismos podem incluir uma reducdo de anticorpos IgE especificos devido a
exclusdo do leite da dieta, a troca do isotipo para lgG4 devido a ingestéo regular de leite
e/ou a presenca de anticorpos principalmente contra epitopos conformacionais e ndo contra
epitopos lineares (HOCHWALLNER et al., 2014).

2.2.3. Alérgenos do leite de vaca

A resposta dos individuos as proteinas do leite de vaca é caracterizada por uma
grande variabilidade, ndo sendo possivel identificar um Unico alérgeno ou estrutura
particular responsavel pela alergenicidade do leite. A sensibilidade a varias proteinas é
observada em aproximadamente 75% do pacientes com ALV, com grande variabilidade na
especificidade e intensidade da resposta de IgE (HOCHWALLNER et al., 2014). Estudos
populacionais mostram que mais de 50% dos individuos alérgicos sensiveis as caseinas, [3-
Lg e a-La (TSABOURI, DOUROS e PRIFTIS, 2014). Todavia, proteinas presentes em
menores quantidades no leite de vaca, tais como a BSA, lactoferrina e imunoglobulinas,

também podem provocar uma resposta alérgica (WAL, 2001).

As porcOes da proteina que se ligam a IgE sdo denominadas epitopos. Os epitopos
podem ser: (1) lineares, os quais correspondem a uma determinada sequéncia linear de
aminoacidos na molécula proteica; ou (2) conformacionais, ao quais correspondem a uma
porcdo da estrutura tridimensional da proteina (FOEGEDING e DAVIS, 2011). Os epitopos
lineares parecem ser mais importantes nas alergias alimentares, uma vez que estes sdo
mais estaveis, podendo ser mantidos apos a digestéo. Os epitopos conformacionais perdem
sua alergenicidade mais facilmente, pois a estrutura tridimensional do alérgeno pode ser
destruida por tratamento térmico. A presenca de anticorpos IgE que se ligam a mdultiplos
epitopos lineares pode ser um indicativo da persisténcia da alergia ou da severidade das
reacdes em pacientes com ALV (JARVINEN et al., 2001; MARTORELL-ARAGONES et al.,
2015).

Os individuos com ALV sdo normalmente sensiveis as diferentes caseinas. No

entanto, a as;-caseina parece ser o alérgeno mais importante da fracdo das caseinas.
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Varios epitopos lineares encontram-se distribuidos ao longo da estrutura da as;-caseina
(HOCHWALLNER et al., 2014). Devido a sua estrutura ndo globular e flexivel, as fracdes
das caseinas contém mais epitopos lineares que conformacionais, o que pode explicar sua
alergenicidade n&o ser reduzida apdés aquecimento (RAHAMAN, VASILIEVIC e
RAMCHANDRAN, 2016).

A B-Lg possui epitopos conformacionais e lineares que estao distribuidos ao longo
da sua estrutura (WAL, 2001). O potencial alergénico desta proteina tem sido atribuido a
sua auséncia no leite humano e a sua alta estabilidade e resisténcia as enzimas digestivas
(HOCHWALLNER et al., 2014). Devido ao grande numero de epitopos lineares nas
caseinas e B-Lg, a presenca de altos niveis de anticorpos IgE especificos as essas

proteinas também podem ser marcadores da persisténcia da ALV (KUITUNEN et al., 2015).

A a-La também possui epitopos conformacionais e lineares. Contudo, a resposta de
IgE aos epitopos lineares desta proteina é menor que a resposta aos epitopos lineares da -
Lg. Estudos (MAYNARD, JOST e WAL, 1997; JARVINEN et al., 2001) mostraram que a
maioria dos pacientes com ALV responderam a a-La nativa, sugerindo que os epitopos na a-

La reconhecidos pela IgE sao predominantemente epitopos conformacionais.

A alergenicidade da BSA é causada tanto por epitopos conformacionais quanto
lineares (RESTANI et al.,, 2004). A BSA é um alérgeno de menor importancia no leite.
Entretanto, € o principal alérgeno em carne (LICCARDI et al., 2011). Dados da literatura
mostram que entre 13 e 20% das criancas com ALV também sé&o alérgicas a carne. A
sensibilidade a BSA é um marcador de ALV em criangas alérgicas a carne (MARTELLI et
al., 2002).

2.2.4. Tratamento nutricional

O tratamento considerado mais eficaz para a ALV, até o momento, é eliminacdo do
leite e seus derivados da dieta. O aleitamento materno € a melhor maneira para prevenir a
sensibilizacdo do sistema imune e alimentar criangas alérgicas, sendo indicado que as méaes
evitem consumir leites e seus derivados quando a crianga, em aleitamento exclusivo,
apresenta sintomas da ALV (VAN ESCH et al., 2011). As proteinas do leite de vaca podem
ser transmitidas para o leite humano (JARVINEN e SUOMALAINEN, 2001). Estudos
mostraram a presenga de as;-caseina e 3-Lg no leite humano em diferentes periodos de
lactacdo (HOST et al., 1990; SORVA, MAKINEN-KILJUNEN e JUNTUNEN-BACKMAN,
1994; LOVEGROVE, MORGAN e HAMPTOM, 1996; COSCIA et al., 2012; DENIS, LORAS-
DUCLAUX e LACHAUX, 2012). A presenca de proteinas do leite de vaca no leite humano,

mesmo em pequenas quantidades, pode provocar sintomas da alergia em criancas
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sensibilizadas (JARVINEN e SUOMALAINEN, 2001). A quantidade de B-Lg no leite humano
€ influenciada por variacGes intra- e inter-individuo (SORVA, MAKINEN-KILJUNEN e
JUNTUNEN-BACKMAN, 1994).

Quando o aleitamento materno ndo € possivel, as féormulas hipoalergénicas
compostas por proteinas extensivamente hidrolisadas séo a alternativa mais adequada para
a alimentacéo infantil (VAN ESCH et al., 2010), sendo tolerada por 95% das criancas com
ALV. Somente em caso de persisténcia dos sintomas, as foérmulas compostas por
aminoacidos devem ser prescritas. As férmulas extensivamente hidrolisadas sdo mais
baratas que as férmulas compostas por aminoacidos e apresentam resultados clinicos
semelhantes (HOCHWALLNER et al., 2014).

O uso de leite de outros mamiferos, tais como ovelha e cabra, ndo é uma
alternativa apropriada para criangas alérgicas, uma vez que ha uma alta homologia entre as
proteinas dos leites de vaca, cabra e ovelha (MARTORELL-ARAGONES et al., 2015). As
bebidas e férmulas a base de proteinas de soja necessitam ser consumidas com cuidado,
visto que a soja pode induzir sintomas de alergia em até 15% das criangas com ALV
(HOCHWALLNER et al., 2014) devido as sequéncias de epitopos homologos aos do leite de

vaca.

A imunoterapia oral € uma nova abordagem para o tratamento da ALV e é aplicada
somente em um numero limitado de centros altamente especializados. Atualmente a
imunoterapia ndo € recomendada como uma ferramenta terapéutica de rotina devido a
auséncia de protocolos padronizados, sendo empregada apenas em estudos controlados
(SACKESEN et al., 2011). Estes protocolos devem ser seguros e eficazes para diferentes
faixas etarias, incluir uma dose 6tima, grau de protecdo, tempo ideal de duracdo e precisam
apresentar uma projecdo da severidade das reacBes adversas (HOCHWALLNER et al.,
2014). Os mecanismos envolvidos na imunoterapia incluem reducéo dos niveis de IgE
especificas as proteinas do leite e da liberacdo de mediadores de basofilos, e a troca do
isotipo para IgG4 (KUITUNEN et al., 2015).

2.3. Formulas hipoalergénicas

As formulas hipoalergénicas sdo classificadas em parcial e extensivamente
hidrolisadas dependendo do grau de hidrélise (GH) das proteinas e MM dos seus peptideos.
As formulas compostas por proteinas parcialmente hidrolisadas séo indicadas para criangas
com predisposicao ao desenvolvimento da ALV, enquanto aquelas compostas por proteinas
extensivamente hidrolisadas sdo recomendadas para criangas diagnosticadas com ALV

(VAN ESCH et al, 2011). As formulas hipoalergénicas compostas por proteinas
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extensivamente hidrolisadas derivadas do leite de vaca geralmente contém peptideos
menores que 1500 Da e aminoéacidos livres (AAP, 2000).

Uma férmula hipoalergénica ideal deve oferecer as seguintes propriedades: ser
segura, facilitar a aquisicdo de tolerancia imune, suprir as necessidades nutricionais de
lactantes e criancas, ter boa palatabilidade e baixo custo (MARTORELL-ARAGONES et al.,
2015). As férmulas hipoalergénicas normalmente incluem caseinas e proteinas do soro
hidrolisadas, uma vez que essas proteinas apresentam alto valor nutricional, disponibilidade
comercial e custo acessivel (CLEMENTE, 2000). Dentre outros diversos fatores, as
propriedades fisico-quimicas e estrutura das proteinas sdo caracteristicas determinantes
para induzir a tolerancia ao alimento ou para sensibilizar o sistema imune e provocar
resposta alérgica (SMIT et al.,, 2016). A aplicacdo de diferentes enzimas, condi¢cdes de
hidrélise ou outros métodos para produgéo de produtos ou ingredientes hipoalergénicos tem
efeitos diversos nas caracteristicas das proteinas, o que pode influenciar na eficacia do
tratamento e reducdo da alergenicidade, fazendo assim necessaria a avaliacdo do potencial

alergénico por meio de testes adequados (VAN ESCH et al., 2010).

A American Academy of Pediatrics e o Guia Europeu para férmulas infantis (AAP,
2000) estabelecem que as formulas, para serem usadas por criangas diagnosticadas com
ALV, precisam passar por testes pré-clinicos e clinicos. Os testes pré-clinicos devem
anteceder os testes clinicos em estudos conduzidos com criancas a fim de avaliar sua
toxicidade, capacidade de manter um balanco positivo de nitrogénio e a probabilidade de
criangcas alérgicas reagirem adversamente a elas. Dentre esses testes, estdo incluidas a
determinacédo da distribuicdo de MM dos peptideos provenientes da hidrélise; quantificacéo
de material presente ainda reconhecido imunologicamente; e avaliagdo da capacidade de

sensibilizar e provocar resposta alérgica em modelos animais de alergia.

A detecgdo e quantificagdo da imunorreatividade residual de proteinas modificadas
pode ser realizada pela determinacdo da sua capacidade de se ligar aos anticorpos IgE
especificos obtidos do soro de animais sensibilizados ou de humanos diagnosticados com
ALV, usando diferentes testes imunoquimicos tais como Western Blotting, Immunoblotting e
Enzyme-Linked Immunosorbent Assay (ELISA) (MONACI et al.,, 2006). A reducdo na
capacidade de ligacdo a anticorpos especificos é um importante indicativo de que a proteina
modificada pode ndo ser mais capaz de provocar resposta alérgica in vivo (VERHOECKX et
al., 2015). No entanto, essa avaliagcao por si ndo assegura a hipoalergenicidade da férmula,
uma vez que epitopos podem ser mascarados pela agregacdo dos peptideos e liberados
durante a digestdo (VAN ESCH et al.,, 2011). A determinagcdo de alérgenos residuais

também pode ser feita avaliando a capacidade desses hidrolisados em provocar ativacao de
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mastocitos e basdfilos por meio de testes de desgranulagdo em células in vitro (HOUBEN,
KNIPPELS e PENNINKS, 1997; VAN ESCH et al., 2011).

A avaliacdo da habilidade de proteinas modificadas em estimular a producéo de
anticorpos IgE especificos é fundamental, pois uma vez completada a fase de sensibilizagao
o individuo esta pronto para reagir ao alérgeno (KUMAR et al.,, 2012). Os mecanismos
envolvidos na fase de sensibilizacédo alérgica sdo complexos e ainda dificeis de reproduzir
em testes in vitro, o que torna importante o uso de modelos animais para avaliar a
capacidade de proteinas modificadas em prevenir a sensibilizagdo do sistema imune e
reduzir os sintomas em individuos alérgicos (VAN ESCH et al., 2010). Ao longo dos anos,
varios modelos animais baseado em roedores foram desenvolvidos com a finalidade de

avaliar a capacidade de sensibilizagdo de alérgenos modificados (SMIT et al., 2016).

Historicamente, o0s porquinhos-da-india foram usados para investigar a
alergenicidade de proteinas dos alimentos. Esses animais podem ser sensibilizados por via
oral sem o uso de adjuvantes (FRITSCHE, 2003). Contudo, a sensibilizacdo de porquinho-
da-india gera anticorpos IgG1la ao invés de IgE o que torna o0 modelo questionavel visando a
extrapolacdo para a realidade em humanos (VAN ESCH et al.,, 2013b). Modelos usando
ratos e camundongos também tém sido muito utilizados para testar a alergenicidade de
proteinas modificadas. Entretanto, muitos utilizavam predominantemente sensibilizacdo
sistémica por via intraperitoneal e subcutanea (KNIPPELS et al., 1998), o que poderia
induzir uma resposta imunoldgica diferente devido a diferencas no sistema imunolégico
mucoso e sistémico (VAN ESCH et al., 2010). Além disso, como a sensibilizacdo sistémica
nao reflete a via de sensibilizagdo a alimentos em humanos (SCHOUTEN et al., 2008), Li e
colaboradores (1999) desenvolveram um modelo de ALV de sensibilizagdo por via oral em
camundongos usando toxina colérica com adjuvante para quebrar a tolerancia oral.
Atualmente, os modelos usando camundongos e o protocolo de sensibilizagédo por via oral
com toxina colérica tem sido apontados como ferramentas adequadas para avaliagdo da
alergenicidade das proteinas do leite de vaca ap6s processamento (VAN ESCH et al., 2011;
VAN ESCH et al., 2013a; VAN ESCH et al., 2013b; SMIT et al., 2016).

Apds os testes pré-clinicos, a formula ainda precisa ser testada em criangas com
hipersensibilidade ao leite de vaca, por meio de testes de desafio oral duplo-cego
prospectivo e randomizado controlado por placebo (AAP, 2000). De acordo com as
recomendacdes da American Academy of Pediatrics, esses testes devem assegurar que a
férmula é tolerada, no minimo, por 90% das criangas diagnosticadas com ALV mediada pela
IgE (com um intervalo de confianca de 95%). Apesar da European Commission Directive
2006/141/EC de 22 de dezembro de 2006 regulamentar que as férmulas infantis com

alegacdo de alergenicidade reduzida devem conter menos de 1% de proteinas
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imunorreativas, mas também recomenda que essas férmulas sejam submetidas a testes
clinicos adequados antes de serem utilizadas na alimentagdo de criancas diagnosticadas
com ALV (EUROPEAN COMMISSION, 2006).

2.4. Métodos empregados para a reducdo da antigenicidade das proteinas

do leite

O leite é uma fonte importante de lipideos, proteinas e outros nutrientes na
alimentacdo durante a primeira infancia e sua eliminagcdo da dieta devido a reacdes
alérgicas pode causar problemas nutricionais (KATTAN, COCCO e JARVINEN, 2011).
Diversos métodos tém sido estudados e aplicados com a finalidade de diminuir a
alergenicidade das proteinas do leite para possibilitar o consumo deste alimento por
individuos alérgicos. Esses métodos utilizados para reducdo da alergenicidade de proteinas
do leite baseiam-se na modificacdo e/ou destruicdo de epitopos e incluem desnaturagéo
térmica (KLEBER et al., 2004), fermentagdo (EHN et al., 2005), reacdo de Maillard ou
glicagdo (CORZO-MARTINEZ et al., 2010), alta pressdo (IZQUIERDO et al., 2008),
polimerizacdo (WROBLEWSKA et al., 2008; VILLAS-BOAS et al., 2010) e hidrolise
enzimatica (ZHENG et al.,, 2008; SABADIN et al.,, 2012; VILLAS-BOAS et al.,, 2012;
PESSATO et al., 2016).

2.4.1. Hidrdlise enzimética

A hidrdlise enzimatica ainda é um dos métodos mais utilizados para a destruicao de
epitopos e reducdo da antigenicidade das proteinas do leite (ZHENG et al., 2008). Muitas
férmulas hipoalergénicas disponiveis no mercado sdo compostas por caseinas ou proteinas
do soro de leite extensivamente hidrolisadas. O uso de enzimas oferece muitas vantagens,
tais como a capacidade de efetuar modificacbes sob condicdes moderadas de pH (6-8) e
temperatura (40-50°C) e com alta especificidade e estereoseletividade, minimizando
reacOes colaterais indesejaveis e a formacao de produtos toxicos. Além disso, a modificacédo
enzimatica de proteinas € bem aceita por consumidores (STANIC-VUCINIC e VELICKOVIC,
2013). No entanto, estudos mostraram que essas férmulas hipoalergénicas podem ainda
apresentar atividade antigénica decorrente de material n&o hidrolisado (GORTLER,
URBANEK e FORSTER, 1995; VAN BERESTEIIN, MEIJER e SCHMIDT, 1995; PUERTA,
DIEZ-MASA e DE FRUTOS, 2006; BRAHIM et al., 2012).

A reducdo da alergenicidade de proteinas por hidrélise enzimatica depende de
diferentes fatores associados ao processo: (1) a especificidade da enzima empregada, uma

vez que a hatureza da enzima influencia a composicéo final do hidrolisado (SVENNING et
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al., 2000) e (2) os parametros de hidrolise: pH, concentragdo de substrato e enzima, e
temperatura (ZHENG et al., 2008; BUTRE et al., 2014a).

A especificidade enzimatica corresponde a ligacao peptidica clivada pela enzima
apés determinados residuos de aminoacidos, sendo essa ligacdo denominada sitio de
clivagem (BUTRE et al., 2014a). Enzimas com ampla especificidade podem favorecer a
destruicdo de epitopos, especialmente os lineares. Svenning e colaboradores (2000)
observaram diferen¢as na reducao da alergenicidade de hidrolisados de proteinas do soro
de leite em funcdo da enzima utilizada, porém ndo encontram correlacdo entre o grau de
hidrélise dos hidrolisados e alergenicidade residual, o que indica a importancia da

especificidade da enzima na destruigédo de epitopos.

Alguns estudos relatam o impacto diverso dos parametros de reagdo na
alergenicidade residual das proteinas do leite hidrolisadas enzimaticamente. Zheng e
colaboradores (2008) encontraram que a temperatura e pH exerceram o maior efeito sobre a
reducao da resposta antigénica da a-La e B-Lg em comparagéo a E/S. Liu, Luo e Li (2012),
por outro lado, observaram que a relagdo E/S exerceu o maior efeito na diminuicdo da
alergenicidade das caseinas que o pH e temperatura. Cada enzima possui uma faixa de
valores de pH e uma de temperatura dentro das quais sua atividade catalitica € maxima e
abaixo ou acima desses valores ocorre uma queda na atividade da enzima e a velocidade
de reacdo (YUST et al., 2010).

Apesar de cada enzima apresentar uma especificidade definida, nem todos os sitios
de clivagem sé&o hidrolisados na mesma velocidade. A seletividade descreve a taxa relativa
que a enzima hidrolisa cada sitio clivagem dentro da sua especificidade. A seletividade de
uma enzima pode ser influenciada por diferentes fatores: a temperatura na qual ocorre a
reacdo; a acessibilidade do substrato e o estado de ionizacdo dos aminoacidos dos sitios
ativos e de clivagem, o que afeta a interacdo entre enzima e substrato (BUTRE et al.,
2014a). Estudos mostraram influéncia do pH (VOROB'EV et al., 2000; BUTRE et al., 2015) e
da concentracdo de substrato (BUTRE et al., 2014b) na seletividade de uma enzima ocorre
devido a mudancas de estado de ionizacdo dos aminoécidos da enzima e substrato e da

acessibilidade do substrato a enzima, respectivamente.

2.4.2. Polimerizagdo com transglutaminase (TG)

A TG (EC 2.3.2.13) é uma enzima encontrada em tecidos e fluidos corporais de
animais, peixes, plantas e produzidas por micro-organismos (JAROS et al., 2006). No
entanto, a TG de origem microbiana é homologicamente diferente das TG encontradas em
plantas e animais (ROMEIH e WALKER, 2017). A TG microbiana é uma enzima
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monomeérica obtida de Streptoverticillium mobaraense com 37,863 kDa e 331 aminoacidos e
estrutura secundéria composta por oito cadeias -sheet cercadas por 11 a-hélices (JAROS
et al., 2006). O pl da TG é 8,9 e seu pH 6timo esta entre 5 e 8, mas, mesmo no pH 4 ou 9
ainda exibe alguma atividade residual. A temperatura 6tima para atividade enzimatica é de
50 °C. Contudo, a TG perde atividade quando aquecida a 70 °C por alguns minutos
(MOTOKI e SEGURO, 1998).

A TG é considerada pela comunidade cientifica como segura para consumo
humano, sendo reconhecida como GRAS (Generally Recognized As Safe) pelo Food and
Drug Administration (FDA) desde 1998 (ROMEIH e WALKER, 2017). PEDERSEN et al.
(2004) avaliaram a alergenicidade da TG conforme a arvore de decisdo da FAO/WHO
(2001) e néo identificaram problemas de seguranga em relacdo ao potencial alergénico da

enzima.

A Figura 2.2 ilustra as reagfes catalisadas pela TG, as quais podem modificar as
proteinas por meio da formacgdo de ligagbes cruzadas, incorporacdo de aminas e
desaminacdo (MOTOKI e SEGURO, 1998). A TG catalisa reacdes de transferéncia de acil
entre um grupo y-carboxiamida de residuos de glutamina (doador de acil) e os grupos ¢-
amino de residuos de lisina (GUJRAL e ROSELL, 2004), resultando na formacdo de
ligagdes cruzadas (ligacdo isopeptidica e-(y-glutamil)lisina) inter e intramoleculares (BAEZ et
al., 2011). No caso das ligacdes cruzadas intermoleculares, que € a via predominante, a
reacdo produz polimeros proteicos de cadeia ramificada (LI e DAMODARAN, 2017). Na
auséncia de aminas primarias, a TG catalisa a desaminacao dos residuos de glutamina a
acido glutdmico e as moléculas de agua agem como aceptores de acil (FLANAGAN e
FITZGERALD, 2003).

A TG é amplamente utilizada em industrias de alimentos. Esta enzima age como
um agente texturizante no preparo de alimentos adicionando firmeza, estabilidade térmica,
capacidade de retengdo de agua, além de outras modificacdes qualitativas no alimento tal
como o uso da reacédo de transferéncia de acil para introdu¢éo de aminoacidos ou peptideos
em proteinas com a finalidade de melhorar o valor nutricional (BAEZ et al., 2011; ROMEIH e
WALKER, 2017). Outra aplicagdo potencial da polimerizagdo com TG é na redugdo ou
eliminacdo da alergenicidade de proteinas (PEDERSEN et al., 2004). A formacdo de
ligagBes cruzadas mediada pela TG pode modificar a alergenicidade de proteinas por meio
do mascaramento de epitopos conformacionais e lineares, provocado pelo rearranjo da
estrutura da molécula (BABIKER et al., 1998). Além disso, segundo Li e Damodaran (2017),
essas proteinas polimerizadas podem permanecer hipoalergénicas mesmo apoés a digestdo
gastrointestinal, uma vez que o perfil de peptideos liberados das proteinas polimerizadas

pode ser diferente daqueles liberados das proteinas nativas.
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Figure 2.2: Reacdes catalisadas pela TG: (A) Formacao de liga¢gbes cruzadas; (B) Incorporacéo de
aminas; e (C) Desaminacao.

Stanic e colaboradores (2010) relataram que a polimerizacdo da B-caseina com
qguatro diferentes enzimas, incluindo a TG, diminuiu seu potencial de ligacdo a anticorpos
IgE especificos. Os resultados obtidos por Van Esch e colaboradores (2013a) indicaram
gue, em camundongos ja sensibilizados com caseinato, o caseinato polimerizado com TG
ndo provocou respostas alérgicas mais pronunciadas que o caseinato. Além disso, o0s
autores observaram sensibilizagdo reduzida pelo caseinato polimerizado (VAN ESCH et al.,
2013a). Li e Damodaran (2017) usaram a TG para polimerizar sistemas contendo somente
caseinas, somente IPS e ambos 0s grupos de proteinas do leite, caseinas e IPS. Os autores
relataram que nos polimeros homdlogos de IPS e caseinas ocorreu redu¢cdo modesta da
resposta de IgE as caseinas e -Lg em comparacdo aos seus respectivos controles,
enquanto, no polimero heterogéneo de IPS e caseinas, a reatividade da IgE contra as
caseinas e -Lg foi muito menor. A mistura de IPS e caseinas foi mais eficiente em impedir

0 acesso aos epitopos das caseinas e B-Lg (LI e DAMODARAN, 2017).

A razdo de residuos de glutamina para lisina bem como a distribuicdo desses
aminoacidos ao longo da estrutura da molécula pode influenciar a reagdo de polimerizagao

e, consequentemente, o mascaramento dos epitopos (LI e DAMODARAN, 2017). A B-Lg



Capitulo 2. Reviséo Bibliogréafica 39

tem 16 residuos de glutamina e 15 residuos de lisina, enquanto a-La possui oito residuos de
glutamina e 12 residuos de lisina na sua cadeia proteica. Devido a sua estrutura globular
estabilizada por pontes dissulfeto, essas proteinas do soro sdo substratos pobres para
polimerizacdo com TG no seu estado nativo e requerem modificacbes antes da reacdo de
polimerizacdo que aumentem a acessibilidade dos residuos reativos de lisina e glutamina
(GAUCHE et al., 2008; GAUCHE, BARRETO e BORDIGNON-LUIZ, 2010).

Em estudos realizados em nosso laboratdrio observamos que a associacdo da
desnaturacgéo por cisteina (Cys), a qual promove o rompimento das ligagfes dissulfeto nas
proteinas, e polimerizacdo com TG diminuiu a resposta antigénica da B-Lg (VILLAS-BOAS
et al., 2010) e que os fragmentos liberados da B-Lg desnaturada e polimerizada, apés
digestdo com pepsina e pancreatina, ndo foram reconhecidos por anticorpos IgE especificos
(VILLAS-BOAS et al.,, 2012). Olivier e colaboradores (OLIVIER et al. (2012a); 2012b)
também relataram reducéo significativa na alergenicidade da -Lg tratada com Cys e TG em
comparagdo a f-Lg nativa por skin prick test em criangcas e adultos alérgicos,
respectivamente. O skin prick test é um teste cutaneo de alergia, no qual diferentes
alérgenos sao aplicados na pele do paciente e o0 surgimento de uma papula indica uma

reacao contra o alérgeno testado.

Os resultados obtidos por Li e Damodaran (2017) indicaram, no entanto, que a
polimerizacdo com TG nao eliminou alguns do epitopos lineares das proteinas do IPS e
esses epitopos foram liberados intactos durante a digestdo gastrointestinal, o que indica a
necessidade de estratégias alternativas capazes de destruir esses epitopos lineares. A
associacao entre hidrolise com Alcalase e polimerizagdo com TG foi estudada por
Wroblewska e colaboradores (2008), que observaram maior reducdo (p<0.05) na
alergenicidade das proteinas do soro de leite (a-La e B-Lg) hidrolisadas com Alcalase e
polimerizadas com TG em comparacdo aquelas proteinas apenas hidrolisadas. Em
trabalhos anteriores do nosso grupo de pesquisa (SABADIN et al., 2012; VILLAS-BOAS et
al., 2015), a hidrélise com Alcalase, seguida ou ndo pela polimerizagdo com TG, diminuiu
significativamente a alergenicidade da -Lg, avaliada por ensaios de imunoblot e ELISA
usando soro de camundongos sensibilizados com B-Lg no primeiro estudo e por ELISA
usando soro de criancas com ALV no segundo estudo. Em ambos os estudos, a
polimerizacdo usando TG apOs hidrdlise com Alcalase ndo teve efeito significativo na
resposta alergénica da proteina hidrolisada. No entanto, embora 0 mesmo epitopo tenha
sido encontrado apos a digestdo géstrica, Villas-Boas e colaboradores (2015) observaram
que a resposta da IgE especifica a B-Lg hidrolisada e tratada com TG foi menor que a
proteina apenas hidrolisada, indicando que o tratamento com TG pode ter atenuado a

resposta alergénica.
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2.4.3.Impacto da hidrélise enzimatica e da polimerizacdo nas caracteristicas das
proteinas

2.4.3.1. Caracteristicas nutricionais

A qualidade nutricional de uma proteina depende da sua composicdo em
amino&cidos essenciais na proporcao requerida e da disponibilidade destes aminoacidos. A
biodisponibilidade dos aminoé&cidos, por sua vez, pode ser influenciada pela digestibilidade
da proteina, taxa de digestdo, proporcdo relativa dos aminodcidos, efeito metabdlico
especifico dos outros constituintes do alimento e estado fisioldgico do individuo (POTIER e
TOME, 2008). As proteinas do soro de leite s&o altamente biodisponiveis e possuem perfil
de aminoacidos que atende as necessidades fisiolégicas do organismo humano (GAD e
SAYED, 2009).

Apesar dos hidrolisados proteicos serem compostos por peptideos de diferentes
tamanhos e aminoacidos livres, seu perfil de aminoacidos é normalmente similar aquela da
proteina antes do processo (BOZA, MARTINEZ-AUGUSTIN e GIL, 1995; CEZARD et al.,
1996; CALBET e HOLST, 2004; SINDAYIKENGERA e XIA, 2006; POTIER e TOME, 2008) e
a sua digestibilidade é similar ou melhor que a da proteina nativa (POTIER e TOME, 2008).
Cezard e colaboradores (1996) verificaram que dieta contendo proteinas de leite
hidrolisadas apresentou taxa de absorcdo significativamente maior que a composta por
proteinas intactas, enquanto, Calbet e Holst (2004) ndo encontraram diferencas na taxa de
absorcao intestinal de aminoacidos em humanos alimentados com caseinas e proteinas do

soro intactas ou hidrolisadas.

As proteinas podem ser absorvidas tanto como peptideos quanto como
aminoacidos. Todavia, a absorcdo de peptideos de cadeia curta, principalmente di- e
tripeptideos, é mais eficiente que absorcdo de quantidades equivalentes de aminoacidos
livres (CLEMENTE, 2000). Isto pode ser explicado por diferengas entre os sistemas de
transportes desses nutrientes: os di- e tripeptideos sé&o absorvidos nas por¢des proximal e
distal, e os aminoacidos livres apenas na proximal, o mecanismo de transporte dos
aminodcidos livres é competitivo e facilmente saturavel, enquanto o transporte de peptideos
€ menos afetado por altera¢des nutricionais e mais econémico energeticamente (FRENHANI
e BURINI, 1999).

Como os aminoacidos livres sdo hipertdnicos e menos absorvidos que peptideos de
baixa MM, sua presenca em altas concentracdes no hidrolisado pode limitar o uso em dietas
clinicas e férmulas hipoalergénicas (SVENNING et al., 2000; EXL, 2001). A osmolalidade é
um importante atributo fisico-quimico que caracteriza a qualidade de produtos alimenticios

direcionados para criancas, dietas para idosos e dietas enterais. Produtos com alta
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osmolalidade aumentam a quantidade de liquido no intestino, causando distarbios no
balanco eletrolitico e, consequentemente, diarreia, desidratacdo, nausea e vOmito
(HENRIQUES e ROSADO, 1999; NEKLYUDOV, IVANKIN e BERDUTINA, 2000).

A polimerizagdo com TG tem sido cada vez mais aplicada na modificacdo das
propriedades funcionais de proteinas pela industria (AGYARE e DAMODARAN, 2010), o
que faz surgir interesse a respeito dos aspectos nutricionais relacionados a digestibilidade
da ligacao isopeptidica e-(y-glutamil)lisina e & biodisponibilidade da lisina envolvida nessa
ligagdo (JAROS et al., 2006). O isopeptideo e-(y-glutamil)lisina ndo é hidrolisado pelas
enzimas proteoliticas do trato gastrointestinal dos mamiferos. Entretanto, esse dipeptideo
pode ser absorvido através da membrana intestinal (MOTOKI e SEGURO, 1998). A ligagéo
isopeptidica é, entdo, clivada nos rins em L-lisina e 5-oxoprolina pela enzima y-glutamil
ciclotransferase, sendo a 5-oxoprolina metabolizada a acido glutdmico por acdo da 5-
oxoprolinase (MOTOKI e KUMAZAWA, 2000). SEGURO et al. (1995) relataram que a
ligacao e-(y-glutamil)lisina também pode ser quebrada diretamente em lisina e &cido
glutamico por acao da y-glutamil transpeptidase, enzima localizada principalmente nos rins,
nas membranas em borda escova do intestino e no sangue. HULTSCH et al. (2005)
investigaram o metabolismo da ligagao isopeptidica ¢-(y-glutamil)lisina in vivo e mostraram a

clivagem da ligacao isopeptidica.

Além disso, a ligacao isopeptidica ¢-(y-glutamil)lisina pode ser encontrada em
alimentos crus e processados, uma vez que uma variedade de organismos vivos contém TG
em seus tecidos e 6rgdos (SEGURO et al.,, 1995) e que o aquecimento pode induzir a
formacdo dessas ligac6es por meio da desidratagdo quimica. Isto significa que alimentos
contendo isopeptideo €-(y-glutamil)lisina sdo consumidos na dieta humana ha muito tempo
(MOTOKI e SEGURO, 1998). Portanto, parece que a formagao de ligacdes cruzadas e-(y-
glutamil)lisina em alimentos pela acdo da TG nao representa risco a salde dos
consumidores (HULTSCH et al., 2005).

2.4.3.2.  Caracteristicas fisico-quimicas

A polimerizacao catalisada pela TG resulta na formag&o de polimeros proteicos de
alto peso molecular e diminui a hidrofobicidade superficial das moléculas de proteina, com
mudangas nas propriedades funcionais das proteinas podendo melhorar as caracteristicas
reolégicas e sensoriais dos alimentos (GAUCHE et al., 2008). Além disso, a formacédo de
ligagBes cruzadas aumenta a repulséo eletrostatica como resultado da desaminacao parcial
da glutamina e grupos €-amino, 0 que pode alterar o ponto isoelétrico da proteina

(BABIKER, 2000). Na auséncia de residuos de lisina ou aminas primarias, a agua atua como
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receptor de grupos acil e os grupos carboxiamida dos residuos de glutamina s&o
desaminados, formando residuos de acido glutdmico e amobnia o que modifica,

consequentemente, as cargas e a estabilidade da proteina (ROMEIH e WALKER, 2017).

Varios parametros moleculares, tais MM, conformacgdo, estado de ionizagédo e
hidrofobicidade superficial, exercem um papel importante nas propriedades funcionais das
proteinas (BABIKER, 2000). Por esse motivo, a TG tem sido amplamente utilizada para
melhorar a textura e as propriedades funcionais de alimentos processados compostos por
proteinas (GAUCHE et al., 2008). A TG aumenta a firmeza do produto final, o que pode ser
uma estratégia interessante para a producdo carnes processadas com baixo teor de gordura

e caracteristicas sensoriais equivalentes aos produtos convencionais (NIELSEN, 1995).

As propriedades emulsificante e espumante e a habilidade de formag&o de gel das
proteinas de soja melhoram apos a polimerizagdo com TG (BABIKER, 2000). A utilizag&o da
TG também é uma estratégia interessante para melhorar as propriedades funcionais de
produtos derivados do leite. O tratamento com TG pode melhorar o rendimento da producgéo
de queijo, a capacidade de retengéo de 4gua e a textura em queijos macios. A aplicacdo da
TG em leites fermentados aumenta a viscosidade e a forca do gel, e ainda melhora a
capacidade de retencdo de agua, diminuindo significativamente a sinérese. Essas
propriedades reoldgicas sdo de grande importancia na producdo de queijos e leites
fermentados com baixo teor de gordura (ROMEIH e WALKER, 2017).

As propriedades emulsificante, espumante e de gelificacdo das proteinas podem
ser diminuidas pela hidrélise excessiva (CHRISTIANSEN et al., 2004). Babiker (2000)
observou melhora significativa da atividade emulsificante e da estabilidade da emulséo das
proteinas de soja hidrolisadas e tratadas com TG. Resultados semelhantes foram
encontrados por Flanagan e FitzGerald (2003) e Tang e colaboradores (2005) para caseina

polimerizada com TG.

2.4.3.3. Caracteristicas sensoriais

Além do uso em férmulas hipoalergénicas, as proteinas do soro de leite
hidrolisadas séo utilizadas na producéo de barras nutricionais, bebidas esportivas e dietas
enterais (PEDERSEN et al., 2004; JOHNS et al., 2011). A hidrélise enzimética extensiva da
proteina com liberacdo de peptideos menores que 1000 Da pode afetar negativamente o
sabor dos hidrolisados proteicos devido a liberacdo de peptideos amargos, o que dificulta

sua incorporagdo em produtos alimenticios (NEWMAN et al., 2015).

O peptideo, para se ligar aos receptores de gosto amargo presentes nas papilas

gustativas, deve conter em sua estrutura um grupo hidrofébico, que age como a unidade
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ligante ao receptor, e outro grupo hidrofébico ou basico, que funciona como unidade
estimulante (ISHIBASHI et al., 1988). Além disso, é essencial que estes dois grupos, ligante
e estimulante, sejam adjacentes na conformacao estérica do peptideo, possuindo uma
distancia 6tima entre eles de 4,1 A e com tamanho total de 15 A. Isto permite o contato dos
receptores de gosto amargo nas papilas com peptideos contendo até oito aminoacidos
(ISHIBASHI et al., 1988; MAEHASHI e HUANG, 2009).

A presenca e intensidade do gosto amargo nos peptideos estdo entao associadas a
presenca de residuos hidrofébicos, a hidrofobicidade dos grupos, a MM dos peptideos, e a
orientagdo espacial das unidades responsaveis pela ligagdo aos receptores de gosto
amargo (KIM et al., 2008). A extenséo (parcial ou extensiva) da hidrélise da proteina e a
protease utilizada no processo sdo determinantes na liberacdo dos peptideos amargos.
Quanto mais extensa a hidrélise da proteina, maior tende a ser a exposi¢cdo de residuos
hidrofébicos e a quantidade de peptideos com baixa MM (SPELLMAN, O'CUINN e
FITZGERALD, 2009). Hidrolisados de proteinas de soja e do soro de leite com os maiores
grau de hidrélise e peptideos com MM menor que 600 Da ou entre 1000-4000 Da
apresentaram maior intensidade de gosto amargo (CHO et al., 2004; SPELLMAN, O'CUINN
e FITZGERALD, 2005; CHEISON, WANG e XU, 2007; LEKSRISOMPONG, MIRACLE e
DRAKE, 2010). Em um estudo conduzido por Pedrosa Delgado e colaboradores (2006), o
elevado grau de hidrélise das proteinas hidrolisadas, que compdem as férmulas
hipoalergénicas, foi associado a menor aceitagdo em relacdo ao seu aroma, textura e,

principalmente, seu sabor.

Assim como na reducédo da alergenicidade, a intensidade do gosto nos hidrolisados
proteicos esta associada a especificidade e seletividade da enzima, pois essas propriedades
da protease determinam a composicdo e a MM dos peptideos e a quantidade de
aminoacidos livres liberadas pela hidrolise. Spellman, O’Cuin e Fitzgerald (2009)
observaram que as proteinas do soro hidrolisadas com Alcalase apresentaram maior
intensidade do gosto amargo que aquelas hidrolisadas com as enzimas Provile e Corolase.
Seo, Lee e Baek (2008) também encontraram diferengas na intensidade do gosto amargo
entre hidrolisados de proteinas de soja, dependendo da especificidade da enzima, GH e

condi¢des de reacédo utilizadas no processo.

Algumas estratégias tém sido indicadas para redugdo do gosto amargo em
hidrolisados proteicos, incluindo cromatografia de interacdo hidrofébica, tratamento com
carvao ativado, hidrolise com exopeptidases, reagdo de plasteina e encapsulagéo (SAHA e
HAYASHI, 2001; BARBOSA et al.,, 2004). Entretanto, esses métodos possuem alguns

inconvenientes tais como adsor¢cdo de aminoacidos essenciais (fenilalanina, triptofano),
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producdo excessiva de aminoacidos livres, reversibilidade da reacdo e baixo rendimento
(SAHA e HAYASHI, 2001; BARBOSA et al., 2004).

O tratamento com TG pode ser uma alternativa na reducdo do gosto amargo
normalmente presente nos hidrolisados proteicos sem prejuizos no valor nutricional. Babiker
e colaboradores (1996) verificaram que a polimerizagdo de hidrolisados de soja com TG
diminuiu significativamente a intensidade do gosto amargo. Produtos da reagdo de Maillard
feitos a partir de IPS hidrolisado e tratado com TG foram menos amargos que aqueles
produzidos a partir de IPS apenas hidrolisado (SONG et al. 2013). A polimerizagdo com TG
pode diminuir o gosto amargo pelo aprisionamento dos residuos de aminoacidos
hidrofébicos no interior das moléculas devido ao rearranjo da estrutura da proteina
(BABIKER et al., 1996).

A intensidade do gosto amargo dos hidrolisados proteicos é normalmente
determinada por analise sensorial utilizando-se escalas de intensidade e solugbes padres
de cafeina e quinina como referéncia (BABIKER et al., 1996; SAHA e HAYASHI, 2001,
SPELLMAN, O'CUINN e FITZGERALD, 2005; 2009; LEKSRISOMPONG et al., 2012; SONG
et al., 2013). Kim e Li-Chan (2006), por meio da compilacdo de dados publicados na
literatura, montaram um banco com a intensidade de gosto amargo de 224 peptideos,

determinada por avaliacio sensorial.
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Abstract

Protein hydrolysis on a laboratory scale is commonly carried out under controlled pH
conditions, while, in industry, it is conducted without pH control. The impact of pH, with or
without control, substrate concentration (Sy) and enzyme-substrate ratios (E/S) on
physicochemical and antigenic characteristics of whey protein hydrolysed with Alcalase were
assessed. Sy, and E/S affected the degree of hydrolysis; pH conditions resulted in
hydrolysates with different physicochemical characteristics and concentrations of -
lactoglobulin and a-lactalbumin. Although pH plays a crucial role in the hydrolysates
characteristics due to its influence on the enzyme cleavage pattern, the responses of anti-3-
lactoglobulin, anti-a-lactalbumin IgE and IgG to hydrolysates were similar and independent of
pH control. In the absent of control, pH increased response to anti-BSA antibodies. Overall,
hydrolysis with Alcalase resulted in different peptide compositions, presenting possibly
different bioactivities, but the cleavage of B-lactoglobulin and a-lactalbumin epitopes did not

change.
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3.1. Introduction

In the last few decades, there has been a significant increase in the prevalence of
allergic diseases, including food allergies, related to changes in lifestyle, eating habits and
epigenetic factors (Sicherer, 2011). Cow's milk allergy (CMA) is considered the most
common food allergy in children under three years of age. It is characterized by an abnormal
immune response mediated by IgE, triggered by one or more milk proteins, especially
caseins, B-lactoglobulin (B-Lg) and a-lactalbumin (a-La) (Kumar, Verma, Das, & Dwivedi,
2012; Monaci, Tregoat, Van Hengel, & Anklam, 2006). When breastfeeding is not possible,
formulas based on patrtially or extensively hydrolysed proteins are an alternative for feeding

children with CMA or at risk of developing the condition (Van Esch et al., 2010).

Enzymatic hydrolysis is still the most common method used to reduce the
antigenicity of milk proteins by destruction of epitopes (Agyare & Damodaran, 2010).
However, several authors have reported residual antigenicity in hypoallergenic formulas due
to the presence of unhydrolysed proteins and/or antigenic peptides released by hydrolysis
(Brahim, Addou, Kheroua, & Saidi, 2012; Puerta, Diez-Masa, & De Frutos, 2006; Sabadin,
Villas-Boas, de Lima Zollner, & Netto, 2012). The antigenicity reduction of milk proteins by
hydrolysis depends on both the specificity of the enzyme and the reaction parameters,
including pH, temperature, and enzyme to substrate ratio (Zheng et al., 2008).

Alcalase is a low cost and broad specificity serine protease produced by selected
strains of Bacillus licheniformis (Doucet, Otter, Gauthier, & Foegeding, 2003). Studies have
shown that Alcalase is able to effectively reduce the antigenicity of bovine milk proteins
(Izquierdo, Pefias, Baeza, & Gomez, 2008; Sabadin et al., 2012; Villas-Boas, Benedé, de
Lima Zollner, Netto, & Molina, 2015; Wréblewska, Jedrychowski, Hajos, & Szabd, 2008). In
most of these studies, hydrolysis was carried out under controlled pH conditions. The pH is
an important parameter that changes as a consequence of peptide bond cleavage, which
releases or captures H* ions during hydrolysis. The pH can be controlled by adding an acidic
or alkaline solution to the reaction medium. The maintenance of constant pH has been used
as a way to control and study hydrolysis reactions on the laboratory scale. However, from the
industry point of view, hydrolysis without pH control is more feasible. It simplifies the process
protocol, reduces the risk of contamination, and minimizes the addition of salts to the
hydrolysate which may be inappropriate in the production of hypoallergenic formulas for
children (Fernandez & Kelly, 2016; Le Maux, Nongonierma, Barre, & FitzGerald, 2016).

In the industry, the initial pH is adjusted to the enzyme optimal pH and the hydrolysis
is carried out without further addition of acid or alkali, allowing the pH to change during the

course of proteolysis (Le Maux et al., 2016). The pH changes affect the charge and the
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structure of the enzyme and its substrate, and hence enzyme selectivity, which is defined as
the rate that the enzyme breaks each cleavage site within its specificity (Butré, Sforza,
Gruppen, & Wierenga, 2014a; Butré, Sforza, Wierenga, & Gruppen, 2015; Vorob'ev,
Dalgalarrondo, Chobert, & Haertlé, 2000). The enzyme selectivity determines the cleavage
sequence that influences the profile of released peptides, thus influencing the antigenicity of
protein hydrolysates (Butré et al., 2015), among other characteristics of the hydrolysates
produced.

In a recent study, Le Maux et al. (2016) showed that whey protein hydrolysates
obtained by hydrolysis under controlled and uncontrolled pH exhibited a similar degree of
hydrolysis (DH), but with differences in peptide profiles, with different bioactivities such as
dipeptidyl peptidase IV (DPP-IV) inhibitory and antioxidant activities. Despite the industrial
advantage of the process without pH control and the evidence of the impact of pH on the
characteristics of hydrolysates, we have found no studies on the impact of hydrolysis without

pH control on the potential antigenicity of milk protein hydrolysates.

The objective of this study was to evaluate the effect of pH control during hydrolysis
reaction with Alcalase on the characteristics of the whey protein isolate (WPI) hydrolysates.
Furthermore, we investigated the effect of pH control on the ability of Alcalase to reduce the
antigenicity of the major WPI proteins (a-La, B-Lg, and BSA).

3.2 Materials and methods
3.2.1. Material

Whey protein isolate (WPI) PROVON® (Glanbia Nutritionals, Kilkenny, Ireland) was
obtained from a local market. The total nitrogen content of WPl was determined by micro-
Kjeldahl method (Horwitz, 2006) and the protein content, 90.4% + 1.7, was calculated using
6.38 as conversion factor. The proteins a-lactalbumin (a-La, Type Ill, L6010), B-lactoglobulin
(B-Lg, L3908) and bovine serum albumin (BSA, A2153) from bovine milk, and Alcalase (EC
3.4.21.62, protease from Bacillus licheniformis) were purchased from Sigma-Aldrich®
(St.Louis, MO, USA).

The antibodies used were: mouse IgE Balb/c - isotype control (Abcam®, Cambridge,
MA, USA), purified rat anti-mouse IgE monoclonal antibody (BD Biosciences, San Diego,
CA, USA), HRP-conjugated goat anti-Rat IgG whole molecule (Sigma Chemical Co., St.
Louis, MO, USA), normal mouse IgG (Merck Millipore, Darmstadt, Germany), alkaline

phosphatase-conjugated anti-mouse IgG polyclonal antibody (Abcam®, Cambridge, UK).
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The reagents tricine, sodium dodecylsulphate (SDS), and o-phthaldialdehyde (OPA)
were purchased from Sigma-Aldrich®. Trifluoroacetic acid (TFA), B-mercaptoethanol,
Coomassie Brilliant Blue G250, sodium hydroxide, and urea were from Merck (Hohenbrunn,
Germany). Acrylamide and Tris [Tris(hydroxymethyl)aminomethane] were from Bio-Rad
(Hercules, CA, USA). All other reagents were of analytical or chromatographic grade.

3.2.2 Hydrolysis of whey protein isolate

The activity of Alcalase was determined to standardize enzyme to substrate ratio
(E/S) in terms of enzyme units per mg protein. Enzymatic activity of Alcalase was 8.96 U mg’
! determined by the method described by Emi, Myers, &lacobucci (1976). One unit (U) of
enzyme activity was defined as the amount of enzyme that produces trichloroacetic acid

(TCA) soluble peptide equivalent to 1 ug of tyrosine in 1 min (Emi et al., 1976).

A full factorial design was performed to evaluate the impact of independent
variables: pH, substrate concentration (S¢) and E/S on degree of hydrolysis (DH) of
hydrolysates (dependent variable) as described in section 2.10. All hydrolysis experiments
were carried out at 60 °C for 180 min under agitation using 3 or 7% of substrate and 50 or
100 U g™ protein E/S. The hydrolysis reactions under controlled pH were performed using an
automated titrator (Mettler dL-21, Schwerzenbach, Switzerland). The pH was initially
adjusted by addition of 1 mol L™ NaOH and maintained at pH 8.5. In the hydrolysis reactions
carried out under uncontrolled pH, pH was initially adjusted to pH 8.5 using 1 mol L*
Na,COs. In both cases, pH was monitored during the reaction. After 180 min, the reaction
was stopped by heating at 90 °C for 10 min. The hydrolysates obtained were freeze-dried
and stored at -20 °C for further analysis. The total nitrogen content of hydrolysates was
determined by micro-Kjeldahl procedure, and the protein content was calculated using 6.38

as conversion factor (Horwitz, 2006).

Aliquots were withdrawn every 15 min during the first hour and every 30 min during
the remaining two hours to determine the DH. The DH was measured by the OPA method
using serine as standard (Nielsen, Petersen, & Dambmann, 2001). The DH is defined as a
ratio of the number of peptide bonds cleaved in relation to the total number of peptide bonds

in the protein and is calculated according to equation 1:

number of peptide bonds cleaved

DH (%) = x100 = h/h;o; x 100  (Equation 1)

number of total peptide bonds
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Where hy is the total number of peptide bonds in the protein substrate (8.8 mmol g™
for WPI); h is the total number of peptide bonds cleaved and expressed as milliequivalents of
serine-NH, per gram of protein and was calculated using the equation 2:

h = (SerineNH, — B)/«a (Equation 2)

Where a = 1.00 and B = 0.40 were values of the parameter of the model to whey

proteins, experimentally obtained by Adler-Nissen (1979).

3.2.3. Electrophoresis

The electrophoretic profiles of WPI and hydrolysates were obtained by SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) under reducing conditions (Laemmli, 1970)
using a Mini Protean Il apparatus (Bio-Rad, Hercules, CA, EUA) and separation and stacking
gels with 12% and 3% of acrylamide, respectively. The samples (1% w/v protein) were
diluted in a reducing buffer (62.5 mmol L™ Tris, 2% SDS, 20% glycerol and 5% -
mercaptoethanol, pH 6.8) and heated at 95°C for 5 min. Then, 10 uL aliquots of each sample
were applied. The gels were stained with 0.1% Coomassie Blue R-250 and destained with
acetic acid:methanol:distilled water (1:4:5). A 14.4-97.0 kDa MM marker kit (Bio-Rad) was

used as standard.

The samples were also evaluated by SDS-PAGE/Tricine (Claeys, De Smet,
Balcaen, Raes, & Demeyer, 2004) using a discontinuous system consisting of separation gel,
spacer gel, and stacking gel with 16.5%, 10%, and 3% of acrylamide, respectively. The
samples (1% protein) were diluted in the reducing buffer and heated at 95°C for 5 min.
Aliquots of 10 pyL of each sample were applied. The gels were fixed in methanol:acetic
acid:distilled water (5:1:4) for 24 h and stained with 0.025% de Coomassie Blue G250 in 10%
acetic acid for 48 h. De-staining was carried out in 10 % acetic acid. A 3.5-26.6 kDa MM
marker kit (Bio-Rad) was used as standard. All electrophoretic analyses were performed in

duplicate.

3.2.4. Reversed-phase high performance liquid chromatography

The peptide profiles of the hydrolysates were determined by reversed-phase high
performance liquid chromatography (RP-HPLC) as described by Pessato et al. (2016). The
chromatographic analyses were carried out using Agilent equipment equipped with diode

array detector (DAD) and a Luna Cg column (250 mm x 4.6 mm, i.d. 5 ym - Phenomenex -
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Woburn, MA, USA). To allow comparisons of the hydrolysates profiles, the chromatograms
were divided into three regions: (I) high hydrophilicity — 16 min gradient from 10% to 30% B;
(I1) medium hydrophilicity —16 to 22 min gradient from 30 and 40% B; (lIl) low hydrophilicity —
over 22 min — above 40% B. All chromatographic analyses were carried out in duplicate.

3.2.5. Surface hydrophobicity

The surface hydrophobicity (Sp) was determined using the anionic fluorescence
probe l-anililo-naphthalene-8-sulfonate (ANS), as described by Pessato et al. (2016). The
relative fluorescence intensity (RFI) of each solution was measured against the blank (buffer
with ANS) using a Synergy™ HT Multi-Mode Microplate Reader (BioTek®, Winooski, VT,
USA). The Sy was determined from the initial slope of linear regression analysis of the plot of

RFI against protein concentration (%). Each sample was analyzed in triplicate.

3.2.6. Intrinsic fluorescence

The intrinsic fluorescence emission spectra of untreated WPI and hydrolysates were
determined as described by Tang, Yang, Chen, Wu, &Peng (2005) using an ISS PC1
Fluorimeter (Champaign, IL, USA). The test samples were excited at 280 nm, and the

emission intensities were measured from 290 to 500 nm.

3.2.7. Insilico hydrolysis of B-Lg, a-La, and BSA

The in silico hydrolysis of B-Lg, a-La, and BSA was performed using the main
enzymatic components of Alcalase: subtilisin (EC 3.4.21.62) available in BIOPEP (Dziuba,
Minkiewicz, & Dabek, 2013) and glutamyl endopeptidase (3.4.21.19) available in EXPASy
(Gasteiger et al., 2005). The primary protein structures were obtained from the UniProt

(Universal Protein Resource) (Consortium, 2015).

3.2.8. Detection of antigenic proteins

The amount of residual a-La and B-Lg in WPI and hydrolysates obtained with and
without pH control was determined using commercial ELISA kits, according to the

manufacturer’s protocol (Bethyl Laboratories Inc., Montgomery, AL, USA).
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3.2.9. Antigenicity evaluation

Polyclonal antibodies (anti-a-La, anti-B-Lg, anti-BSA IgE and IgG) were obtained by
sensitization of female BALB/c mice with a-La, B-Lg and BSA. BALB/c mice used in this
study were obtained from the Multidisciplinary Centre for Biological Research, University of
Campinas (Cemib-Unicamp). The experimental and control groups consisted of 20 mice fed
ad libitum on a cow milk-free diet (Nuvilab®, Curitiba, Brazil) kept under specific pathogen-
free (SPF) conditions, with controlled light, temperature and humidity in the Laboratory of
Translational Immunology (LTI) facilities. The mice were divided into four groups (n = 5 mice
per group): control group sensitized with adjuvant alum, first experimental group sensitized
with a-La, second experimental group sensitized with p-Lg, and third experimental group

immunized with BSA.

On day 1, BALB/c mice were sensitized by intraperitoneal injection with 50 pg of
protein (a-La, B-Lg or BSA) adsorbed in a 10% of alum, in a final volume 0.2 mL per animal
(Villas-Boas, Vieira, Trevizan, de Lima Zollner, & Netto, 2010). A booster subcutaneous
injection was given on days 14 and 21 with 20 pg adsorbed in a 10% of alum and 50 ug of
protein per mouse, respectively, in a final volume 0.2 mL/animal. One week after the last
sensitization, the animals were sacrificed by intraperitoneal anesthesia comprising 150 mg
kg™ ketamine hydrochloride and 10 mg kg™ xylazine hydrochloride (both from Vetbrands,
Paulinia, Brazil) and peripheral blood was collected by cardiac puncture for serum
separation. This experiment was approved by the Ethics Committee on Animal Experiments

of University of Campinas protocol number 3295-1 (Campinas, SP, Brazil).

3.2.9.1. ELISA assays

The specific IgE and IgG binding capacity of hydrolysates were determined by
ELISA as described previously (Villas-Boas et al., 2010), with adaptations. For the estimation
IgE-binding, high-binding polystyrene microtitre plates (Corning, Cambridge, MA, USA) were
used as solid support. Single wells were coated with 100 pL of an antigen (WPI, native BSA,
a-La and B-Lg, or hydrolysates) at a concentration of 100 ug mL™ in a carbonate-bicarbonate
buffer (50 mmol L™, pH 9.6), and incubated overnight at 4°C. The plates were then washed
with Tris-buffered saline (pH 7.4) containing 0.05% Tween 20 (TBS-T), using a microplate
washer (BioTek ELx50, Thermo Scientific, Waltham, MA, USA). This washing system was
used after each incubation step. Residual free binding sites were blocked using TBS-T for 2
h at 37°C. The plates were incubated with individual mouse serum diluted 1:500 (100 pL per
well) in TBS-T and incubated overnight at 4°C. For the standard curve, purified mouse IgE

with an initial concentration of 12,800 ng mL™ was serially diluted up to a concentration of 25
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ng mL™" in carbonate-bicarbonate buffer (pH 9.6). After the washing step, the plates were
incubated for 2 h at 37°C with 100 pL (per well) of purified rat anti-mouse IgE monoclonal
antibody diluted 1:1500 in TBS-T. The plates were then incubated with 100 pL of HRP-
conjugated goat anti-rat IgG whole molecule diluted 1:20,000 in TBS-T, for 2 h at 37°C. TMB
(3,3°,5,5 -tetramethylbenzidine) was added to the plates (100 pL per well) and incubated for
30 min. The reaction was stopped using H,SO, (0.18 mol L™). The color developed was read
at 450 nm using an automated spectrophotometer reader (Spectra Max 190, Molecular

Devices, Toronto, ON, Canada).

Specific IgG-binding was evaluated by ELISA as described above. For the standard
curve, a serially diluted standard purified mouse IgG and anti-mouse IgG phosphatase
alkaline conjugate and alkaline phosphatase yellow substrate were used. The reaction was
stopped using NaOH (3.0 mol L™). The colour development was measured at 405 nm using

an automated spectrophotometer reader.

3.2.9.2. Immunoblotting assays

The analyses were performed according to Villas-Boas et al. (2010), with
adaptations. After electrophoresis carried out under the same conditions as described in
section 3.2.3, the samples were transferred from the gel onto nitrocellulose membranes. The
membranes were blocked and incubated overnight with the a-La or B-Lg-specific sera pool
from five mice diluted 1:250 in TBS-T. The membranes were incubated with purified rat anti-
mouse IgE monoclonal antibody and then with HRP-conjugated goat anti-rat IgG whole
molecule. The antigen-antibody reaction was visualized by using Luminata Forte Western
HRP Substrate (Merck Millipore, Taunton, MA, USA) and chemiluminescence signal was

measured by Image Quant400 System (GE, Healthcare, USA).

3.2.10. Statistical analyses

Results were expressed as mean +* standard deviation. To evaluate the impact of
pH, Sy, and E/S on the DH of hydrolysates, a 23 full factorial design was carried out. The
main factors were pH, substrate concentration and enzyme to substrate ratio at two levels as
described in Table 3.1. All experiments were carried out in duplicate. For full factorial design,
the analysis was performed using the Statistica 7.0 (Statsoft, Tulsa, OK, USA) software
package. Unpaired t-test and ANOVA followed by the Tukey's were performed to verify
differences in the DH of the hydrolysates. Surface hydrophobicity, antigenic proteins

detection, specific IgG and IgE-binding results were analyzed by the non-parametric Mann-
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Whitney and Kruskal-Wallis tests. For all analyses, p values <0.05 were considered
significant. The statistical analyses were carried out using the software GraphPad PRISM 6
(GraphPad software, San Diego, CA, USA) and Action Stat (Software Action, S&o Carlos,
Brazil).

Table 3.1
Experimental design, 23 full factorial design.
H H S E/S Nomeclature of
Trial P Sy, E/S P (% (Ug*
control control . . hydrolysates
protein) protein)
1 - - - With 3 50 HC3-50
2 + - - Without 3 50 HUN3-50
3 - + - With 7 50 HC7-50
4 + + - Without 7 50 HUN7-50
5 - - + With 3 100 HC3-100
6 + - + Without 3 100 HUN3-100
7 - + + With 7 100 HC7-100
8 + + + Without 7 100 HUN7-100

3.3. Results and discussion
3.3.1. Impact of hydrolysis conditions on hydrolysates characteristics

To evaluate the impact of the pH condition (controlled and uncontrolled pH), S, and
E/S on DH of the hydrolysates, a 23 full factorial design was carried out. The analysis of
variance (ANOVA) showed that the main effect of pH control was not significant (p>0.05),
while the main effects of S¢, and E/S were significant (p<0.05) (Table 3.2). The interactions
between the main effects were not significant (p>0.05), thus the main effects were evaluated

separately.

The hydrolysis parameters S, and E/S are critical for hydrolytic processes and
characteristics. Although higher DH (p<0.05) was obtained with 100 U g™ of Alcalase than
with 50 U g™ of Alcalase and same S,, (Table 3.2), these differences were slight under both
pH conditions. This possibly occurred due to the exhaustion of peptide bonds available for
hydrolysis (Guadix, 2000; Ishibashi et al., 1988).
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The increase in Sy, from 3 to 7% led to a significant decrease by around 4% in the
final DH of the hydrolysates obtained under controlled pH, and from 2.6 to 5.5% in DH of the
hydrolysates produced without pH control (Table 3.3). According to Butré, Wierenga,
&Gruppen (2014c), the decrease in DH with increasing S, is associated with the higher
amount of water required for protein hydration, which diminishes the free water of the
system. Moreover, during hydrolysis, -NH;" and —COO" groups are released at each cleaved
peptide bond, increasing the amount of free water directed to the hydration of molecules
containing these charged groups (Hardt, Janssen, Boom, & van der Goot, 2014). The
reduced amount of free water in the system can hinder the diffusion of enzyme, substrate,
and product, leading to the non-homogeneous distribution of substrate and enzyme and to a
decrease both the hydrolysis rate and DH (Butré et al., 2014c; Hardt, van der Goot, & Boom,
2013).

No significant difference (p<0.05) was observed between the DH of the hydrolysates
obtained with and without pH control and using the same Sy and E/S (Table 3.3). It is
possible to observe in Fig. 3.1 that the hydrolysis curves at the same S, and E/S,
irrespective of the pH conditions, were similar. For all conditions, 50% of the total peptide
bonds were cleaved after 15 min of reaction. The difference in the t=15min DH values fairly
closely reflected the difference in the final DH values. Meanwhile, during the hydrolysis
without pH control, under all S¢, and E/S, the pH dropped from 8.5 to 7.0 within the first 15
min and leveled off until the end of the process. The pH of the reaction mixture remained
within the optimum range of activity of Alcalase (6.5-8.5) (Yust, Pedroche, Millan-Linares,
Alcaide-Hidalgo, & Millan, 2010). The decrease in pH during hydrolysis is due to the release
of H" owing to cleavage of peptide bonds. At pH 7.0 the a-carboxyl groups (pKa 3.1) from
peptides are fully deprotonated, while the a-amino groups (pKa 7.3) are partially protonated.
After the first 15 min of hydrolysis, the a-amino groups capture the H* released, resulting in a
buffering system in the reaction medium and maintaining the pH constant (Sousa Jr, Lopes,
Pinto, Almeida, & Giordano, 2004).
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Table 3.2
Analysis of variance (ANOVA) for factorial experimental.”
Effect Ss Degree of MS F P
fredoom

pH 0.002 1 0.002 0.001 0.970745
Sy 58.523 1 58.523 33.513 0.000410
E/S 30.250 1 30.250 17.323 0.003156
pPH*Sy, 0.010 1 0.010 0.006 0.941537
pH*E/S 0.903 1 0.903 0.517 0.492662
Sy*E/S 2.103 1 2.103 1.204 0.304448
pPH*Sy*E/S 1.690 1 1.690 0.968 0.354045
Error 13.970 8 1.746

% p-values < 0.05 indicate that the effect is significant.

Table 3.3
Final degree of hydrolysis (DH) of WPI hydrolysates obtained with Alcalase with and without pH
control using different Sy, and E/S.?

S% E/S DH (%)

(U g™ protein)

(% protein) With pH control Without pH control
3 50 23.2+1.207° 23.4 +1.28 A3P
7 50 19.1+0.84 *¢ 17.9£ 1.04 *¢
3 100 25.3+0.66 ** 25.0+1.32 42
7 100 21.6 +0.77 A° 22.4+0.72 AP

% Values are the mean + standard deviation; means in a row with different uppercase superscript letters are
significantly different (t-test; p < 0.05); means in a column with different lowercase superscript letters are
significantly different (ANOVA with Tukey's test; p < 0.05).
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Fig. 3.1. DH curves of WPI hydrolysed by Alcalase with (m) and without (A ) pH control at different S,
and E/S: A, 3% and 50 U g™; B, 7% and 50 U g *; C, 3% and 100 U g*; D, 7% and 100 U g™. The
change in pH with (solid grey line) and without (dashed grey line) during hydrolysis is also shown.
Results are presented as the mean of two process of hydrolysis.

The electrophoretic profiles (SDS-PAGE and SDS-PAGE/Tricine) of the
hydrolysates obtained at 15 and 180 min of reaction are shown in Fig. 3.2. The hydrolysates
obtained at 15 min of reaction were also assessed, considering that the pH was stabilized at
this point and over 50% of total peptide bonds cleavage had already occurred. Protein
hydrolysis was evaluated by SDS-PAGE which revealed that the 3-Lg (18.4 kDa) and a-La
(14.4 kDa) proteins had been hydrolyzed after 15 min of hydrolysis in all hydrolysates,
confirmed by the disappearance of the corresponding bands (Fig. 3.2A, lanes 3-10). Intact
BSA (66.4 kDa) was observed in the profiles of all hydrolysates obtained at 15 min and, after
180 min, BSA was only observed in the profiles of HUn3-50, HUn7-50 and HUN3-100 (Fig.
3.2B, lanes 3, 5 and 7), but at a lower intensity than in WPI.

The molecular mass (MM) distribution profile of the hydrolysates obtained at 15 and
180 min was evaluated by SDS-PAGE/Tricine (Fig. 3.2C and D). At 15 min, the hydrolysates
obtained under all conditions studied presented bands in the region 3.5 to 6.5 kDa (Fig.
3.2C). At 180 min, the hydrolysates produced without pH control (Fig. 3.2D, lanes 2, 4, 6 and
8) exhibited bands in the region 3.5 to 6.5 kDa. No band was observed in the profiles of the
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hydrolysates obtained under controlled pH (Fig. 3.2D, lanes 3, 7, and 9), suggesting the
presence of peptides smaller than 3.5 kDa, which may not have been stained with
Coomassie Blue (Claeys et al., 2004). The exception was HC7-50 which exhibited bands in
the region between 3.5 and 6.5 kDa (Fig. 3.2D, lane 5). The hydrolysates obtained without
pH control, despite having a similar DH, contained peptides with a higher molecular mass
than those obtained under controlled pH and with the same Sy and E/S. This finding
indicates differences in patterns of hydrolysis, i.e., an order in which peptides are formed and

released according to pH and S,

(A) (B) - )

(:ﬁé - BSA (::%)1 | BSA
66.2 .—:‘(—'—-—‘-—-—~ : 66.2 —t - ‘
450 450
31.0 [ =

215

MM
{kDa)

Fig. 3.2. Electrophoresis profiles of WPI and hydrolysates obtained with and without pH control using
different S% and E/S. Panels A and B: SDS-PAGE profile (polyacrylamide gel 12%) of the
hydrolysates at 15 and 180 min of hydrolysis, respectively. Lanes are: 1, molecular mass (MM)
standard (14.4-97.4 kDa); 2, WPI; 3, HUNn3-50; 4, HC3-50; 5, HUNn7-50; 6, HC7-50; 7, HUN3-100; 8,
HC3-100; 9, HUNn7-100; 10, HC7-100. Panels C and D: SDS-PAGE/Tricine profile under reducing
conditions of the hydrolysates at 15 and 180 min of hydrolysis, respectively. Lanes are: 1, WPI; 2,
HUNn3-50; 3, HC3-50; 4, HUN7-50; 5, HC7-50; 6, HUN3-100; 7, HC3-100; 8, HUN7-100; 9, HC7-100;
10, MM standard (3.5-26.6 kDa).
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The chromatographic profiles (RP-HPLC) of the hydrolysates obtained at 15 and
180 min of reaction are shown in Fig. 3.3. The WPI chromatogram (Fig. 3.3A) showed that -
Lg eluted at 28.8 min and a-La and BSA fractions coeluted between 27.4 and 27.7 min (see
Supplementary Fig. 3.S1). At 15 min of hydrolysis, the peak corresponding to B-Lg in
chromatograms of the hydrolysates (Fig. 3.3B, C, D and E) was not observed, indicating that
this protein had already been hydrolyzed. A small peak was observed between 27.1 and 27.3
min that is possibly a remaining of BSA, since the electrophoretic profiles displayed complete
hydrolysis of a-La.
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Fig. 3.3. Reverse phase-high performance liquid chromatography profiles of

10 15 20 25 30 35 min

e W/ithout pH control

WPI hydrolysates

obtained with (black upper trace) and without (grey lower trace) pH control using different So, and E/S
at 15 min (panels B-E) and 180 min (panels F-I) of hydrolysis. Panels are: A, untreated WPI; B and F,
3% and 50 U g™; C and G, 7% and 50 U g™; D and H, 3% and 100 U g™; E and I, 7% and 100 U g™.
Regions labelled I, Il and Il are high hydrophilicity, medium hydrophilicity and low hydrophilicity,

respectively.



Capitulo 3. Artigo 1 69

The hydrolysates obtained with the same So, and E/S, regardless of the pH control,
produced chromatograms with similar peptide profiles at 15 min of hydrolysis. However, after
180 min of reaction, the hydrolysates obtained without pH control exhibited different peaks in
the regions of high and medium hydrophilicity, as compared to those with the pH control.
These findings suggest changes in the hydrolytic pattern of Alcalase after the first 15 min of
hydrolysis when the pH stabilized at 7.0. These results can be explained by the pH change,
which may have influenced the selectivity of the enzyme by modifying both substrate charge
and structure (Vorob'ev et al., 2000), as well as by changing the ionization state of the amino
acid residues of the enzyme active site (Butré et al., 2015). The catalytic site of Alcalase is
composed of His, Asp, and Ser residues (Rehm, Kennedy, & Reed, 1987), and the
proportion of positively charged His chains (9%) at pH 7.0 is 10 times greater than at pH 8.5
(0.9%). This increase in protonation of His at pH 7.0 may favour the breaking of cleavage
sites with negatively charged amino acids (Glu, Tyr) in P1 position, i.e., the amino acid
residues after which the peptide bond is cleaved by the protease (Schechter & Berger,
1967). Likewise, the pH can affect the charge state of the amino acid on the substrate and
consequently influence the enzyme selectivity. For cleavage sites of the Alcalase with
ionisable residues (Glu, Lys, and Tyr) in P1 position, the pH range (7.0-8.5) applied in the
present study did not change the state charge of these amino acids. However, the interaction
between the active and cleavage sites depends not only on the amino acid at P1 position,
but also on the nature of another amino acid which forms the peptide bond (P1' position) and
the amino acid residues located before P1 (P2, P3, P4, etc.) and after P1' (P2', P3', etc.) in
the polypeptide chain, called subsites (Schechter & Berger, 1967).

To evaluate how the charge state of these amino acids may influence the cleavage
pattern, we assessed the hydrolysis of 3-Lg, a-La, and BSA in silico. The in silico hydrolysis
showed that some of the possible cleavage sites for Alcalase in the B-Lg, a-La, and BSA
(see Supplementary Fig. 3.S2) contain Cys and His residues in nearby positions (P2, P3,
P1', P2', P3'). The proportion of the positively charged His residues at pH 7.0 is 10 times
greater than at pH 8.5, as already mentioned. Since the pK of the thiol group of the Cys
residues is 8.18, the unprotonated Cys fraction (6%) at pH 7.0 is 10 times less than the
deprotonated Cys side chains (67.6%) at pH 8.5. This increase in the proportion of positively
charged His and the decrease in the deprotonated Cys fraction (not involved in disulfide
bonds) at pH 7.0 may have affected the interaction between Alcalase and cleavage sites

near these amino acid residues.

At 15 min of hydrolysis, hydrolysates obtained with the same So, presented similar
chromatographic profiles, irrespective of pH control or E/S. The hydrolysates obtained with

3% S, presented similar profiles, though they were different from those obtained with 7% S,
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After 180 min of hydrolysis, all the hydrolysates obtained with the pH control, independent of
Sy, or E/S, exhibited similar peptide peaks, however, the intensities were different mainly in
the regions of high and medium hydrophilicity. The same behavior was observed in the
hydrolysates obtained without pH control. These findings, as well as the electrophoretic
profiles, suggest that S¢, may have influenced the pattern of Alcalase. Changes in enzyme
selectivity at different substrate concentration may be related to differences in the
accessibility of the enzyme to the substrate as a result of peptide aggregation (Butré, Sforza,
Gruppen, & Wierenga, 2014b) and of the free water amount available in the system (Butré et
al., 2014c).

The S, values are presented in Fig. 3.4A. The hydrolysates produced without pH
control exhibited higher S, values (p<0.05) than those produced with the pH control. This
result suggests that the formation of peptides aggregates in the hydrolysates obtained with
pH control was predominantly stabilized by hydrophobic interactions. The increase of Sy,
regardless of pH control and E/S, led to higher S, values. In general, the hydrolysates
obtained with 100 U g™ E/S presented lower S, values than those obtained with 50 U g™* and
same S. The different S, values of the hydrolysates may be related to differences in the
peptides composition and aggregation as determined by the peptide profiling and molecular
mass, and the pH (Creusot & Gruppen, 2007). For whey protein hydrolysates, extent of
aggregation rose with increasing DH (Creusot, Gruppen, van Koningsveld, de Kruif, &
Voragen, 2006; Pessato et al., 2016) which, in turn, resulted in lower Sy values.
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Fig. 3.4. Surface hydrophobicity (A) of the hydrolysates obtained with and without pH control at
different S¢, and E/S (results are expressed as mean * standard deviations; an asterisk indicates p <
0.05 by Mann-Whitney) and fluorescence emission spectra (B; excitation wavelength 280 nm,
emission wavelength 290-500 nm) of WPI and hydrolysates with Alcalase obtained with or without pH

control.

Fig. 3.4B shows the fluorescence spectra of the hydrolysates and WPI. The Ay Of
fluorescence emission of the hydrolysates was higher than that of WPI as a result of
disruption of the structure or unfolding of proteins, which invariably led to a shift in the red
emission (red-shifted) (Royer, 2006). The fluorescence intensity of the hydrolysates varied
according to the reaction parameters. Among the hydrolysates produced with 3% S, those
obtained without pH control emitted higher fluorescence intensity than those obtained with
the pH control. The hydrolysates produced with 7% S, exhibited an opposite behavior:
those obtained under controlled pH showed a high fluorescence. The fluorescence intensity
is associated with both the microenvironment of Trp residues and the presence of quenching
functional groups and molecules (Adams et al., 2002; Royer, 2006). The exposure of Trp
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residues to solvent (more polar environment) decreases the fluorescence intensity
(Damodaran & Agyare, 2013). The fluorescence emission of Trp residues may also be
guenched by several amino acid side chains and the peptide bond through excited-state
electron transfer (Adams et al., 2002). Differences in peptides profile and molecular mass
may have resulted in different aggregation behaviour among the hydrolysates which may
have affected the microenvironment of Trp and its proximity to quenching groups and
consequently led to different fluorescence spectra.

3.3.2. Impact of hydrolysis conditions on the antigenic proteins

3.3.2.1.  Detection of residual antigenic proteins

As measured by commercial ELISA kits, WPI contained 139.3 pg mg™ of a-La and
677.1 pg mg™ of B-Lg (Fig. 3.5A), which corresponds to 13.9 and 67.7% of the total protein,
respectively. Hydrolysis of WPI with Alcalase under all conditions studied decreased
concentrations of a-La and B-Lg in the hydrolysates by 99.9% compared to those in the WPI
(Fig. 3.5B). All hydrolysates contained a-La in concentrations below <0.00078 pg mL™, which
was the limit of detection by the ELISA kit. The exceptions were the hydrolysates HUn3-100
and HUN7-100, which had 0.023 and 0.021 ug mg™ o-La, respectively. In general, B-Lg
concentrations were significantly higher (p<0.05) in the hydrolysates obtained under
uncontrolled pH than those produced with the pH control. The Sy, and E/S had a significant
impact on the amount of residual B-Lg in the hydrolysates. The hydrolysates obtained with
7% S¢ exhibited the highest B-Lg concentration (p<0.05) under both pH conditions. In
general, the increase of E/S led to decrement in B-Lg concentration (p<0.05) of the

hydrolysates.
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Fig. 3.5. Detection of residual $-Lg and a-La protein in hydrolysates obtained with and without pH
control at different Sy, and E/S: comparisons between (A) WPI and hydrolysates and between (B)
hydrolysis performed with and without pH control. Results are presented as mean of 6 replications per
sample (an asterisk indicates p < 0.05 by Mann-Whitney).

3.3.2.2.  Evaluation of residual antigenicity

Considering the hydrolysis as a way to reduce protein antigenicity, we selected the
two hydrolysates obtained without pH control which showed the lowest residual a-La and -
Lg concentrations (HUn3-100 with 0.023 pg mg™ a-La, and 0.034 ug mg™ B-Lg; and HUN7-
100 with 0.021 pg mg™ of a-La, and 0.206 pyg mg™ of B-Lg), and their respective counterparts
obtained with pH control (HC3-100 and HC7-100) to evaluate the effect of hydrolysis on
residual antigenicity. The ELISA method was used to quantify the immunoreactivity of WPI
and hydrolysates to specific IgE and IgG (IgE and IgG anti-B-Lg, anti-a-La, and anti-BSA)
and the results are shown in Fig. 3.6A. The specific IgE and IgG responses were significantly
higher in groups sensitized with the proteins B-Lg, a-La, and BSA than those formed by non-
sensitized mice (non-sens) (sensitized with alum without proteins). The sera from mice
sensitized with a-La, B-Lg and BSA had a high reactivity to their respective antigenic proteins
(Fig. 3.6A) and no cross-reactivity with other proteins was detected (data not shown),

indicating that sensitization protocol was effective in obtaining specific IgE and 1gG
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antibodies. The level of cross-reactivity of HRP-conjugated anti-rat IgG antibody with mouse
IgG was below 5%, highlighting the absence of false positive results and the data reliability.

The anti-p-Lg, anti-a-La IgE and 1gG levels of the hydrolysates were below the
ELISA detection limit (<0.025 yg mL™ and <0.012 ug mL™, respectively), suggesting that the
hydrolysis with Alcalase under the studied conditions decreased the (-Lg and o-La
antigenicity. Despite the distinct characteristics of the hydrolysates, no difference in the anti-
B-Lg and anti-a-La IgE and IgG responses to all hydrolysates was observed (Fig. 3.6A).
These findings are important since suggest that Alcalase was able to cleave epitopes under

different conditions, leading to more reliable processes, i.e, not dependent on pH control.

It should be considered that BSA-specific antibodies response to the hydrolysates
obtained without pH control was greater than that to WPI. The hydrolysates HC3-100, HC7-
100, and HUN7-100 exhibited lower anti-BSA IgE-binding capacity (42, 10, and 20 pg mL™,
respectively) than WPI (255 pg mL™). While the hydrolysate HUn3-100 (532 pg mL™) showed
high anti-BSA IgE-binding as compared with WPI. There was no significant difference
between the anti-BSA IgG response to WPI (237 pg mL™) and to the hydrolysate HC3-100
(308 pg mL™). The hydrolysate HC7-100 exhibited a low anti-BSA IgG-binding (38 pg mL™)
compared with WPI. The anti-BSA 1gG response to the hydrolysates HUn3-100 (2793 pg mL"
) and to HUN7-100 (579 pug mL™) was higher than that to WPI. The allergenicity of BSA is
caused by linear and conformational epitopes (Restani et al., 2004). The exposure of hidden
epitopes in the BSA structure during hydrolysis without pH control, along with the presence
of intact BSA (Fig. 3.2B), may have increased the reactivity of the hydrolysates to anti-BSA
antibodies as compared to WPI and native BSA. BSA is a minor allergen in milk but the
major allergen in meats (Liccardi, Asero, D'Amato, & D'Amato, 2011).
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Fig. 3.6. Panel A: specific IgE and IgG response by ELISA assay; panels 1, 2 and 3 are the IgE-
binding response in sera from mice sensitised to: 3-Lg, a-La and BSA, respectively, and panels 4, 5
and 6 are the IgG-binding response in sera from mice sensitised to -Lg, a-La, and BSA, respectively.
Results are presented as individual values (n = 5 per group). Panel B: specific IgE response by
immunoblotting assay; panels 1-2 are the IgE-binding response in sera pools from mice sensitised to:
(1) B-Lg; and (2) a-La.

The binding capacity of hydrolysates to anti-B-Lg and anti-a-La IgE was performed
by immunoblotting assay (Fig. 3.6B). After incubation of the membrane with anti-B-Lg sera, a
band corresponding to 3-Lg was detected in WPI (Fig. 3.6B, panel 1, lane 2), but not in the
hydrolysates (Fig. 3.6B, panel 1, lanes 3-6), evidencing no anti-B-Lg IgE response to
hydrolysates, which corroborates the results of the ELISA assays. The anti-a-La IgE
response to a-La and WPI (Fig. 3.6B, panel 2, lanes 1 and 2) was only observed under non-
reducing conditions and without heating, indicating that the anti-a-La sera responds mainly to

conformational epitopes. Maynard, Jost, & Wal (1997) observed that 11 of the 19 sera from
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patients with CMA responded exclusively to native a-La. In a recent study, Li et al. (2016)
identified five IgE-binding and three 1gG-binding conformational epitopes in bovine a-La.
These findings corroborate with our results and highlighted that a-La epitopes are
predominantly conformational. In agreement with ELISA assay results, no bands were
recognized by the sera from mice sensitized with a-La, evidencing no anti-a-La IgE response

to hydrolysates (Fig. 3.6B, panel 2, lanes 3-6).

Substantial decrease in the reactivity of B-Lg and a-La-specific IgE and IgG to
hydrolysates is the first indication of the hydrolysates antigenicity reduction. However, for
safety reasons, it is necessary to determine their residual sensitizing capacity. This
evaluation should be performed using the oral sensitization route since similar process
occurs in humans, and the digestion can either release or expose epitopes that were
previously masked by the formation of aggregates in the whey hydrolysates (van Esch et al.,
2011).

3.4. Conclusion

The differences in peptide profile, surface hydrophobicity, fluorescence spectra and
antigen concentrations (a-La and (-Lg) of the hydrolysates, obtained under different pH
conditions and the same Sy and E/S, show the pH crucial role on the hydrolysates
characteristics. The pH drop during hydrolysis lead to a different charge state of enzyme and
substrate, affecting Alcalase active site (His residue), and the subsites (Cys and His
residues), as demonstrated by the in silico analysis, which influences in the interaction of the
enzyme with the cleavage sites. Nevertheless, hydrolysis with Alcalase either with or without
pH control was effective in reducing the antigenicity of the a-La and B-Lg protein since no
differences were observed in anti-a-La and anti-p-Lg antibodies response to hydrolysates.
However, additional studies are needed to develop other processes that may be associated

with hydrolysis with Alcalase under uncontrolled pH condition to reduce the BSA antigenicity.
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Appendix A. Supplementary data
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Capitulo 3. Artigo 1

78

B-Lactoglobulin
10 20
IVTQTMKGLD IQKVAGTWY
60 70
EGDLEILLQK WENGECAQKK
KYﬂE%EMéﬁS

AA 4
FNPTQLEEQC

30
SLAMAASDIS

80

40
LLDAQSAPLR
90

50
VYVEELKPTP
100

ITAEKTKIPA VFKIDALNEN KVLVLDTDYK

130

140

150

AEPEQSﬂgCQ CB%RTPEVDD EALEKFDKAL KAﬂ%MHIRLS

HI

a-lactalbumin

le
EQLTKCEVFR

60
GLFQINNKIW

INYWLAHKAﬁ'

BSA

g' 10
DTHKSEIAHR

v 60
KTCVADESHA

v 110
FLSHKDDSPD

160
ELLYYANKYN

210
IQKFGERALK

260
CADDRADLAK

310
PPLTADFAED

Yy
YEATLEECCA

410
FONALIVRYT

460
LSLILNRLCV

10
DEKL F%‘ Eﬁ\[}

560
AFVDKCCAAD

20
ELKDLKGYGG

70
CKDDQNPHSS

%ﬁ Yy
CSEKLDQWLC

FRDLGERHER

Vv VY
GCEKSLHTLF

120
LPKLKPDPNT

vy v
GVFQECCQAE

220
AWSVARLSQK

270
Y¥CDNQDTIS

320
KDVCKNYQEA

v
KDDPHACYST

420
RKVPQVSTPT

vy 470
LHEKTPVSEK

% 520
ICTLPDTEKQ

570
DKéRCfXVEG

vy 0
VSLPEWVCTT

80
NICNISCDKF

E%L

30
GLVLIAFSQY

vy v
GDELCKVASL

130
LCDEFKADEK

vy
DKGACLLPKI

230
FPKAEFVEVT

280
SKI}(EEC DKP

330
KDAFLGSFLY

vy v
VFDKLKHLVD

430
LVEVSRSLGK

\d
VTKCCTESLV
530

v
IKKQTALVEL

580
PKLVVSTQTA

40
FHTSGYDTQA
90

50
IVONNDSTEY
100

LDDDLTDDIM CVKKILDKVG

LQQCPEBBhV

A A 90
RETYGDMADC

140
KFWGKYLYET

190
ETMREKVLAS

240
KLVTDLTKVH

290
LLEKSHCIAE

340
EYSRRHPEYA

390
EPONLIKQNC

440
VGTRCCTKPE

w490
NRRPCFSALT

540
LKHKPKATEE

LA

50
KLVNELTEFA

v v
CEKQEERNEC

v 150
ARRHPYFYAP

200
SARQRﬂﬁCAS

v vy
KECCHGDLLE

300
VEKDAIPENL

350
VSVLLRLAKE

400
DQFEKLGEYG

v
SERMPCTEDY

500
PDETYVPKAF

550
QLKTVMENEV

Fig. 3.52. Amino acid sequence of 3-lactoglobulin, a-lactalbumin, and BSA; the symbols ¥ refer to
the possible cleavage sites for Alcalase which are close to Cys and His residues (positions P2, P3,

P1', P2', P3").
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Abstract

BACKGROUND: Extensive enzymatic hydrolysis of food proteins is widely used for
production of hypoallergenic hydrolysates, however it results in the release of bitter-tasting
peptides. The enzymatic hydrolysis followed by cross-linking catalyzed by transglutaminase
(TG) has been considered a way to reduce the bitter taste of peptides. Therefore the effect of
TG-catalyzed reactions on the physicochemical characteristics of whey protein hydrolysates
(filtrate, molecular mass < 5 kDa) and their impact on the bitterness were investigated.
RESULTS: TG treatment resulted in slight modifications in peptides structure and molecular
mass profile. The peptide profile was altered after TG treatment, especially in the range of
m/z 1600-3000. Despite changes on sample physicochemical characteristics as a result of
TG treatment, no difference in the intensity or perception of bitter taste among samples was
detected. CONCLUSION: Possibly there was a significant amount of short peptides with no
lysine and glutamine residues, which were incapable to form cross-links and limited the
action of TG. Under the studied condition, the polymerization with TG is not appropriated to

reduce the bitterness of extensively hydrolyzed whey protein.

Key words: enzymatic hydrolysis, enzymatic cross-linking, MALDI-MS, bitter peptides
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4.1. Introduction

Enzymatic hydrolysis of proteins is the most commonly used method to reduce
antigenicity of milk proteins. ' During hydrolysis, the cleavage of portions of the protein
recognized by IgE antibodies (epitopes) occurs. > The conformational epitopes (specific
three-dimensional shape) are easily disrupted by the process of hydrolysis, whereas the
cleavage of linear epitopes (a sequence of amino acids) depends on enzyme specificity. >
Van Beresteijn, et al. * found that whey peptides with minimum molecular mass (MM) of 3000
Da were required to elicit an immunological response. For antibody binding, an epitope must
contain a minimum of 15 amino acid residues and an allergen must possess at least two IgE
binding sites. > Commercially available hypoallergenic formulas based on extensively
hydrolyzed milk protein predominantly contain peptides smaller than 1000 Da (63 to 95%). °

A high concentration of peptides lower than 1000 Da containing hydrophobic groups

" 8 which renders these

is associated with the bitterness of whey protein hydrolysates,
formulas unpalatable and can limit their incorporation into foods. * '° Bitterness is an
important cause of food rejection, therefore the development of protein hydrolysates with low

levels of bitterness is essential for their application into various foods. **

Enzymatic cross-linking using transglutaminase (TG) has been regarded as a
promising strategy to reduce the bitter taste of protein hydrolysates. ** ** TG catalyzes acyl
transfer reactions between y-carboxyamide group of glutamine residue and a variety of
primary amines, including e-amine group of lysine residue. The e-(y-glutamyl)-lysyl
isopeptides bonds form inter- and intramolecular cross-links in proteins/peptides. * ** Since
peptides with low MM and highly hydrophobic are generally regarded as being bitter *° the
changes catalyzed by TG can decrease the bitterness of protein hydrolysates. It has been

reported that treatment with TG post-hydrolysis may result in enhanced bioactive and

12, 16 17, 18

techno-functional properties such as solubility and emulsification capacity, which

2 and Song, et al. *®

were related to MM and hydrophilicity increase. '°® Babiker, et al. *
reported that TG-catalyzed polymerization decreased the bitter taste of soy protein

hydrolysates as a result of the reduced exposition of the hydrophobic sites.

Furthermore, studies have shown that the combination of enzymatic hydrolysis of
whey protein followed by TG treatment decreased or had no significant effect on the
antigenic response of the hydrolysates. '®* Therefore this combination of enzymatic
treatment could be used to produce hypoallergenic ingredients with improved sensory
characteristics. The present study aimed to investigate the modifications caused by TG-
catalyzed reactions on physicochemical characteristics of whey protein hydrolysates and

their impact on the bitter taste of the hydrolysates.



Capitulo 4. Artigo 2 85

4.2. Materials and methods
4.2.1. Materials

Whey protein isolate (WPl) PROVON® (Glanbia Nutritionals, Kilkenny, Ireland) was
obtained from a local market. The protein content of the WPI, 90.4% + 1.7, was determined
by micro-Kjeldahl method # using 6.38 as conversion factor. Commercial preparation of TG
(Activa®), a mixture containing 99% of maltodextrin and 1% TG, was donated by Ajinomoto
Co. (Séo Paulo, SP, Brazil). Alcalase (EC 3.4.21.62, Protease from Bacillus licheniformis)
were purchased from Sigma-Aldrich® (St.Louis, MO, USA).

The reagents tricine and sodium dodecyl sulfate (SDS) were purchased from Sigma-
Aldrich® (St. Louis, MO, USA). Trifluoroacetic Acid (TFA), B-mercaptoethanol, Coomassie
Brilliant Blue G250, sodium hydroxide, and urea were purchased from Merck (Hohenbrunn,
Germany). Acrylamide and Tris (Tris(hydroxymethyl)aminomethane) were purchased from
Bio-Rad (Hercules, CA, USA). All other reagents used were of analytical or chromatographic

grade.

4.2.2. Preparation of whey protein hydrolysates

Enzymatic activity of Alcalase was 8.96 U mg™, determined by the method
described by Emi, et al. ?*. One unit (U) of enzyme activity was defined as the amount of
enzyme that produces TCA (trichloroacetic acid) soluble peptides equivalent to 1 pg of

tyrosine in 1 min. %

The hydrolysis of WPI with Alcalase was carried out according to the conditions
defined for hydrolysis without pH control by Carvalho, et al. . Briefly, WPI was diluted to
obtain 3 or 7% of protein (w/v) and hydrolysis with Alcalase was performed using 100 U g™ of
protein, at pH 8.5 for 180 min at 60 °C. After 180 min, the reaction was stopped by heating at
90 °C for 10 min. Part of the hydrolysates obtained was freeze-dried and part was
ultrafiltered. The hydrolysates were named H3 and H7, according to substrate concentration

used.

The hydrolysates were ultrafiltered using a Pellicon® ultrafiltration system (Millipore,
Bedford, MA, USA) and a membrane with cutoff of 5 kDa (Cartridge Prep/Scale: — TFF 6 ft2).
The sample H7 was diluted to half of its concentration and the H3 was not diluted. Six
diafiltration cycles were done, with addition of water at constant volume. The retentates (> 5
kDa fraction) were named as HR3 and HR7, and the filtrates (< 5 kDa fraction) were named
as HF3 and HF7. The fractions were frozen, freeze-dried, and stored at =20 °C until their

use.
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4.2.3. Post-hydrolysis TG treatment

Enzymatic activity of TG was 43.6 U mg™, determined according to Folk and Cole *°.
One unit of the activity is defined as the amount of enzyme that catalyzes the formation of 1

umol min™ of hydroxamic acid.

The TG treatment of the HF3 and HF7 samples was performed according to the
conditions established by Villas-Boas, et al. *’. Briefly, the samples were rehydrated to obtain
7% of protein (w/v) and the treatment with TG was carried out using 10 U g™ of protein, at pH
8.0 for 180 min at 50 °C. After 180 min, the reaction mixture was cooled down in an ice bath,

frozen and freeze-dried. The TG-treated samples were named HF3-TG and HF7-TG.

4.2.4. Protein determination

The total nitrogen content of hydrolysates was determined by micro-Kjeldahl

method, and the protein content was calculated using 6.38 as conversion factor. %3

4.2.5. Electrophoresis

The electrophoretic profiles of the samples were obtained by SDS-PAGE (sodium
dodecyl sulfate polyacrylamide gel electrophoresis) under reducing conditions ?® using a Mini
Protean Il apparatus (Bio-Rad, Hercules, CA, EUA) and separation and stacking gels with
12% and 3% of acrylamide, respectively. The samples (1% w/v protein) were diluted in
reducing buffer (62.5 mmol L-1 Tris, 2% SDS, 20% glycerol and 5% [(-mercaptoethanol, pH
6.8) and heated at 95°C for 5 min. The gels were stained with 0.1% Coomassie Blue R-250
and de-stained with acetic acid:methanol:distilled water (1:4:5). A 14.4-97.0 kDa MM marker
kit (Bio-Rad, Hercules, CA, USA) was used as standard.

The samples were also evaluated by SDS-PAGE/Tricine % using a discontinuous
system consisting of separation gel, spacer gel, and stacking gel with 16.5%, 10%, and 3%
of acrylamide, respectively. The samples (2% protein) were diluted in reducing buffer and
heated at 95°C for 5 min. Aliquots of 10 yL of each sample were applied. The gels were fixed
in methanol:acetic acid:distilled water (5:1:4) for 24 h and stained with 0.025% Coomassie
Blue G250 in 10% acetic acid for 48 h. De-staining was carried out in 10% acetic acid. A 3.5-
26.6 kDa MM marker kit (Bio-Rad, Hercules, CA, USA) was used as standard. All

electrophoretic analyses were performed in duplicate.
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4.2.6. Chromatography (HPLC)

All chromatographic analyses were performed using Agilent HPLC system
(Waldbronn, Germany) equipped with a quaternary and semi preparative pump, a diode
array detector (DAD). MM distribution of the peptides in the samples was estimated by size-
exclusion high performance liquid chromatography (SE-HPLC). The analysis was performed
using a TSK-GEL G2000 SWXL column (7.8 mm i.d., 300 mm - Tosoh BioSep -
Montgomeryville, PA, USA) at a flow rate of 0.5 mL min™. The mobile phase was
acetonitrile/water (25/75, v/v) with 0.1% trifluoroacetic acid. A volume of 5 pyL of each
samples (3 mg mL™") was injected and the absorbance was monitored at 214 nm. The
following protein standards were used to estimate peptides MM: bovine serum albumin (BSA,
66.0 kDa), triosephosphate (26.6 kDa), B-lactoglobulin (B-Lg, 18.4 kDa), a-lactalbumin (a-La,
14.4 kDa), aprotinin (6.5 kDa), insulin (3.5 kDa) and bacitracin (1.4 kDa). The relative
percentage of each range (> 66, 6.5-14.4, 3.5-6.5, 1.4-3.5, and < 1.4 kDa) was determined
by the relationship between the peak area with the corresponding MM and the total area. The

Star Chromatography Workstation software (Agilent) was used to record and process data.

The peptide profile of the hydrolysates was determined by reverse phase high
performance liquid chromatography (RP-HPLC) as described by Pessato, et al. *°. The
mobile phase was a mixture of solvent A: water/trifluoracetic acid (0.04% v/v) and solvent B:
acetonitrile/ trifluoracetic acid (0.03% v/v). The column was equilibrated with 100% of solvent
B. A linear gradient of solvent B in A, from 0% to 70% in 40 min was performed, followed by
5 min at isocratic form and rebalanced to initial conditions of the column for 15 min.
Absorbance was recorded at 214 nm using a diode-array detector (DAD). To allow
comparisons of the hydrolysates profiles, the chromatograms were divided into three regions:
(1) high hydrophilicity — 16 min gradient from 10% to 30% B; (II) medium hydrophilicity —16 to
22 min gradient from 30% to 40% B; (lll) low hydrophilicity — above 22 min — above 40% B.

All chromatographic analyses were carried out in duplicate.

4.2.8. Intrinsic fluorescence

The intrinsic fluorescence emission spectra of the filtrates before and after TG

treatment were determined as described by Tang, et al. *’

using an ISS PC1 Fluorimeter
(Champaign, IL, USA). The test samples (5 mg mL™) were excited at 280 nm, and the

emission intensities were measured from 290 to 500 nm.
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4.2.9. MALDI-MS peptide fingerprinting of filtrates before and after TG treatment

Sample preparation and data acquisition. The filtrates treated or not with TG
were solubilized in 70% ethanol (HPLC grade - Sigma, Switzerland). A 1 pL drop of the
samples was deposited on a spot of a polished steel target (MTP384 polished steel target;
Bruker Daltonics, Bremen, Germany) and air-dried. Each spot was then covered with 1 pL of
the matrix. The matrix was a daily prepared saturated solution of a-cyano-4-
hydroxycinnamic acid (CHCA - Sigma, Basel, Switzerland). The droplets were allowed to dry
at room temperature prior to analysis. MALDI-TOF analysis was performed in a Bruker
Autoflex Ill, equipped with Smartbeam TM laser technology (Bremen, Germany). MS data

was acquired in positive reflector mode between m/z 700 to 3500.

Data processing. Raw data was pre-processed by Flex Analysis (3.4 software
Bruker Daltonics) including baseline subtraction, spectra smoothing and alignment. In order
to efficiently evaluate the data from a mass spectrum, it is necessary to properly generate a
mass list. The SNAP (Sophisticated Numerical Annotation Procedure) algorithm was applied
to data derived from samples. Since it generates a list of monoisotopic masses, which is
preferable to a peak list containing averaged masses or a list of all the individual isotopic
masses to improve mass accuracy and reduce the complexity and redundancy. Data was
normalized by sum and auto-scaled. Pre-processed data was converted to .csv (Comma-
Separated Values) files. After data pre-processing, samples were classified according to

their peptide fingerprinting.

4.2.10. Sensory analysis

Sensory tests were carried out in individually air-conditioned booths in the Sensory
Analysis Laboratory of the Faculty of Food Engineering (University of Campinas, Brazil).
Sensory analyses were approved by the Research Ethics Committee of University of
Campinas, protocol number CAAE 37308414.8.0000.5404 (Campinas, SP, Brazil). The
sensory analyses were carried out in accordance with the Declaration of Helsinki. The time-
intensity analysis was performed to evaluate the bitter taste of the filtrates before and after

TG treatment.

Microbiological analysis. The samples were prepared in a food-grade laboratory
and the hydrolysis process was adjusted to be safe for use in foods. The samples were
tested for total and fecal coliforms, and Salmonella spp. before sensory analysis begins. The
coliforms were determined at 30-35°C and at 45°C by the multiple-tubes, most probable
number (MPN) technique, as described by ISO 4831:2006 and ISO7251:2005. The presence

of Salmonella spp. was determined by Bax® System real-time PCR according to AOAC



Capitulo 4. Artigo 2 89

2003.09 method. ** All samples showed less than 0.3 MPN mL™ of total and fecal coliforms.
Salmonella spp. was absent in all samples. The results of microbiological analyses confirm
that the samples were produced under adequate hygienic-sanitary conditions and pose no
health risk to the panelists.

Pre-selection of panelists. Tetrad tests applied to Wald’s sequential analysis *

were used to select potential panelists with discriminatory ability for time-intensity analysis.
Seventeen volunteers were recruited among students and staff at UNICAMP, and standard
solution of caffeine ranging from 0.3 to 5.2 mg mL™ were presented in order of increasing
difficulty, i.e., from great to very small difference in concentration. Fifteen individuals were

selected as potential panelists.

Training of sensory panel. The samples were compared against different caffeine
solutions in order to determine the reference of strong bitterness. Caffeine concentration at
2.6 mg mL™ was chosen as the reference of maximum intensity for bitter taste by a
consensus of all judges. Training for the formation of sensory memory and equalization
among the panelists was performed by direct contact of the individuals with the reference of

maximum intensity for bitter taste in four training sessions.

Selection of panelists. The panelists were trained to use Time-Intensity Analysis of
Flavors and Tastes (TIAFT) software. ** The panelists evaluated the bitter taste of the
samples using a computer mouse to record the perceived intensity of bitterness on a 10-
continuum (0 = none, 4.5 = moderate and 9 = strong) over time. The test conditions were
previously standardized using TIAFT software: (a) initial waiting time, 15 s, (b) time with
sample in mouth, 10 s, and (c) time after ingestion, 60 s. The software analyzed the data
collected during each sensory evaluation session and provided the following parameters: Inax
(maximum intensity recorded by the judge); Tinax (time in which the maximum intensity was
recorded); Area (area of the time curve x intensity) and Ty, (total duration time of the
stimulus). *° The samples were presented monadically with four repetitions. Twelve panelists
were selected based on their discrimination power, repeatability and agreement with the
panel *' as verified by two-factor analysis of variance (sample and repetition), using

significant Fsampie @S p < 0.50 and non-significant repetition as p > 0.05.

Evaluation of bitter taste. The bitter taste of the samples was assessed by time-
intensity analysis. The samples were rehydrated at 2% of protein (w/v) with sterile deionized
water. This protein concentration was within the range of commercially available
hypoallergenic formulas (1.6 to 2.1 g/100 mL), ® and of the recommended protein content by
European Society for Pediatric Gastroenterology, Hepatology and Nutrition (1.8 to 3.0 g/100

kcal). ** All samples were presented monadically to panelists at room temperature in 7 mL
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sample cups coded with random three-digit number. In each session, water and unsalted
crackers were provided for palate cleansing between samples. The selected panelists (n =
12) evaluated all samples with four repetitions. At the end of the test, the time—intensity
curves were obtained and the data was collected (Imax Timax, Area, and Tyy).

Statistical analysis. The statistical analysis of time-intensity test was performed
considering each panelist and their repetition. The parameters obtained by time-intensity
curves were evaluated by analysis of variance and Tukey’s test (p< 0.05) using the Statistical

Analysis System (SAS) 9.4 software.

4.3. Results and discussion

4.3.1. Electrophoretic characterization of WPI hydrolysates and their ultrafiltered

fractions

In a previous study, we found that the residual antigenicity of WPI hydrolysates
obtained with Alcalase under uncontrolled pH condition was mainly related to the presence of
intact BSA and/or the exposure of hidden epitopes by hydrolysis process. ® Thus, in the
present study, the hydrolysates were ultrafiltered using a 5 kDa cutoff membrane to separate

low MM peptides from higher MM peptides and unhydrolysed and partially hydrolyzed BSA

The electrophoretic profile (SDS-PAGE) of the hydrolysates and their fractions are
shown in Figure 1A. Electrophoresis revealed that the a-La (14.4 kDa) and 3-Lg (18.4 kDa)
were cleaved in both hydrolysates, H3 and H7, confirmed by the complete disappearance of
their correspondent bands while intact BSA (66.4 kDa) remained in both hydrolysates,
confirming our previous results. # After ultrafiltration, BSA was only observed in the profiles
of the retentates (> 5 kDa), showing the process effectiveness in separating this protein. In
the SDS-PAGE/Tricine analysis (Figure 1B) no band was observed in the profiles of the HF3
and HF7 (Figure 1B, lanes 3 and 6), suggesting that these fractions contain mostly peptides

smaller than 3.5 kDa, which are not stained by Coomassie Blue. 29
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Figure 4.1: Electrophoresis profile of WPI, hydrolysates and their fractions. (A) SDS-PAGE profile
(polyacrylamide gel 12%): (1) WPI; (2) H3; (3) HR3; (4) HF3; (5) H7; (6) HR7; (7) HF7; (8) Molecular
mass (MM) standard (14.4 — 97.4 kDa). (A) SDS-PAGE/Tricine profile under reducing conditions of
the: (1) H3; (2) HR3; (3) HF3; (4) H7; (5) HR7; (6) HF7; (7) WPI; (8) MM standard (3.5 — 26.6 kDa).

4.3.2. TG treatment: effect on low molecular mass hydrolysates fractions
characteristics

Considering that low MM peptides are usually used in hypoallergenic formulas
because they are less antigenic and are better absorbed by the gastrointestinal tract, > % 3¢
the filtrates (MM < 5 kDa) were used to be treated with TG to continue this study.

The MM distribution obtained by SE-HPLC is shown in Table 4.1. HF3 and HF7
presented approximately 16% of peptides between 1.4 and 3.5 kDa and 83% of peptides
smaller than 1.4 kDa. After the TG treatment, the samples showed a slight increase in
peptides with MM from 1.4 to 3.5 kDa (Table 4.1).
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Table 4.1: Peptide molecular mass (MM) relative composition (%) of whey protein
hydrolysates and their filtrates, before and after treatment with transglutaminase (TG).

Molecular mass

Samples
> 66 kDa 6.5-14.4 kDa 1.4-3.5 kDa < 1.4 kDa
H3 n.d. 151 16.32 82.17
HE3 n.d. n.d. 16.11 83.90
HE3-TG n.d. n.d. 17.60 82.90
H7 0.23 2.36 18.26 79.15
HE7 n.d. n.d. 16.95 83.06
HE7-TG n.d. n.d. 19.84 80.16

H3: hydrolysate obtained using 3% of protein; H7: hydrolysate obtained using 7% of protein; HF3: H3
hydrolysate fraction containing peptides < 5 kDa; HF7: H7 hydrolysate fraction containing peptides < 5
kDa; HF3-TG: HF3 treated with transglutaminase; HF7-TG: HF7 treated with transglutaminase.

n.d. = not detect.

The chromatographic profiles obtained by RP-HPLC are shown in Figure 4.2. HF3
and HF7 presented some differences in their profiles, especially the intensity of the peaks in
the regions of high and medium hydrophilicity. This result is in accordance with a previous
study, in which we found that different WPI concentrations altered the cleavage pattern of
Alcalase and, consequently, the profile of released peptides. ® The chromatograms of the
HF3-TG and HF7-TG showed different peak intensities in the regions of high and medium
hydrophilicity and disappearance of a peak eluted at 26.0 min (in the region of low
hydrophilicity) which was observed in the chromatograms of their non-TG treated
counterparts (Figure 4.2).
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Figure 4.2: Reverse phase-high performance liquid chromatography profiles. Comparison between
peptide profiles of the filtrates before (HF3 and HF7) and after treatment with transglutaminase (HF3-
TG and HF7-TG). Regions labeled I, Il and Il are high hydrophilicity, medium hydrophilicity and low
hydrophilicity, respectively.
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The fluorescence spectra of the filtrates before and after TG treatment are shown in
Figure 4.3. No Anax shift was observed as a result of TG-catalyzed reaction (Figure 4.3),
which indicates that the dielectric environment of Trp residues was not altered in any
significant way. * However, a slight decrease in fluorescence intensity was observed in the
both TG-treated samples as compared to their respective non treated counterpart, which was
less intense for HF7. This decrease in fluorescence intensity may be provoked by the
exposure of the Trp residues to a more polar environment * and/or their relocation next to
amino acids residues and the peptide bond. * The TG treatment may have altered the
spatial conformation of peptides, impacting the microenvironment of Trp residues and its

proximity to quenching groups and leading to lower intensities of fluorescence emission.
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Figure 4.3: Fluorescence emission spectra (excitation wavelength 280 nm, emission wavelength 290-
500 nm) of the filtrates before (HF3 and HF7) and after treated with transglutaminase (HF3-TG and
HF7-TG). TG corresponds to the fluorescence spectrum of transglutaminase enzyme.

Samples were also analyzed by MALDI-MS (Figure 4.4). Both HF3 and HF7
displayed peaks in the range of m/z 700-1600, however, with different relative intensities.
The algorithm SNAP detected a greater number of peaks for HF3, whereas HF7 exhibited

only two peaks at m/z 2109 and m/z 2534, which were also observed in HF3 spectrum.

After TG treatment, changes in peptides profile were observed (Figures 4.4). In
contrast to HF3, peptides at m/z lower than 1600 were not present in HF3-TG and the
peptides at m/z between 700 and 1600 exhibited different relative intensities. The majority of
peptide signals between m/z 700-1600 were not detected in HF7-TG, and the signals at m/z
2109 and 2534 were no longer detected. The reaction catalyzed by TG between the residues
of Glu and Lys may have suppressed peptide ionization, leading to the non-detection of

these peptide signals. Figure 4.5 shows the results graphically as heatmaps that provide
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intuitive visualization of the ions distribution over the samples. lons at m/z 904 and m/z 1058

have highest intensity in HF3, whereas ions at m/z 852 and 1014 showed highest intensity in
HF3-TG. On the other hand, for HF7 and HF7-TG, the ions with highest intensity were those
at m/z 942 and at m/z 948 for HF7, and at m/z 1124 and m/z 1146 for HF7-TG. These
peptide profile changes suggest that ions ranging from m/z 1600 to 3000 for both samples

and ions ranging from m/z 700 to 1600 for HF7 were involved in the TG-catalyzed reaction.
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Figure 4.4: MALDI MS fingerprinting of the samples: HF3, filtrate from whey protein hydrolysate
obtained with 3% protein and HF3-TG, HF3 treated with transglutaminase (TG); and HF7, filtrate from
whey protein hydrolysates obtained with 7% protein and HF7-TG, HF7 treated with TG.
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Figure 4.5: Heatmaps comparing for samples: HF3, filtrate from whey protein hydrolysate obtained
with 3% protein and HF3-TG, HF3 treated with transglutaminase (TG); and HF7, filtrate from whey
protein hydrolysates obtained with 7% protein and HF7-TG, HF7 treated with TG. Each colored cell on
the map corresponds to a relative intensity value in their data table; samples are organized in rows
and features/compounds in columns.
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After TG treatment, the majority of the peptides (= 80%) remained smaller than 1.4
kDa. This occurred possibly because a significant amount of short peptides with no lysine
and glutamine residues were generated, which are incapable to form cross-links, limiting the
action of TG and, consequently, the MM increase. *’ Slight modifications in peptides structure
and peptide profile, indicated by intrinsic fluorescence and RP-HPLC, were observed as a
result of TG treatment. MALDI-MS results also showed changes in peptide profile after TG
treatment, especially concerning ions at m/z 1600 to 3000. Figure 4.6 illustrates the TG
action in peptides < 5 kDa of the WPI hydrolysates.
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Figure 4.6: Proposed model for whey protein (WPI) peptides (< 5 kDa) modifications by the
transglutaminase (TG).

4.3.3. Impact of the TG treatment on the bitter taste

The bitterness of the filtrate fractions (< 5 kDa) untreated and TG treated was
evaluated by time-intensity analysis with twelve selected panelists and the average of
parameters of the time-intensity curves are shown in Table 4.2. The characteristics of the
time-intensity curves recorded for the bitter stimulus are represented graphically in Figure
4.7. The HF3-TG and HF7-TG samples did not differ (p > 0.05) from non-TG treated samples
in any parameters of time-intensity curve (Table 4.2). All samples showed high intensity

stimulus and prolonged time for bitterness sensation, resulting in large area of the time-
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intensity curves. For all samples the stimulus to bitterness demanded a long time to be
perceived by the panelists and the bitter taste remained in the mouth for a long time.

Despite some structural changes observed as a result of TG treatment, no
difference in the intensity or perception of bitter taste among samples was detected,
suggesting that they were not sufficient to modify the interaction between peptide and taste
receptor. In order to bind to bitter taste receptors, peptides must possess two determinant
sites, a bulky hydrophobic group as the binding unit and a bulky basic (including a-amino
groups) or hydrophobic group as stimulating unit. ¥ The vicinity of these two sites in the
steric conformation of peptides play an essential role, the optimal steric distance between the
two sites is estimated as 4.1 A, with a pocket size as 15 A, allowing the contact of the taste
buds with the peptide of up to eight amino acids. ** *° The cross-linking reaction slightly
increased the peptide MM but most peptides remained with less than 1.4 kDa, which are still
capable to bind to the taste buds. Furthermore, the large amount of peptides with less than
1.4 kDa may have hindered the formation of hydrophobic interactions, since peptides with
MM range of 3.0 to 6.0 kDa are required to form hydrophobic interactions among

themselves. ’

Table 4.2: Time-intensity curve parameters of the filtrates before and after treatment with
transglutaminase (TG).

Samples TIMAX IMAX AREA TTOT
HF3 10.36 % 6.55 ° 156.88 ¢ 37.99°
HF3-TG 10.88? 6.61° 143.17° 38.45°
HF7 10.73% 6.28 ° 137.91° 37.46°
HF7-TG 10.43° 6.51° 147.46 # 37.70 %

HF3 and HF7: filtrates; HF3-TG and HF7-TG: HF3 and HF7 (respectively) treated with TG.. TIMAX,
time in which the maximum intensity was recorded; IMAX, maximum intensity recorded by the judge;
AREA, area of the time curve x intensity; and TTOT (total duration time of the stimulus)

* Means followed by different lowercase letters in the same column are significantly different (Tukey’s
test, p < 0.05).
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Figure 4.7: Time-intensity curve for bitter taste stimulus of filtrates before and after treatment with
transglutaminase.

4.4. Conclusion

As a consequence of TG treatment of the filtrates, cross-linking catalyzed by TG
occurred, leading to a slight increase of MM and changes in spatial conformation of the
peptides. The differences in peptides profiles between the hydrolysates influenced TG action.
No reduction in bitterness of the hydrolysates was observed as a consequence of TG
treatment, possibly because the bitterness of the protein hydrolysates is associated with
peptides smaller than 1000 Da and the significant amount of short peptides with no lysine or
glutamine residues released by WPI hydrolysis limited the TG action.
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CAPITULO 5. ARTIGO 3. Sensitizing capacity of whey protein hydrolysate submitted to

transglutaminase treatment in a mouse model for cow’s milk allergy
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Background

Enzymatic hydrolysis is the widely used for reducing the antigenicity of milk proteins.
However, linear epitopes may survive the hydrolysis process. The combination of enzymatic
hydrolysis followed by treatment with transglutaminase (TG) of whey protein isolate (WPI)
has been studied as way to reduce immunoreactivity of protein hydrolysates. Apart from in
vitro assays, to demonstrate that modified proteins may be considered hypoallergenic, it is
required that the sensitizing capacity should be tested in an animal model of allergenicity.

Objective

Our objective was to assess the impact of TG treatment of filtrates (molecular mass < 5.0
kDa) obtained from whey protein hydrolysate on the IgE-binding capacity in vitro and on the

ability to induce sensitization in a mouse model.
Methods

The ELISA method was used to evaluate the specific IgE-binding response of the samples
using serum antibodies from sensitized animals. Mice were orally sensitized with WPI or with
filtrate treated or not with TG using cholera toxin as adjuvant. Whey protein specific IgE,

IgG1 and IgG2a concentrations were determined after challenge with whey protein isolate.
Results

The filtrates before and after TG treatment showed no specific IgE-binding response. In
contrast to whey protein isolate sensitization, no detectable level of WPI-specific IgE, 1gG1,
and 1gG2a antibodies were observed in sensitized mice with filtrates treated or not with TG.

Conclusion

The TG treatment had no further effect on reducing sensitizing capacity of filtrates. Both
filtrates did not react to specific IgE and the filtrate obtained from hydrolysate produced with

7% of protein did not promote WPI-specific IgE or IgG1 antibodies.



Capitulo 5. Artigo 3 103

5.1. Introduction

The cow’s milk is the leading cause of food allergy in infants and children under the
age of three [1]. Cow’s milk allergy corresponds to an inappropriate immune response
characterized by a disruption of the Th1/Th2 balance toward a predominantly Th2-profile.
The shift toward Th2 determines allergic responses, while Thl cytokines are supposed to
suppress these reactions [2]. The Thl-derived cytokine IFN-y inhibits the proliferation of Th2
lymphocytes [3]. The Th2 effector-cells secrete cytokines IL-4 and IL-13 which induce B cell
activation and class switching to IgE. Binding of IgE to the high affinity receptor FceRI on
mast cells or basophils followed by cross-linking of the IgE antibodies to food allergen elicits

degranulation and the release of inflammatory mediators [4].

Cow’s milk proteins hydrolysates produced by enzymatic hydrolysis followed or not
by ultrafiltration are widely used in hypoallergenic formulas. These formulas are generally
categorized as partial or extensively hydrolyzed based on the degree of hydrolysis and the
length of the peptides [5]. However, residual antigenicity of protein hydrolysates cannot be
predicted only by the MM distribution of the peptides. The American Academy of Pediatrics
and the European Commission establish that the hypoallergenicity of new infant formulas

needs to be assessed by preclinical testing before to be tested in trials using humans [6, 7].

Residual antigenicity of new infant formulas can be determined by measuring the
binding response to serum antibodies from sensitized animals or humans using in vitro
methods. The decrease in the ability of IgE to bind to the modified protein gives a first
indication of reduced antigenicity of the formula [8, 9]. According to the America American
Pediatrics besides the in vitro data, for safety reasons, the hypoallergenic formulas should
not be able to sensitize animals [6]. During the sensitization phase, the production of
allergen-specific IgE antibodies may occur upon the exposure to a food protein, once this

phase is completed, the individual is primed to react to the allergen [4].

Enzymatic hydrolysis persists as the most commonly used method for destroying
epitopes and producing hypoallergenic formulas [10]. However, the effectiveness of
hydrolysis in reducing protein antigenicity depends on the enzyme specificity and reaction
conditions [11]. Studies have been reported residual antigenicity in commercial hydrolyzed
proteins-based formulas due to the presence of intact epitopes which are not disrupted by
hydrolysis process [12-15]. Transglutaminase (TG) has been considering a promising
strategy to modify protein antigenicity [16-18]. TG catalyzes acyl transfer reactions between
glutamine residues and an primary amine, including €-amine group of lysine residue in
proteins/peptides [10, 19], which can change both conformational and linear epitopes and

hence may modify antigenic response of proteins [20].
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Studies have showed that the post-hydrolysis treatment with TG significantly
decreased or did not have significant effect on antigenic response of the hydrolysates [20-
24]. In the present study, whey protein isolate (WPI) was hydrolyzed using Alcalase,
ultrafiltered, and filtrates (< 5.0 kDa fractions) were treated with TG. The impact of the
combinations of these treatments on IgE-binding capacity and ability to induce sensitization
were evaluated. The sensitizing capacity was assessed by an in vivo mouse model using
oral sensitization in order to consider digestion process and gastrointestinal barriers, which

mimics the human route [5].

5.2. Material and methods
5.2.1. Materials

WPl PROVON® (Glanbia Nutritionals, Kilkenny, Ireland) was obtained from a local
market. The total nitrogen content of WPI was determined by micro-Kjeldahl method
(Horwitz, 2006) and the protein content, 90.4% + 1.7, was calculated using 6.38 as a
conversion factor. The proteins a-lactalbumin (a-La; Type Ill, L6010), B-lactoglobulin (B-Lg;
L3908) and bovine serum albumin (BSA; A2153) from bovine milk, and Alcalase (EC
3.4.21.62; protease from B. licheniformis) were purchased from Sigma-Aldrich® (St. Louis,
MO, USA). A commercial preparation of TG (Activa®), consisting of a mixture containing
99% maltodextrin and 1% TG, was donated by Ajinomoto Co. (S&o Paulo, SP, Brazil).

The antibodies used were: mouse IgE Balb/c isotype control (Abcam®, Cambridge,
MA, USA), purified rat anti-mouse IgE monoclonal antibody (BD Biosciences, San Diego,
CA, USA), HRP-conjugated goat anti-Rat IgG whole molecule (Sigma Chemical Co., St.
Louis, MO, USA), purified mouse IgG1 K isotype control and purified mouse IgG2a k isotype
control (BD Biosciences, San Diego, CA, USA), goat anti-mouse IgG1 heavy chain (HRP)
and goat anti-mouse IgG2a heavy chain (HRP) (Abcam®, Cambridge, MA, USA).

5.2.2. Preparation of whey protein isolate hydrolysates

The WPI hydrolysates with Alcalase were obtained under the conditions established
by Carvalho, Pessato, Fernandes, Zollner and Netto [25]. Briefly, WPI was diluted to obtain 3
or 7% (wi/v) of protein and hydrolysis with Alcalase was performed using 100 U g™ of protein.
The enzymatic activity of Alcalase was 8.96 U mg™, determined according to Emi, Myers and
lacobucci [26]. One unit (U) of enzyme activity corresponds to the amount of enzyme that
produces 10% TCA (trichloroacetic acid) soluble peptide equivalent to 1 pg of tyrosine in 1

min. The hydrolysis reactions were carried out for 180 min at 60 °C and pH was initially
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adjusted to 8.5 using 1 mol L™ Na,COs. After 180 min, the reaction was stopped by heating
at 90 °C for 10 min. The hydrolysates were ultrafiltered according to using an ultrafiltration
system Pellicon® (Millipore, Bedford, MA, USA) and a membrane with cutoff of 5 kDa
(Cartridge Prep/Scale: — TFF 6 ft2) to obtain filtrate (MM < 5 kDa). For ultrafiltration, the
hydrolysate obtained with 7% of protein was diluted to half of its concentration and the
hydrolysate obtained with 3% of protein was not diluted. Six diafiltration cycles were done,
with the addition of water at constant volume. The filtrates were named as HF3 and HF7
according to the substrate concentration of the hydrolysate. The filtrates were frozen and

freeze-dried.

5.2.3. Post-hydrolysis TG treatment

The filtrates were treated with TG according to the conditions established by Villas-
Boas, Vieira, Trevizan, de Lima Zollner and Netto [16]. Briefly, the hydrolysates were
rehydrated to obtain 7% of protein and 10 U g*of protein TG were added. The enzymatic
activity of TG was 43.6 U mg™ measured according to Folk and Cole [27]. One unit of TG
activity corresponds to the amount of enzyme that catalyzes the formation of 1 pmol min™ of
hydroxamic acid. The reactions were carried out at pH 8.0 for 180 min at 50 °C. After 180
min, the reaction mixture was cooled down in an ice bath, frozen and freeze-dried. The TG-
treated samples were indicated by HF3-TG and HF7-TG.

5.2.4. Protein determination
The total nitrogen content of the samples was determined by micro-Kjeldahl method,

and the protein content was calculated using 6.38 as conversion factor [28].

5.2.5. Mice

Four-week-old specific pathogen-free female BALB/c and C3H/HePas mice were
obtained from the Multidisciplinary Centre for Biological Research, University of Campinas
(Cemib-Unicamp), and maintained on a cow milk-free diet ad libitum (Nuvilab®, Curitiba,
Brazil) and kept under specific conditions with controlled light, temperature and humidity in
the Laboratory of Translational Immunology (LTI) facilities. The experiment was approved by
the Ethics Committee on Animal Experiments of University of Campinas protocols numbers
3295-1 and 4285-1 (Campinas, SP, Brazil).
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5.2.6. IgE-binding capacity by ELISA

The IgE-binding capacity of the filtrates before and after TG treatment was
evaluated by indirect ELISA using sera from sensitized mice with a-La, B-Lg and BSA. On
day 1, BALB/c mice were sensitized by intraperitoneal injection with 50 mg of protein (a-La,
B-Lg or BSA) adsorbed in a 10% of alum, in a final volume 0.2 mL per animal [16]. A booster
subcutaneous injection was given on days 14 and 21 with 20 mg adsorbed in a 10% of alum
and 50 mg of protein per mouse, respectively, in a final volume 0.2 mL per animal. One week
after the last sensitization, the animals were sacrificed by intraperitoneal anesthesia
comprising 150 mg kg™ ketamine hydrochloride and 10 mg kg™ xylazine hydrochloride (both
from Vetbrands, Paulinia, Brazil) and peripheral blood was collected by cardiac puncture for

serum separation.

Concentration of specific IgE was determined in sera by ELISA as described
previously [25]. In short, high-binding polystyrene microtiter plates (Corning, Cambridge, MA,
USA) were coated with WPI, native BSA, a-La and B-Lg, or hydrolysates overnight at 4 °C.
Plates were washed with Tris-buffered saline (pH 7.4) containing 0.05% Tween 20 (TBS-T)
after each incubation step, using a microplate washer (BioTek ELx50, Thermo Scientific,
Waltham, MA, USA). Residual free binding sites were blocked for 2 h at 37 °C. Serum
samples (1:500) were applied and incubated overnight at 4 °C. The plates were incubated
with purified rat anti-mouse IgE monoclonal antibody (1:1500) for 2 h at 37 °C, followed by
incubation with HRP-conjugated goat anti-rat IgG whole molecule (1:20,000) for 2 h at 37 °C.
TMB (3,30,5,50 -tetramethylbenzidine) was added to the plates (100 mL per well) and
incubated for 30 min. The reaction was stopped using H,SO, (0.18 mol L™). Absorbance was
measured at 450 nm using an automated spectrophotometer reader (Spectra Max 190,

Molecular Devices, Toronto, ON, Canada).

5.2.7. Residual sensitizing capacity of C3H/HePas mice

To investigate the residual sensitizing capacity of WPI, HF7 and HF7-TG samples,
C3H/HePas mice were orally sensitized with a blunt needle on day 0 with 1.0 mg/g, on day 7
with 0.5 mg /g and on day 14 and 21 with 0.25 mg/g of sample dispersed in PBS (phosphate
buffered saline) mixed with 0.3 pg/g cholera toxin (Sigma-Aldrich®, St. Louis, MO, USA) as
an adjuvant. Non-sensitized mice received cholera toxin in PBS only. One week after the last
oral sensitization, mice were challenged orally with 35 mg of WPI and 30 min later blood

samples were collected. Blood samples were centrifuged and sera were stored at -20 °C.
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5.2.8. Measurement of WPI-specific serum IgE, 1gG1 and IgG2a

WPI-specific serum IgE was measured by indirect ELISA as described above. WPI-
specific serum 1gG1l and IgG2a were measured by direct ELISA. In brief, high-binding
polystyrene microtitre plates (Corning, Cambridge, MA, USA) were coated with WPI
overnight at 4 °C. Plates were washed with Tris-buffered saline (pH 7.4) containing 0.05%
Tween 20 (TBS-T) after each incubation step, using a microplate washer (BioTek ELx50,
Thermo Scientific, Waltham, MA, USA). Residual free binding sites were blocked for 2 h at
37 °C. For IgG1 ELISA, serum samples (1:1000) were applied and incubated for 2 h at 37
°C. The plates were incubated with goat anti-mouse IgG1 heavy chain (HRP) (1:400,000) for
1 h at 37 °C, followed by incubation with TMB for 15 min. For IgG2a ELISA, serum samples
(1:500) were applied and incubated for 2 h at 37 °C. The plates were incubated with goat
anti-mouse 1gG2a heavy chain (HRP) (1:500,000) for 1 h at 37 °C, followed by incubation
with TMB for 15 min. The reaction was stopped using H,SO, (0.18 mol L™). Absorbance was
measured at 450 nm using an automated spectrophotometer reader.

5.3. Results and discussion
5.3.1. IgE-binding capacity of the filtrates before and after TG treatment

In a previous study, we found residual antigenic activity in WPl hydrolysates
obtained with Alcalase under uncontrolled pH condition which was related to intact BSA
and/or antigenic peptides [25]. In the present study, the hydrolysates were ultrafiltered using
a 5.0 kDa cutoff membrane, in order to separate unhydrolysed and partially hydrolyzed BSA.
Although low MM peptides are less antigenic and usually used in hypoallergenic formulas,
whey peptides of 3000 Da are still capable to elicit an immunological response [29]. Thus,

the filtrates were treated with TG.

The ELISA method was used to evaluate the impact of the changes induced by TG
on specific IgE-binding response of the filtrates (Figure 5.1). The specific IgE response was
significantly higher in groups sensitized with intact whey proteins (a-La, $-Lg, or BSA) than in
control group (sensitized with alum without proteins, non-sens). The sera from a-La-, 3-Lg-
and BSA-sensitized mice had a high reactivity to their respective antigenic proteins and no
cross-reactivity with other proteins was detected (data not shown), indicating that

sensitization protocol was effective to elicit specific IgE antibodies.

The samples HF3 and HF7 - before and after TG treatment - showed no specific
IgE-binding response, with values of anti-a-La, anti-B-Lg and anti-BSA IgE below the ELISA
detection limit (< 0.025 pyg mL™Y). The decrease in IgE-binding capacity suggests that

epitopes of all proteins tested were cleaved during hydrolysis with Alcalase and/or were
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excluded by the ultrafiltration, TG-catalyzed reactions had no further impact on specific IgE-
binding of the samples. Similar result was obtained for B-Lg hydrolysates obtained with
Alcalase [21, 22]. However, B-Lg hydrolyzed with Alcalase showed an increment in the
response to specific IgE after in vitro gastric digestion whereas the immunoreactivity of TG-
treated B-Lg hydrolysate remained almost null [22], suggesting that the combination of
hydrolysis with Alcalase followed by TG treatment might have implications in sensitizing
capacity and in eliciting allergy response. Conformational epitopes collapse during
hydrolysis, while linear epitopes may survive the process and be masked by formation of

peptides aggregates, which can be exposed by digestion process.
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Figure 5.1: IgE-binding capacity of the filtrates before (HF3 and HF7) and after treatment with
transglutaminase (TG) (HF3-TG and HF7-TG) determined by ELISA assays using sera from mice
sensitized to: (A) B-Lg; (B) a-La; and (C) BSA. The mice sensitized with alum without protein were
named as non-sens (A, B, and C). Data were expressed as mean + SD of five mice per group.

5.3.2. Impact of TG treatment on residual sensitizing capacity

Since there was no difference in IgE-binding capacity among the filtrates treated or
not with TG, the HF7 and HF7-TG samples were selected because the HF7 sample seems

to have undergone more changes after TG treatment in previous study [30]. Therefore the
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sensitizing capacity of HF7 before and after TG treatment was assessed by an oral
sensitization in order to evaluate the influence of digestion process and gastrointestinal
barriers involved in sensitizing phase of allergy.

Mouse model of orally induced CMA has been used successfully to study the
sensitizing capacity of whey protein hydrolysates [5, 9]. In mice, the Th2 response induces
the IgE and 1gG1 production, while Th1l response leads to the 1gG2a production [31]. Thus,
lgG2a and IgGl immunoglobulin isotypes as markers for Thl and Th2 lymphocytes,
respectively, were investigated in mice exposed to WPI, HF7 or HF7-TG samples. The WPI-
specific IgE and IgG1 levels were strongly enhanced in mice sensitized with WPI compared
to mice sensitized only with cholera toxin (non-sens), whereas sensitization with WPI did not
induce WPI-specific IgG2a response in three mice and resulted in low IlgG2a response in one
mouse (Figure 5.2). These results show a response essentially Th2-profile, confirming that

the mouse model was adequate to assess the sensitizing capacity of whey proteins.

In contrast to sensitization with WPI, sensitization with HF7 or HF7-TG did not
induce any detectable level of WPI-specific IgE, IgG1, and IgG2a antibodies, which indicate
that the digestion did not release any antigenic peptides capable to stimulate the production
of WPI-specific antibodies. Administration of HF7 and HF7-TG plus cholera toxin did not lead
to production of WPI-specific antibodies. Therefore we can consider that these samples are
complying with the recommendations of American Academy Pediatrics and European
Guidelines which establish that hypoallergenic formulas must prevent potential sensitization
in animals. No significant difference was observed between HF7 and HF7-TG sensitized
mice (Figura 5.2), indicating that the decrease in sensitizing capacity of WPI peptides lower
5.0 kDa seems to be independent of the TG treatment.
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Figure 5.2: Levels of WPI-specific IgE (A), IgG1 (B), and IgG2a (C) in sera from mice sensitized with
cholera toxin (CT), WPI, filtrate before (HF7) or after TG treatment (HF7-TG). Data are expressed as
individual values.

5.4. Conclusion

The TG treatment had no effect on reducing the antigenicity of the filtrates (< 5.
kDa) from WPI hydrolysates with Alcalase. The results from orally sensitizing mouse model
showed that the digestion of the samples - TG-treated or not - did not release any additional
epitope. Both filtrates studied showed no reaction toward specific IgE and the HF7 filtrate did
not generate WPI-specific IgE or IgGl antibodies in mice, therefore showing reduced
possibility to elicit allergenic response. Therefore the WPI hydrolysis with Alcalase followed

by ultrafiltration is a potential alternative for obtaining of hypoallergenic food products.
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CAPITULO 6. DISCUSSAO GERAL

6.1. Discussao Geral

A hidrélise enziméatica ainda € o método mais utilizado para a destruicao de epitopos
nas proteinas e obtencdo de férmulas hipoalergénicas, especialmente formulas infantis
direcionadas para criancas alérgicas as proteinas do leite de vaca (AGYARE e
DAMODARAN, 2010). No entanto, essas formulas podem ainda apresentar antigenicidade
residual (PUERTA, DIEZ-MASA e DE FRUTOS, 2006; BRAHIM et al., 2012) e possuem
forte gosto amargo (NEWMAN et al., 2015). A combinacédo da hidrélise enzimatica seguida
pelo tratamento com TG mostrou-se como uma estratégia promissora para hipoalergénicos
reducdo da antigenicidade das proteinas do soro de leite (WROBLEWSKA et al., 2008) e
diminuir o gosto amargo de hidrolisados proteicos (BABIKER et al., 1996).

Dessa forma, este trabalho teve como objetivos estudar as alteragbes no IPS
provocadas pela combinag&o da hidrélise com Alcalase e tratamento com TG e o impacto no
gosto amargo dos hidrolisados e na antigenicidade das proteinas. Seguindo os critérios
definidos pela American Academy of Pediatrics (AAP, 2000), para a avaliagdo da
hipoalergenicidade de férmulas, a antigenicidade das amostras foi avaliada pela medida da
sua capacidade de ligacdo a anticorpos IgE especificos obtidos do soro de animais

imunizados e capacidade de induzir a sensibilizacdo em modelos animais de alergia.

Em estudos anteriores, verificamos que a hidrélise com Alcalase foi capaz de reduzir
significativamente a antigenicidade da B-Lg in vitro. Todavia, esse resultado foi obtido pela
hidrélise desta proteina sob condicbes de pH controlado (SABADIN et al., 2012; VILLAS-
BOAS et al., 2015). Do ponto de vista industrial, hidrélise sem controle de pH é mais viavel,
uma vez que simplifica o processo, diminui os riscos de contaminagdo e minimiza a adicdo
de sais ao produto (LE MAUX et al., 2016), aspectos relevantes especialmente na producéo
de alimentos voltados para o publico infantil. Dessa forma, neste trabalho optamos por
realizar as reacfes de hidrolise sem o controle de pH a fim de simular a condicdo
empregada na industria. Antes disso, no entanto, o impacto dos processos de hidrélise
enzimatica conduzidos com e sem controle do pH na antigenicidade dos hidrolisados foi

investigado.

Os hidrolisados foram obtidos a partir da hidrolise do IPS com Alcalase sob
condi¢cdes de pH controlado e ndo-controlado, utilizando duas concentragcbes de substrato
(Sw), 3 e 7% de proteina, e duas relacdes de enzima:substrato (E/S), 50 e 100 U g*. Nas
hidrélises sem controle, o pH diminuiu de 8,5 para 7,0 nos primeiros 15 minutos da reacao e

permaneceu constante até o final do processo, devido a formacao de um sistema tamp&o no
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meio reacional (SOUSA JR et al., 2004). Apesar da diferenca de pH nas hidrélises sem
controle de pH, ndo houve diferenca significativa no grau de hidrélise (GH) entre os
hidrolisados obtidos com as mesmas Sy, e E/S (Tabela 3.2), possivelmente porque o pH
manteve-se na faixa de atividade da Alcalase (YUST et al., 2010).

O GH dos hidrolisados, no entanto, foi significativamente afetado pela Sy, e E/S
(Tabela 3.2). O GH aumentou com o aumento da E/S, entretanto esse aumento néo foi
proporcional a quantidade de enzima adicionada a mais (Tabela 3.3) devido a exaustdo dos
sitios de clivagem no substrato (ISHIBASHI et al., 1988b). O aumento da Sy, por sua vez,
resultou na diminuicdo no GH dos hidrolisados (Tabela 3.3). O aumento da Sy levou a um
deslocamento de maior quantidade de agua para hidratacdo das proteinas e peptideos o
gue, consequentemente, diminuiu a quantidade de agua livre disponivel no sistema para o
desenvolvimento da reacdo enzimatica (HARDT, VAN DER GOOT e BOOM, 2013; BUTRE
et al., 2014; HARDT et al., 2014).

Aos 15 minutos de hidrélise, os hidrolisados obtidos com e sem controle de pH e
iguais Sy, e E/S apresentaram perfil cromatogréafico (Figura 3.3 B-E) e de distribuicdo de
massa molecular (MM) dos peptideos (Figura 3.2 C) muito similares. Entretanto, aos 180
minutos de hidrélise, foram observadas diferencas entre esses hidrolisados. Os hidrolisados
obtidos sem controle de pH apresentaram peptideos de maior MM que aqueles obtidos com
controle de pH e iguais Sy e E/S (Figura 3.2 D). Houve também diferenca no perfil
cromatografico entre os hidrolisados obtidos com e sem controle de pH, especialmente nas
regibes de média e alta hidrofilicidade (Figura 3.3 F-1). Esses resultados sugerem a
ocorréncia de mudancas no padréao de hidrélise da Alcalase ap6s os 15 minutos de hidrélise

guando o pH estabilizou em 7,0.

A alteracdo no padrdo de hidrolise pode ser explicada pela queda no pH de 8,5
para 7,0, a qual pode ter influenciado a seletividade da Alcalase devido as mudangas no
estado de ionizacdo dos residuos de His que comp®@e o sitio de clivagem da enzima e dos
residuos de His e Cys localizados nos subsitios do substrato (VOROB'EV et al., 2000;
BUTRE et al., 2015). O aumento na proporc¢ao de residuos de His carregados positivamente
e a reducdo na proporc¢éo de residuos de Cys desprotonados podem ter afetado a interagéo

entre a Alcalase e os sitios de clivagem proximos a esses residuos de aminoacidos.

Também foram observadas diferencas nos perfis cromatograficos (Figura 3.3) e de
distribuicdo de MM dos peptideos (Figura 3.2) entre os hidrolisados obtidos com diferentes
Sy, indicando que a concentracdo de substrato pode ter influenciado no padréo de hidrélise
da Alcalase. Alteracbes na seletividade da enzima em funcdo da S, podem estar

associadas a diferencas na acessibilidade da enzima ao substrato devido & agregacado dos
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peptideos (BUTRE et al., 2014) e a quantidade de agua livre disponivel no sistema (BUTRE,
WIERENGA e GRUPPEN, 2014).

As diferencas no perfil de peptideos e na distribuicdo de MM entre os hidrolisados
refletiram no comportamento de agregacao e conformacgéo espacial dos peptideos (Figura
3.4), e nas concentragdes de (B-Lg e a-La detectadas pelos kits comerciais de ELISA (Figura
3.5). De maneira geral, os hidrolisados obtidos sem controle de pH apresentaram maiores
concentracdes de B-Lg (p<0,05) que aqueles obtidos com controle de pH. Os hidrolisados
obtidos com 7% de proteina exibiram as maiores concentra¢des de B-Lg (p<0,05) em ambas
as condicdes de pH. Nossos resultados mostraram que a concentracdo de alérgenos
determinada por kits comerciais necessariamente ndo prediz a resposta de IgE e IgG, uma
vez que a resposta de ligagdo de IgE e IgG anti- a-La e anti- B-Lg aos hidrolisados néo
diferiu entre as condigbes de pH e Sy, (Figura 3.6).

Os resultados de ELISA e imunoblot (Figura 3.6) indicaram que, nas condi¢cbes
estudadas, a hidrélise com Alcalase é capaz de reduzir significativamente a capacidade da
a-La e B-Lg de se ligarem as IgE e IgG especificas, independente da condi¢éo de pH e S.
No entanto, a hidrélise conduzida sem controle de pH aumentou a resposta dos anticorpos
anti-BSA frente aos hidrolisados em comparacéo ao IPS, evidenciando que a hidrélise sem
controle, além de néo ter hidrolisado totalmente a BSA (Figura 3.2 B), possivelmente exp6s

epitopos ocultos na estrutura desta proteina.

Uma vez que nos hidrolisados obtidos sem controle de pH ainda foi detectada BSA
intacta, os hidrolisados foram ultrafiltrados usando membrana de corte de 5,0 kDa para a
separar a BSA néo hidrolisada e obter IPS extensivamente hidrolisado com peptideos < 5,0
kDa. Os filtrados foram ent&o tratados com TG.

Os filtrados obtidos com 3 e 7% de proteina (Sy) foram compostos por cerca de 83
a 84% de peptideos menores que 1,4 kDa e de 16 a 17% peptideos com MM entre 1,4 e 3,5
kDa (Tabela 4.1). Ap6s o tratamento com TG, observamos aumento na porcentagem de
peptideos com MM entre 1,4 e 3,5 kDa de 1,5% no filtrado obtido com 3% S, e de 3,0% no
filtrado obtido com 7%. Também foram observadas pequenas alteracdes na estrutura dos
peptideos, como indicado pelo espectro de fluorescéncia (Figura 4.3), e no perfil de
peptideos determinado por CLAE-FR (Figura 4.2), sugerindo que os peptideos sofreram
algumas alteracbes devido ao tratamento com TG. Os resultados do MALDI-MS exibiram
mudangas no espectro de massas apoés o tratamento com TG, especialmente nos peptideos
com m/z entre 1600 e 3000. Possivelmente, a presenca de significativas quantidades de

peptideos pequenos sem residuos de glutamina e lisina, os quais sdo incapazes de formar
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ligacbes cruzadas, limitou a acdo da TG e, consequentemente, as alteracdes provocadas
nos filtrados.

Embora o tratamento com TG tenha provocado alteracdes na estrutura e tamanho
dos peptideos, essas mudancas ndo foram suficiente para reduzir a intensidade do gosto
amargo ou o residual amargo dos filtrados (Tabela 4.3 e Figura 4.5). Apesar do aumento da
MM dos peptideos observado apoOs tratamento com TG, a maioria dos peptideos
permaneceram menores que 1,4 kDa, tamanho suficiente para permitir a ligagdo aos
receptores de gosto amargo (ISHIBASHI et al., 1988a). Além disso, possivelmente, a grande
quantidade de peptideos menores que 1,4 kDa impediu a formacgéo de interagbes capazes
de bloguear grupos hidrofébicos, uma vez que sao hecessarios peptideos com MM a partir
de 3,0 kDa para formar interagfes hidrofobicas entre eles (CHEISON, WANG e XU, 2007).

Os filtrados antes e apds o tratamento com TG foram avaliadas por ELISA quanto a
resposta de IgE especificas (anti-a-La, anti-B-Lg e anti-BSA). As respostas de IgE anti-a-La,
anti-B-Lg e anti-BSA foram praticamente nulas frente aos filtrados tratados ou ndo com TG,
apresentando valores de IgE especificas abaixo do limite de detec¢éo do ELISA (< 0,025 ug
mL™) (Figura 5.1). A reducdo na capacidade de ligacdo a IgE parece ter sido independente
do tratamento com TG. Esse resultado corrobora com o0s estudos anteriores nos quais o
tratamento de hidrolisados de B-Lg com TG néo teve efeito adicional na reducdo da
capacidade desses hidrolisados de se ligarem as IgE anti-B-Lg (SABADIN et al., 2012;
VILLAS-BOAS et al., 2015). No entanto, apdés a digestdo gastrica in vitro, a resposta
antigénica da B-Lg hidrolisada foi maior que a da hidrolisada tratada com TG, sugerindo que
a TG atenuou a capacidade de ligacdo as IgE especificas (VILLAS-BOAS et al., 2015). Esse
resultado nos sugeriu que a combinacdo de hidrélise e tratamento com TG poderia ter

implicacdes na capacidade de sensibilizagcéo e de inducdo de resposta alérgica in vivo.

Dessa forma, a capacidade de sensibilizacdo de HF7 e HF7-TG foi avaliada em
modelo animal utilizando um protocolo de sensibilizacdo por via oral, a fim de avaliar o
impacto do processo de digestdo e das barreiras naturais do trato gastrointestinal envolvidas
na fase de sensibilizacdo da alergia, aproximando-se assim da realidade em humanos (VAN
ESCH et al., 2011).

Os niveis de IgE e 1gG1 especificos (anti-IPS) foram elevados nos camundongos
sensibilizados com IPS comparado ao grupo nhao-sensibilizado (tratado apenas com
adjuvante), enquanto a sensibilizacdo com IPS resultou em baixa ou nenhuma inducédo da
producdo de IgG2a anti-IPS (Figura 5.2). Esse resultado mostra uma resposta
essencialmente de perfil Th2 (T helper 2), indicando que esse modelo foi adequado para o

estudo da resposta alérgica as proteinas do soro de leite. Em contraste com animais
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sensibilizados com IPS, a sensibilizacdo com HF7 ou HF7-TG nao induziu niveis detectaveis
de IgE, IgGl e IgG2a especificos (Figura 5.2), mostrando que a digestdo ndo liberou
nenhum epitopo capaz de induzir a producéo de anticorpos anti-IPS em ambas as amostras.
Portanto, tratamento com TG néo teve efeito adicional na reducdo da capacidade de
sensibilizac&o do filtrado.
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CAPITULO 7. CONCLUSAO GERAL

A concentragdo de substrato e a relacdo de enzima tiveram um impacto significativo
no GH do IPS, portanto, esses parametros sédo fatores importantes a serem considerados na
obtencdo de hidrolisados com finalidades especificas, como reducdo a antigenicidade de
proteinas. A condi¢do de pH também é um parédmetro importante nas reacdes de hidrolise,
uma vez que alterou o padrdo de hidrélise da Alcalase, resultando em hidrolisados com
distintas caracteristicas fisico-quimicas. A queda do pH durante a hidrdlise realizada sem
controle provocou mudancas no estado de ionizagdo da enzima e substrato, afetando a
interagdo entre eles. Apesar da diferenca no padrédo de hidrélise, ambas as condi¢bes de
pH, constante e sem controle, foram efetivas na reducéo da antigenicidade da a-La e B-Lg.
Entretanto, a hidrélise sem controle de pH aumentou a antigenicidade da BSA, pois, nesta

condigcdo de pH, a reacao resultou na exposi¢édo e/ou liberacdo de epitopos desta proteina.

O tratamento dos filtrados com TG levou a formacdo de ligagbes cruzadas que
resultou em discreto aumento na MM dos peptideos bem como em alteragbes na
conformacgéo espacial e perfil de hidrofilicidade. Apesar das alteragfes nas caracteristicas
dos filtrados, o tratamento com TG ndo diminuiu a intensidade do gosto amargo. A acdo da
TG foi limitada pela presenca de grande quantidade de peptideos de baixa MM (< 1,4 kDa)

sem residuos de Glu e Lys.

O tratamento com TG nédo teve beneficio adicional na reducdo da antigenicidade
dos filtrados. A resposta das IgE especificas foi praticamente nula frente ambos os filtrados,
tratados ou ndo com TG. O filtrado obtido com 7% S, antes ou apos o tratamento com TG,
ndo induziu a producdo de IgE e IgG1l especificas em camundongos, demonstrando sua
incapacidade de sensibilizar o sistema imune desses animais. A hidrélise do IPS com
Alcalase seguida por ultrafiltragcdo constitui em uma combinacdo de tratamentos em
potencial para obtencdo de alimentos hipoalergénicos, de acordo com os critérios de

avaliagcdo definidos pela American Academy of Pediactrics.

Embora as hipoteses desse trabalho, de que a hidrélise do IPS seguida pelo
tratamento com TG diminui 0 gosto amargo e € mais eficaz na reducéo da antigenicidade do
IPS, ndo tenham sido confirmadas, a combinacdo desses tratamentos enziméticos ndo
devem ser descartados. A combinagéo de hidrélise enzimética e polimerizacdo com TG tem
potencial para melhorar as propriedades tecnofuncionais (capacidade emulsificante e
espumante, gelificagdo) de proteinas. Além disso, a aplicacdo da TG na reducgdo do gosto
amargo de hidrolisados pode ser uma alternativa viavel quando associada a proteinas

parcialmente hidrolisadas.
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ANEXO 2. Certificado de aprovagdo CEUA (Comiss&o de Etica para Uso de Animais)

Comisséo de Etica no Uss de Animais
CEUAUnicamp

CERTIFICADO

Certificamos que o projto "mmg'_mlmm
ers ; 50la ‘ e leite™ (pratocelo n® 3295-1), sob
A reposabikiade o emf_m_ﬁhm_mmme
Caryalho estd de acorde com os Principios Eticos na Experimentagio Animal
adolados peda Sociedade Brasiloira de Ciéncia em Animais de Laboratdrio
{SBCAL) & com a legisiagio vigente, LEI N* 11,794, DE 8 DE OUTUBRO DE
2008, quo estebeleca procedimenice para o use centifico de animals, € o
DECRETO N* 6,899, DE 15 DE JULHO DE 2009.
A sprovacao pela CEUAUNICAMP nap dispensa sutonzacio prévia junto
20 IBAMA, 515810 ou CiBio.
O projete fol aprovade pela Comissfo de Ebca no Uso de Animais da
Universidade Estadual de Campings - CEUAJUNICAMP - em 20 de fevereiro de
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ANEXO 3. Certificado de aprovagdo CEUA 2 (Comisséo de Etica para Uso de Animais)

e ;

i o a“

b i

CERTIFICADO

Certificames que @ proposta instulaca Efeite da protedlise ¢ polmesizacdc na alergenicidads de isoladc
pfubice do soro de leibe. regsiada com o * 42851, sob a responsabiklade de Profa, Dra, Flava Marka
Hetbo @ Matilla Caldeira De Garvalho, que emvole @ produgdo, monutengio o wikzacso de animeis
perencemies ao o Chovdsls, subdlo Wevistvass (espetn o homem) pora fins de pesquisa oendlica (oo
Ensing), enconira-se de aoordo cOm oS preceRos da LEI W* 11794, DE & DE OUTUBRO DE 2008, que
poinbelece proced menios para o uso cenifico de animais, do ECRETO W* E5.888, DE 16 DE JULHD IE
2009, g com as momnes editadss pelo Conselho Maciomal de Conbrole da Experimentagdo Animal
|COMCEA), tendo sido apemvada pea Comissao de Etica mo Usa do Animais da Universidade Estadual
de Campinas - CEUAIUNICAMP, em reunilo de 04 de |ulhs de 2016,
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ANEXO 4. Certificado de aprovagdo CEP (Comisséo de Etica em Pesquisa)

FACULDADE DE CIENCIAS
MEDICAS - UNICAMP W
(CAMPUS CAMPINAS)

PARECER CONSUBSTANGIADO DO CEP

DaDOS DD FROJETO DE PESQUISA

Titulo da Pesquisa: Efeilo da asscoiacio de hidrolise ereimatica @ palmenizagio com ransglutaminase na
desenwokimenta te gosta amanga em solada protsico do soro de leile.

Peosquisador: RMatala Caldeira de Carsalha

Area Tematica:

Wersdo: 1

CAAE: JT00414.0.0000, 8404

instituigao Proponente: Faculdade de Engenharia de Alimentos
Patrocinador Principal: Financiameria Prapro

DaDOs DO FPARECER

Mimero do Parecer: 541,224
Daia da Relatoriac 20102014

Aprosentagdo do Projotac

& alergia aimentar & uma resposta imunaldgica adversa provocada por almentos em ndividuos sensiveis,
que alinge mais de &% das criangas e 3-4% dos adultos. & alergia 2o lefe de vaca (ALY &, dentre as
alergias almertares, a de maior ncidéncia em crangas, senda a leike responsasel por 40% das alergias
alimeriares &m crangas menares de um ana de wida, Os principais alérgenos do keile =30 as suas mais
abundantes profeinas, as casednas, a [aclcglbuinag e [actalbumina. & ratamenio da ALY carsisbe na
ouchsaa oe leile @ derivados da dieta. Criangas disgnosticadas com ALY podem ser almentadas com leile
makerno, mas no casa de criangas alergeas que raa eshio em akeitamenbo mabsma, a allernadva indicada &
a usa de formulas hipoalergénicas na alimentagdo infanlil. Essas farmulas sio compostas por proieinas
axlensaments hidrolisadas. & hidralise enzimabca das probzinas do leie @ o mélcde mais wilzades para
desiruigha de eplopos akémicos e redugido da sua andgeniddade. Formulas hipoalerg@ricas composias de
hidrolisados proieicas, espedalmente de casedna e proleinas do soro de ieile, =51 comercializadas ha mais
de 50 anos. No enlanta, essas {ormulas sd&a pouca palaiaveis, pos a hidrilise das proieinas pode produze
produtos. com gosto amanga acentuado @ hiperignico. Algumas tdonicas. 1ém sido uliizadas para reducio da
goesioc amargo am hdrolisados pretscos; entrelamia, apressniam algurs incomeeninbzs fais como adsorgaa
de aminodcidos essendais, produpd o EoCeSshva o

Enderace: s Ticridha e e Carags, 138

Baimo B i Genikdn GEP: i oE-EHT
upE g Menicipio:  CANPIRLE
Toledones (19058058 Fax: (VEFESE-T4T E-mail: cecdiicmuncanp br

Psge' 1 il 0N



FACULDADE DE CIENCIAS

MEDICAS - UNICAMP W
(CAMPUS CAMPINAS)

amirasackdos livres, reversibiicade da rsacao e balxa rendimenio. o fransglulaminase |TG:I B Uma erEema

Cordimanpio da Parscssr 04 L2134

muie ulilizada na inddstria para melbarar caraclenisticas tecno-funcicnas @ senscrias de prabeinas
ulilzadas em almentas. Sua capacidade de introduzir igagies cueadas em profeinas bem sido estudada
para redugda da anbgenicidade e gosio amargo de hidmolisadas proleicos. Estudos demansiraram gue a
hidrdlise com alcalase, associada & polimenzacio com TG, diminuil significalivamernie a antipeniddade de
protednas do sora de beits. No entanto, o efeib dessa combinagdo de tratamemos encimaticos na
desanvolvimento o gosioc amarga anda fem sida pouco esbudada.

Otjetivo da Pesquisac

Dipertren Primaria:

{0 projeto visa avaliar o efeito da hidrdlise de isclade profeico do saro de leite (IPS) bovino com a enzima
alcalase associada 4 polimerizagio com a enzima rarsghiaminase (TG) no

desenvohamento de gosta amargo.

Diopetrros Especificos

1) Produzir hidrolisados de IPS com alcalase utiizando processo oom baino leor de sais (sem alieragio de
pH| & em condigies sanidras adequadas para os experimenios sensonais.

) Produsr polimenzacas a paric desses hidrolsadas uliizanda TS

1) Avaliar as condigées higiénico-sanitarias dos hidrolisadas & polimerizados par mesn de testes
micrabioldgicos.

£} Medir a mensidace e persstiénda do gosio amargo oo hidralisado @ polmenzacos.

Avallagdo dos Riscos & Beneficios:

Risoos

Wido ha nscos pravisives.

Bancdicios:

{ desenwohimenta de melodologia para produgda de fomies probecas com baike potencial alergénice e
mas palaidweis que as dsponiveis alualmenbe para formulagéo de produtos hipoalergénicos poderia
oantrbuir para diminuir a rejeigdo das fdrmolas hipoalergénicas pelos individuos e,

assim, comibur para a muincio adequada das pessoas akdmicas especialmente lactentes o oriangas.

Enderacs: Ao Tecudla Vs e da Casags, 128

Buimre  Barin Gerico CEP:  pigEs-sa?
uF- &p Municipio: CAMPIRAS
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FACULDADE DE CIENCIAS

MEDIGAS - UNICAMP W’P
(CAMPUS CAMPINAS)

Comentirios ¢ Consideragbes sobre a Pesquisa:

Tratmese oe um projets de pesquisa relativa & Tese (Doulorado| e uma aluna malnoulada ano programa de
Pas Graduagdo, a ser desenvahida no Departamenta de Mlimemics & Mutrigha da Faculdade de Engenharia
de Mdimentas (FEAVUnicamp, orientada por uma docente dessa Unidade. S5 encmas ulilizadas mos
prooessos sio GRAS (Generaly Rizcognized fs Safe) Os hidrolsados serio produzidos a partic da hidrdlise
do IPE com a encima alcalase, am conceniragdes acdeguadas. & reagdo sard conduzida am roator

Coniimanplio da Parsoss §45.134

apropriado, sob condipbes sanitbias adequadas, a G0° e pH 8,6 A reacio serd inlerrompida apds 180 min
por aquedmenio @ 90°C dwrant: 10 min para inatvar @ enzima. Os hidrmoisados sardo imediatamense
congeladas g, pasienammasnte, icdlizados. Em sBguica, suspensons das amosiras de hidrolsacos conlenda
T% [miv) de probrina serko proparadas & poimenizadas com ransgiutaminase nas conceniragbes e 10 ou
28 g oe protzina am pH B0, & reagdo serd realzada a S0 °C por 180 min am reatar, em condigdes
higiénioossanildrias, ¢ serd inlerrompida por resfnamento das amostes & £°CAs amosiras serda hoflizadas
@, apos, serso submeddas a andlises microbioldgicas para avalar a gualidace higiénco-sanitna. O posio
amarge das amastras sora avallado por analise de lempo-ntensidade no Labaraiona de Analisae
SonscrabFEA. As amostrs serio sorvidas om cabines mdriduas, sob luz branca o lemperatura ambienis,
@ GOS0 apresentadas em copos plistioos descaridveis, assegurando conforio & privacidade aos provadones.
Serap recrulados pelo menos 28 voluntanos adulos independents de sewxa, oor, classes U QUpDS SoOais
que nio sx@m alérgicos & caleinag oiou leile e nda possuam aversio a gosio amarge. Os volunlarios serdo
escalhklos para compor @ squips sensanal pel seu poder de discnminar déerantes miersidades de pasia
amarga, o qual serd avaliado por men de feshe tnanguiar & andise sequencial de 'Wald. Os provadores
sorda, enk&o, neinados para'lm'mm;aln-:lu Memonea se=nsanal & padranizassd entne as espastas peko condaia
direlp dos individuos. com as referéncias de intensidade moderada @ maxima do estimulo gosbo amargo.
Splugies de cafedna serio ublizadas como referéncia de inensidade de gosto amargo & agua coma
refaréncia de nenhum gosto amarga. Os provadores serdo selecionados segundo o sou poder de
discriminagdo, repetiblidade & concordincia dos provadares, verificados atrawvés dos valores de F amosira
spnificatno [pd,30) e de F repefigdo nda significative (p=0,05) em relagdo ao paddmelro gasio amargo. As
amasiras de hdralisadas e polimerncados para o besie de empo=infersidace serda dilwidos am .’agua
deionizada a 0% [miv| de proleina. & analse serd realizada com S mb da amaosira serdos 3 iemperatura
amibientz em copo descartdvel codificade com ndmera de trés digitos e utilizando uma escala lirear
esiruturada de 0 a 9 {0 = menhum; 4,6 = gosic amargo moderado; % = gosto amarpgo forie). & ocoleta de
dadas para a anali=e de lempa-
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FACULDADE DE CIENCIAS

MEDICAS - UNICAMP W
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niensidads sord realizada am computador utlizarde o pragrama Time-Intensity Data Collizctian Systam
{&COTI desenvolvide mo Laboratdrio de Andlise Sensarial da FEA. Este programa analisard os dadaos

Crniimanplio da Parscsr 845134

coletados duramie cada sessdo de tesie sensorial e fornecersa os pardmetros: Timax (lempo no gual a
miensidade mawma foi perosbida), Imax (nlensdade macma reconheoida pelo pravador], area (anea da
oureala Thal ib=mpa bolal de duracao oo estimuio)

Cridrio de inchussa;

Disponiblidade o inbzresse em parlicipar de wma equipe treinada ce provadares e poder de discriminagsa
para diferentes inlensidades de gasio amanga.

Crtério de Exclusiaoo
Wido pooerio participar dos leshes sensanais individucs alégicos & caleina efou kete ¢ que isnham averssa
a alimenfas cam gasio amango.

Consideragoes sobne os Termos de aprosentagdo obrigataria:

Foram apresentadas a Folha de Rosto, assnada apelo Diredor da FEA, o documemo com *indormagqbes
Basicas do Projein®, o Projelo e o TCLE. O questiondno a ser aplicado aps paftcipanies da pesquisa esia
anexadn a0 Frojeto.

Recomondagpbes:
Menhuma. Porém, & preciso mencianar que nido s2 pode medr a inensidade ¢ persisiéncia do gossa

amargo da hidrolisado e polmerizados, como consta dos Ohjetvas Especificos, mas sim aval@-las.

Conclusdes ou Pendéncias ¢ Lista de Inadeguagbes:
Mernhuma.

Situagao do Parecer:

Aprovado

Mecessita Apreciagao da COMEP:

Mo

Consideragoes Finals a critério do CEP:
« O syjeiln de pesguisa deve reoxber uma odpia do Termo de Consenimerio: Livee @ Esclarecido, na insegra,
por ole assnado.
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(CAMPUS CAMPINAS)

« (} sujeibo da pesquisa tem a liberdade de recusar-se a participar ou de retirar seu consentimento em

Crrimanpio da Parscsr 840124

qualquer fase da pesouisa, sem penalizacdo aljuma e sem prejulzo ao sew cuidade.

« O pesquisador devwe desenolver a pesquisa conforme delneada no profooolo aprovado. Se o pesquisador
oonsiderar a desconlinuagdo do esludo, esta deve ser ustficada ¢ somente ser realzada apos andlse das
raries da desconbinuidade pele CEP que o aprovow. O pesguisador deve aguardar o paneoer do CEP
quanio & descanbinuagda, exceto quando paceber risoo ou dano ndo prevsta ap sujeilo pafcipanbe ou
quande consiatar a suparioridade de uma esiraléga diagnostica ou erapéutica oferecida a um dos grupos
da pesquisa, isto &, somenie &m caso de necessidade de acda imediala cam inbuile de prateger as

parfimpanbes.

« O CEP devwe =or informada de fodos os aloilos adversas ou failes relevanies gue alerem o ourse mommal da

estuda. E papel do pesgusador assegurar medidas medialas adequadas frenfe a evenbo adversa grawe
acornida {mesmo que benha sido @m outro centra) @ enviar natificagso ap CEP @ a Agénda Macional de
Wigilancia Saniaria = ARNVISA = junta com seu pasicicnamenta.

« Eventuais modificagées au emendas &0 protocolo devem ser apresentadas ao CEP de forma olara e

sucinta, identificarda a parie do protocala a ser medificada e suas justificativas. Em caso de projetas da
Grupa | ou || apresentados anberiormente a ANYISA, o pesquisador ou palrocnador deve envidslas também
A mEwma, junta oom a parecer aprosatano da CER, para samem juntadas ao protocolo inicad.

- Relaltrias parcais e final dewem ser apressntades aop CEP, inicialmentbs seis messs apds a dala deste
parecer de AproEGAD 8 30 18rming oo sstuda.
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CAMPRNAS, 22 de Ouaubro de 2014

Assinado por:

Renata Maria dos Santos Celeghini
(Coordenador)
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