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Abreviaturas e Simbolos

1D-BN-PAGE: primeira dimensdo BN-PAGE

ABF: arabinofuranosidase

AXE: acetilxilano esterase

BDA: meio solido contendo batata, dextrose e agar.

bgl1: gene pB-glicosidase |

BN-PAGE: Eletroforese em gel de poliacrilamida “blue native”

bxI1: gene B-xilosidase |

CBB: “Coomasie Brillant Blue G-250"

CBH: celobiohidrolase

cbh1: gene celobioidrolase |

cbh2: gene celobioidrolase I

CBM: modulo de ligagao a carboidrato

egl1: gene endoglucanase |

GPI-EgIC: B-endoglucanase ancorado a GPI (glicosilfosfatidil inositol)
LC-MS/MS: cromatografia liquida acoplada a espectrometria de massas
SBD: domino de ligagdo a amido

SDS: dodecil sulfato de sdodio.

SWOI: swolenina

Termo/BN-PAGE: mensuragdes termodinamicas acoplado a BN-PAGE
xyn1: gene endoxilanase |

xyn2: gene endoxilanase Il

Zimo/BN-PAGE (2D-BN/BN-PAGE): zimografia acoplada a segunda dimensao do
BN/PAGE
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Resumo

As enzimas que degradam parede celular vegetal produzidas por micro-organismos possuem aplicagoes
biotecnoldgicas importantes, incluindo a produgéo de bioetanol. Algumas batérias anaerdbicas séo capazes
de produzir complexos multi-enzimaticos chamados de celulosomos, enquanto os fungos filamentosos
normalmente secretam enzimas hidroliticas individuais que atuam sinergisticamente no processo de
degradagao de polissacarideo. Neste trabalho, nés mostramos que os fungos filamentosos Trichoderma
harzianum e Trichoderma reesei, secretam complexos multi-enzimaticos ativos quando cultivados em meio
contendo o residuo agricula bagago de cana-de-agucar e lactose (ou galactose), respectivamente. O
secretoma de ambos os fungos foram analisadas primeiramente por 1D-BN (blue native)-PAGE. Bandas
eletroforéticas correspondendo a possiveis complexos foram submetidas a separagéao eletroforética usando
sistema Tricina-SDS-PAGE para demonstrar que sao constituidas de componentes menores. Ensaios
zimograficos foram realizados usando 1D-BN-PAGE e 2D-BN/BN-PAGE para verificar atividades celulolitica
e xilanolitica em um mesmo complexo. Finalmente, os complexos foram digeridas por tripsina e analisadas
separadamente por LC-MS/MS e os programas MASCOT e MS-BLAST para identificagdo das proteinas
constituintes. Os resultados mostraram que ambos os fungos produzem complexos constituidos por
enzimas celulolitica e xilanolitica e outras proteinas, as quais apresentam uma complementariedade
funcional no processo de degragao de substratos polissacaridicos. Em T. harzianum foram analisados trés
complexos, 0s quais apresentaram os seguintes componentes: celobiohidrolase I, celobiohidrolase |-ll, alfa-
L-arabinofuranosidase, xilana 1,4-B-xilosidase (complexo 1); acetilxilan esterase, endoquitinase,
arabinogalactana, endo-1,4-B-galactosidase, celobiohidrolase I, cutinase, a-N-arabinofuranosidase e endo-
B-1,4-xilanase (complexo Il); glucoamilase, endo-beta-1,4-glucanase, swollenina, beta-endoglucanase
ancorado a GPI, alfa-L-arabinofuranosidase, a-1,3-glucanase (complexo Ill). T. reesei produziu mais
complexos multi-enzimaticos quando cultivado em meio contendo lactose que galactose. A composi¢céo dos
complexos | e Il em lactose parece torna-los melhores equipados para biodegradagdo. Os componentes
dos complexos do meio com lactose sdo: glicosil hidrolases 20, 36, beta-1,3-endoglucanase, alfa-
galactosidase, exo-beta-1,4-glucanase, aril-alcool oxidase, “predicted protein” 43, “predicted protein” 20
(complexo |); beta-1,3-endoglucanase, “predicted protein” 20, 48, 44, 61, 52, 42, glicosil hidrolase 37,
quitinase (complexo II). Os complexos do meio com galactose sao: glicosil hidrolases 16, 36, 54, 55, beta -
1,3-endoglucanase, catalase/peroxidase bifuncional, “predicted protein” 20 (complexo I); “predicted protein”
20, 44, 61, 52, beta-1,3-endoglucanase, glicosil hidrolase 3, 37, quitinase, amidase (complexo II). Além
disso, o complexo | € mais expresso em meio contendo lactose que galactose, ocorrendo in versamente com
o complexo Il. Juntos, esses dados mostram que a fonte de carbono influi na composi¢gédo dos complexos
multi-enzimaticos em T. reesei. A cooperatividade funcional entre os elementos dos complexos dos fungos

sédo discutidos.

Palavras chaves: fungos filamentosos, BN-PAGE, Zimo/BN-PAGE, espectrometria de massas.
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Abstract

Plant cell degrading enzymes produced by microorganisms possess important biotechnological
applications; including the production of bioethanol. Some anaerobic bacteria are able to produce
multienzymatic complexes called cellulosomes whilst filamentous fungi normally secrete individual
hydrolytic enzymes that act synergically in the process of polysaccharide degradation. I n the present work
we demonstrated that the filamentous fungi Trichoderma harzianum and Trichoderma reesei secrete
active multienzymatic complexes when cultivated in culture media supplemented with the agricultural
residue sugarcane bagasse and lactose (galactose), respectively. The secretome of both fungi were
analysed by 1D-BN (blue native) PAGE. Protein bands corresponding to possible complexes were
submitted to electrophoretic separation using a Tricine-SDS system in order to demonstrate that they
were constituted by smaller components. Zymographic assays were performed using 1D-BN-PAGE and
2D-BN/BN-PAGE o verify cellulolytic and cellulolytic activities in the complexes. Finally, the complexes
were trypsin digested, subjected to LC-MS/MS and the results analyzed using the software MASCOT and
MS-BLAST to identify their components. The results demonstrated that both organisms produced
complexes constituted by cellulolytic and xylanolytic enzymes as well as other proteins related to
polysaccharide degradation. Three T. harzianum complexes that were analyzed presented the following
components:  cellobiohydrolase |, cellobiohydrolase I-1l, alpha-L-arabinofuranosidase, xylan 1,4-f-
xylosidase (complex |); acetilxylan esterase, endochitinase, arabinogalactan, endo-1,4-B-galactosidase,
cellobiohydrolase |, cutinase, a-N-arabinofuranosidase e endo-B-1,4-xylanase (complex Il); glucoamilase,
endo-beta-1,4-glucanase, swollenin, GPl-anchored beta-endoglucanase, alpha-L-arabinofuranosidase
and a-1,3-glucanase (complexo lll). T. reesei produced more multienzymatic complexes when grown in
lactose than in galactose containing medium. The composition of complexes | and Il in lactose possibly
make them more suitable for biodegradation. The components of the complexes produced in the lactose
medium are: glycosyl hydrolases 20, 36, beta-1,3-endoglucanase, alpha-galactosidase, exo-beta-1,4-
glucanase, aryl-alcohol oxidase, “predicted protein” 43, “predicted protein” 20 (complex 1); beta-1,3-
endoglucanase, “predicted protein” 20, 48, 44, 61, 52, 42, glycosyl hydrolase 37, chitinase (complex II).
The complexes produced in the galactose medium are glycosil hydrolases 16, 36, 54, 55, beta-1,3-
endoglucanase, bifunctional catalase/peroxidase, “predicted protein” 20 (complex 1); “predicted protein”
20, 44, 61, 52, beta-1,3-endoglucanase, glycosyl hydrolase 3, 37, chitinase and amidase (complex Il). In
addition, complex | is more expressed in lactose than in galactose medium while complex Il is more
expressed in galactose. Overall, the data show that the carbon source influence the composition of T.
reesei multienzimatic complexes. The functional cooperativity between the elements of the complexes are

discussed.

Key words: filamentous fungi, BN-PAGE, Zymo/BN-PAGE, mass spectrometry.
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1.1. Degradacao enzimatica de biomassa

O material da parede celular dos vegetais, principalmente celulose, hemicelulose e
pectina, ndo € acumulado na Terra devido a acgao eficiente de micro-organismos como

fungos e bactérias (De Castro, Pedro et al., 2010).

A decomposigao integral de celulose e hemicelulose a moléculas simples (glicose)
depende da acdo combinada de diferentes enzimas livres na solugdo e suas
especificidades quanto ao substrato. No caso da celulose, as celobiohidrolases clivam
unidades de celobiose a partir das extremidades das cadeias celuloliticas. As
endoglicanases cortam as cadeias de celulose internamente, principalmente a partir das
regides amorfas, fornecendo as celobiohidrolases mais extremidades alvo. Finalmente, as
beta-glicosidases hidrolisam celobiose a glicose, o qual serve como uma fonte facilmente
metabolizavel para os fungos. Esta mesma enzima pode converter celobiose em soforose,
fendmeno denominado de transglicosilagdo (Figura 1a). Quanto a hemicelulose, sua
decomposicdao € bem conhecida. A hidrolise das hemiceluloses processa pela agao
coordenada de endo-enzimas que clivam internamente a cadeia principal. As exo-enzimas
liberam acucares monoméricas da extremidade da molécula, enquanto as enzimas
auxiliares clivam as cadeias laterais dos polimeros ou oligossacarideos. Por exemplo, a
decomposicéo da xilana envolve pelo menos endoxilanases e beta-xilosidases que atuam
sobre a cadeia principal do agucar, e dependendo do tipo de xilana as cadeias laterais sao
clivadas por enzimas tais como alfa-glicuronidase e acetilxilano esterase (Figura 1b) (Aro,
Pakula et al., 2005).

Perante isso, percebe-se que a eficiéncia da degradagcdo de biomassa vegetal é
resultado de dois fatores correlacionados: grande numero de enzimas extracelulares
(celulases, hemicelulases e pectinases) secretadas por micro-organismos e o sinergismo
existentes entre elas. Essa caracteristica torna aqueles micro-organismos imprescindiveis

na reciclagem de carbono no ecossistema (Mayer e Staples, 2002).
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Figura 1. Sistema classico de degradagéo de celulose e hemicelulose. As enzimas livres em solugdo atuam
cooperativamente no processo de degradacdo de polimeros de agucar . (a) Visdo esquematica do sistema
celulolitico. Os sitios para as principais atividades das enzimas celuloliticos sdo mostrados. Adicionalmente, uma
rota para a formagao de soforose por transglicosilagcao realizada pela beta-glicosidase é apresentada. (b) Visao
esquematica do sistema degradativo da hemicelulose arabinoxilana. As enzimas atuando sobre o substrato estéo
listadas na tabela. Modificado de Aro e colaboradores (Aro, Pakula et al., 2005).

As bactérias anaerobicas Clostridium thermocellum, Clostridium cellulovorans,
Acetivibrio cellulolyticus e Bacteroides cellulosolvens, produzem e secretam complexos
multi-enzimaticos chamados celulosomos, estruturas com alta eficiéncia de degradacao de
celulose, comparativamente ao classico sistema de enzima livre, promovendo uma grande
competitividade local desses micro-organismos (Shoham, Lamed et al, 1999). Um
celulosomo consiste de duas partes: a parte ndo catalitica (representada pela proteina
escafoldina, “scaffoldin”) integra as diferentes glicosil hidrolases que compdem a segunda

parte, chamada catalitica (Fontes e Gilbert, 2010).

Diferentemente, as bactérias anaerdbicas Butyvibrio fibrisolvens e Clostridium
papyrosolvens produzem complexos multi-enzimaticos que sao estruturalmente distintos

dos celulosomos encontrados em C. thermocellum, porquanto ndo possuem escafoldina



na sua composicdo. Por exemplo, B. fibrisolvens tem um complexo contendo 11 enzimas
com atividade xilanolitica e trés com atividades endoglucanase. Esta estrutura tem sido
conhecida como “xilanosomo”. O caso do C. papyrosolvens ainda € mais notavel,
porquanto seu supercomplexo enzimatico contém sete complexos menores, ou
subcomplexos, cujas massas moleculares variam de 500 a 600 kDa (Pohlschroder,
Leschine etal., 1994; Beg, Kapoor et al., 2001).

Assim como B. fibrisolvens e C. papyrosolvens, os fungos anaerdbicos do género
Neocalimastix, Piromyces e Orpinomyces nao possui escafoldina em seus complexos
multi-enzimaticos (Fontes e Gilbert, 2010). Uma glicosidase foi encontrada e identificada
como uma escafoldina potencial em Piromyces equis (Nagy, Tunnicliffe et al., 2007).
Trabalhos recentes relataram a presenca de complexos multi-enzimaticos também em
fungos filamentosos aerdbicos, como Chaetomium sp. e Penicillium purpurogenum. Como
nos fungos e bactérias anaerdbicas mencionadas, estes fungos ndo possuem escafoldina,
diferindo da estrutura tipica de Clostridium thermocellum.(Ohtsuki, Suyanto et al., 2005;
Gonzalez-Vogel, Eyzaguirre et al., 2011).

Os fungos filamentosos, como importantes produtores de enzimas degradadoras de
biomassa vegetal, possuem grande potencial biotecnolégico. Os fungos dos géneros
Aspergillus e Trichoderma sao os mais utilizados para este fim devido ao amplo espectro

de enzimas hidroliticas de polissacarideos que secretam (Stricker, Mach et al., 2008).

Enzimas produzidas por fungos do género Trichoderma, por exemplo, possuem
aplicagdes nas industrias téxtil (Bhat, 2000), farmacéutica (Roseli Garcia Medeiros e Filho,
2007), de papel (Selvaraj, 2000) e de biocombustiveis (Polizeli, Rizzatti et al., 2005). Além
de produtores de enzimas de interesse industrial, espécies desse género, como O
Trichoderma harzianum, sao usadas comercialmente para controle biolégico eficiente
contra fungos fitopatogénicos, tais como Rhizoctonia solani, Botrytis cinerea, Sclerotium
rolfsii, Sclerotinia sclerotiorum e Pythium spp. (Gary, 1998). Sua atividade micoparasitica
consiste, particularmente, na producdo de quitinases, proteases e beta-1,3-glicanases
capazes de hidrolizar a parede celular dos fungos fitopatogénicos (Ulhoa e Peberdy, 1991;
Grondona, Hermosa et al., 1997; Viterbo, Ramot et al., 2002; Monteiro, Do Nascimento
Silva et al., 2010). Além disso, T. harzianum vem se tornando também um organismo
promissor na producao de celulases e xilanases sob condigdes apropriadas (Franco, Dias

et al., 2004). Uma cepa de T. harzianum (IOC-4038) produziu um conjunto bem



balanceado de enzimas celuloliticas, além de uma cinética rapida na producédo de
endoglicanases e [(3-glicosidases, quando comparado com T. reesei (De Castro, Pedro et
al., 2010).

A espécie T. reesei é considerado o principal produtor de celulases de interesse
industrial. Este ascomiceto € um dos muitos fungos saprobicos capazes de degradar
eficientemente os polissacarideos das paredes celulares vegetais.(Percival Zhang, Himmel
et al., 2006; Kumar, Singh et al., 2008; Martinez, Berka et al., 2008; Portnoy, Margeot et
al., 2011). A maquinaria celulolitica desse potente produtor de celulases € constituida por
duas celobiohidrolases, cinco endoglicanases e duas B-glicosidases. Varias hemicelulases,
incluindo xilanases, mananases e galactosidases sao adicionalmente secretadas por esse
fungo (Nidetzky, Steiner et al., 1994).

Até o momento, ndo existem relatos da presenca de complexos multi-enzimaticos em
secretoma de T. reesei e T. harzianum. Considerando a importdncia industrial,
biotecnoldgico e académica desses fungos, verificar se possuem complexos de enzimas
no secretoma € uma oportuna linha de investigacdo. A presenca de tais complexos
permitiria realizar pesquisas futuras que determinassem a sequéncia de associagcao dos
componentes, a estequeometria de cada um deles, suas constantes de associagao e se
alteram seus componentes sob condi¢cdes diferentes de fontes de carbono. Estes dados
permitiram, consequentemente, a elaboragéo de protocolos para produgao de diferentes

complexos de degradagao de substratos especfficos.

1.2. Reconhecimento molecular

O mecanismo de reconhecimento molecular de polissacarideos vegetais, sustentado
atualmente, consiste na hipotese da secregao constitutiva basal. Segundo este modelo, o
micro-organismo secretaria constantemente enzimas hidroliticas em baixas concentragdes.
Tais enzimas degradariam os polissacarideos, produzindo monossacarideos, os quais
entrariam na célula provocando a indugao transcricional de determinados genes para
enzimas celuloliticas e hemiceluloliticas. Esta hipdtese exclui a possibilidade de existéncia
de um receptor para o reconhecimento dos substratos na membrana plasmatica. No

entanto, dados recentes tém acrescentado novas ideias ao modelo vigente.



Surpreendentemente, o nivel dos transcritos dos genes que codificam as celobiohidrolases
| (cbh1) e Il (cbh2) em T. reesei cultivado em lactose é maior que em D-galactose. No
entanto, a indugdo de celulases por D-galactose ocorre somente em taxas baixas de
crescimento (0,015 h'), sugerindo outra via de sinalizagdo hipotética para o aumento da
inducdo de celulases em meio lactose. A existéncia de uma permease para lactose e de
uma B-galactosidase (enzima que hidrolisa lactose em galactose e glicose) intracelular
seria pré-requisito para viabilizar tal mecanismo, porém, até agora, essas proteinas nao

foram encontradas nesse fungo (Karaffa, Fekete et al., 2006).

Resultados semelhantes foram encontrados para celulose e soforose. Os dados
mostraram que T. reesei apresenta maior atividade celuloliica em meio de cultura
contendo celulose que soforose, indutor de celulases para esse fungo. O perfil
eletroforético do meio de cultura contendo celulose mostrou bandas fortes de endo e exo-
glicanases, inexistentes na cultura contendo soforose. Além disso, duas bandas de
endoglicanases que sao compartilhadas por ambos os meios diferiram em intensidade: a

do meio contendo celulose € mais intensa (Sternberg e Mandels, 1979).

Estes dados supramencionados sugerem a existéncia de uma proteina receptora
(sensora) situada na membrana plasmatica de T. reesei, possivelmente acoplada a uma
via de sinalizagao celular especifica que intensificaria a produgdo de algumas enzimas e

induziria outras.

1.3. Lactose como indutor de enzimas celuloliticas

A lactose (1,4-O-p-D-galactopiranosil-D-glicose) € um subproduto do leite. Cerca de
300.000 toneladas desse agucar sao acumuladas anualmente, das quais 15% é
fermentado por diversos micro-organismos. A lactose é a unica fonte de carbono
hidrosoluvel usada para a produgao de celulases e exclusivamente requerida na producao
de proteinas heterdlogas sob controle de promotores de celulases em T. reesei (Seiboth,
Hofmann et al., 2002). O metabolismo da lactose € lento, mesmo assim esse dissacarideo
€ uma fonte atrativa de carbono para a produgdo de enzimas em nivel industrial (Karaffa,
Fekete et al., 2006).

O metabolismo da lactose segue a via de Leloir, e envolve as seguintes enzimas:

galactose mutarotase, galactoquinase, galactose-1-fosfato uridiltransferase e UDP-



galactose-4-epimerase. Resumidamente, a lactose é clivada extracelularmente a B-D-
galactose e D-glicose pela B-galactosidase. A B-D-galactose € convertida a a-D-galactose
(12 etapa da via de Leloir), processo denominado epimerizagao e catalisado pela galactose
mutarotase. Alfa-D-galactose ¢é fosforilada a galactose-1-fosfato (22 etapa) pela
galactoquinase. A galactose-1-fosfato uridiltransferase catalisa a transferéncia de um grupo
UMP a partir de UDP-glicose para a galactose-1-fosfato, formando a glicose-1-fosfato e
UDP-galactose (32 etapa). Esta, finalmente, € convertida a UDP-glicose pela UDP-
galactose-4-epimerase (42 etapa) (Figura 2) (Holden, Rayment et al., 2003).

Dados anteriores relataram que as etapas metabdlicas posteriores a produgdo de
galactose-1-fosfato, catalizada pela enzima galactoquinase, ndo sdo essenciais para a
inducdo de celulases (Seiboth, Hofmann et al., 2002). Assim, experimentos visando a
decteccdo da molécula indutora de celulases focaram as enzimas galactosidase,
galactoquinase e galactose mutarotase.

Experimentos de delegdo do gene codificador da galactoquinase (gal7) reduziram
consideravelmente a transcricdo das celobiohidrolases cbh1 e cbh2, sugerindo que o
indutor de celulases em T. reesei é D-galactose ou galactose-1-fosfato. A baixa transcricao
desses genes foi atribuida a outra via de produgcdo de celulases, cujo intermediario

metabdlico é o aminoalcool galactitol (Seiboth, Hartl et al., 2004).

H.,OH H.,OH
OH OH
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HO OH OH HO OH C-1
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c4 OH c-4
(4) \ (
0 uoP
UDP-Galactose UDP-Glucose

Figura 2. Via de Leloir (Holden, Rayment et al., 2003).



Diferentemente das bactérias, T. reesei hidroliza a lactose extracelularmente pela B-
galactosidase 1. Uma possivel permease para o dissacarideo nao foi encontrada. A
delecdo do gene para B-galactosidase 1 aumentou a expressao de cbh1 e cbh2, sugerindo
a existéncia de uma atividade galactosidasica secundaria, provavelmente mimetizada por
alguma glicosidase. Por outro lado, sua superexpressdo reduziu drasticamente a
expressado das celobiohidrolases. Portanto, D-galactose ou galactose-1-fosfato seriam os
indutores somente em faixa estreita de concentracido intracelular. A superexpressao de
bgai influi nos niveis estacionarios dos indutores, promovendo o desligamento da
transcricdo enzimatica (Seiboth, Hartl et al., 2005).

A enzima galactose mutarotase esta presente na maioria dos organismos (bactérias,
fungos, plantas e mamiferos) (Keston, 1954; Bentley e Bhate, 1960; Wallenfels, Hucho et
al., 1965; Bailey, Fishman et al., 1966). Essa enzima converte B-D-galactose em a-D-
galactose, forma anomérica necessaria para a via de Leloir, onde a galactoquinase tem
papel imprescindivel (Holden, Rayment et al., 2003). O catabolismo da p-D-galactose por
T. reesei ocorre mais fortemente por uma via alternativa que pela de Leloir, uma vez que
esse fungo nao apresenta atividade mutarotase, mesmo portando trés genes para aldose-
1-epimerase (aep1, aep2 e aep3) (galactose mutarrotase) em seu genoma (Fekete,
Seiboth et al., 2008).

Embora a interconvergédo dos anébmeros de D-galactose ocorra espontaneamente em
agua pura, a conversao eficiente in vivo depende da presenga de mutarotases, indicando
que a atividade intracelular da agua nao é alta o suficiente para permitir uma mutarrotagao
espontanea (Bouffard, Rudd et al., 1994).

Em T. reesei, a presenga de a-D-galactose intracelular € devida, provavelmente, a
mutarrotagcdo espontdnea em ambiente extracelular, antes da sua absorgédo pelo fungo.
Fekete e colaboradores mostraram que o indutor € indubitavelmente D-galactose (ndo
galactose-1-fosfato), exigindo sua forma anomérica 3. A auséncia de atividade mutarrotase
neste fungo € necessaria para a indugédo das enzimas celuloliticas (Fekete, Seiboth et al.,
2008).

A proteina Xyr1 (“Xylanase regulator 1”) regula os genes que codificam as principais
enzimas hidroliticas no género Trichoderma: cbh1 e cbh2 (celobiohidrolases | e Il), egl1
(endoglucanase 1), xyn1 e xyn2 (endoxilanases | e ll) e bx/1 (B-xilosidase 1), e bgl1 (B-
glicosidase ). Xyr1 ndo é afetada pelas moléculas mediadoras da indugdo (xilose,
xilobiose, soforose, galactose), além de ser indispensavel a todas as formas de expresséo

génica (basal, repressiva e indutiva) (Stricker, Grosstessner-Hain et al., 2006).



Striker e colaboradores mostraram que a proteina Xyr1 recebe o sinal da lactose e
intermedia a regulagao transcricional dos genes de xilanases e celobiohidrolases (Figura
3). A D-xilose redutase — primeira enzima da via alternativa — € a responsavel pela
conversao de D-galactose em galactitol, o qual induz a transcricdo de bgat e também a
produgédo de celulases: Xyr1 age indiretamente sobre bgai. A analise in silico da regido
promotora de xyl/1 resultou na identificacdo de dois dominos de ligacdo para Xyr1,
confirmando os resultados acima (Stricker, Steiger et al., 2007).

Xyr1 possui dois sitios de ligagdo ao promotor do gene xyni. A base da indugéo para
esse gene consiste na dimerizagdo de Xyr1, onde cada fator de transcrigdo ligara em um
unico sitio de ligacao. A repressao da transcricdo € mantida por um complexo formado por
Xyr1, Acel1 (proteina repressora) e Aip (proteina associada a Ace1), dependente de
glicose. Portanto, Ace1 compete com Xyr1 por um dos sitios de ligagdo na regidao
promotora do xyn1 (Stricker, Mach et al., 2008). Esse mecanismo também foi encontrado
para o gene cbh1 (Ling, Qin et al., 2009).

Dados mais recentes mostram que a indugéo de xyr1 por lactose € completamente
independente do metabolismo da galactose. O mecanismo pelo qual xyr1 responde a
lactose e a galactose ainda permanece desconhecido. Como lactose ndo € absorvido por
T. reesei, entao seu efeito, mesmo na auséncia do metabolismo de D-galactose, deve ser

devido a um processo de sinalizagdo (Portnoy, Margeot et al., 2011).
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Figura 3. Diagrama do metabolismo da lactose em T. reesei. Enzimas envolvidas em ambas as vias possiveis s&o
dadas em caixas cinzas e intermedidrios respectivos em caixas brancas. A¢do indutora de Xyr1 ou galactitol (+) é
indicado por seta (Stricker, Steiger etal., 2007).



1.4. Eletroforese Blue Native em Gel de Poliacrilamida (BN-PAGE)

O método eletroforético “Blue Native” € uma técnica eletroforética nativa que consiste
no uso de CBB para conversar estruturas oligoméricas proteicas em solugéo, dando carga
negativa para o deslocamento das moléculas. A presenca de CBB associado as proteinas
evita a formacdo de agregados proteicos e conversa o estado nativo da amostra. BN-
PAGE foi desenvolvido para separar complexos proteicos nativos a partir de membranas
biologicas e de proteinas (acida e basica) hidrossoluveis. Em combinagdo com uma
segunda dimensdo de SDS-PAGE, torna-se possivel determinar a massa molecular,
estados oligoméricos, detectar subcomplexos e o nivel de pureza da amostra (Schagger,
H., Cramer, W. et al., 1994). O sucesso do BN-PAGE para proteinas de membrana
depende da solubilizacido da amostra para que se possa estabelecer a concentragéo 6tima
do detergente ndo ibnico (n-dodecil-p-maltosideo, triton X-100 e digitonina) (Reisinger e
Eichacker, 2008).

O método BN-PAGE tem contribuido na busca de respostas para diferentes questdes:
a existéncia de complexos multicristalinos nas fragdes de proteinas hidrossoluveis de alto
peso molecular, presentes nas lentes oculares humanas normais e com cataratas
(Srivastava, Chaves et al., 2008), a verificagdo do envolvimento da maquinaria HSP
(chaperona) na produgdo do virus hepatite B (Liu, Qian et al., 2009), a definicdo dos
proteomas mitocondriais de alguns 6rgdos de rato submetidos a condigdes
fisiologicamente significativas (Reifschneider, Goto et al., 2006), estudo oligomérico ativo
da ATP-Sintetase em mitocéndria de mamiferos (Krause, Reifschneider et al., 2005), a
analise do estado oligomérico da F1F0-ATP sintetase de mitocéndria de levedura (Arnold,
Pfeiffer et al., 1998), dentre outras.

Nesse contexto, e devido a versatilidade do método, BN-PAGE esta sendo aplicada
em diferentes areas de pesquisa: importagao celular de proteinas, dindmica de biogénese,
associagcao de complexos protéicos em membranas, alteracbes de mitocdndrias em
apoptose, encefalopatias mitocondriais, carcinogénese e doengas neurodegenerativas
(Wittig e Schagger, 2009).
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2. Objetivos
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2.1. Objetivos gerais

O presente trabalho objetivou verificar a presenga e caracterizar complexos
multi-enzimaticos em secretomas dos fungos filamentosos T. harzianum e T. reesei.

Para atingir os objetivos as etapas apresentadas abaixo foram realizadas.

1. Submeter amostras de secretoma de T. harzianum e T. reesei, cultivados em
fontes de carbono de interesse industrial e biotecnolégico (bagagco de cana de

acucar, lactose e galactose, respectivamente), a eletroforese tipo BN-PAGE;

2. Caracterizar a composicdo dos complexos dos secretomas usando

espectrometria de massas;

3. Verificar a atividade enzimatica nos complexos dos secretomas usando métodos

zimograficos;

4. Obter fragdes enriquecidas de membrana plasmatica de T. reesei sob duas fontes

diferentes de carbono (lactose e galactose) para analise por BN-PAGE;
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3.1. Cultivo dos fungos e preparacao dos secretomas

O fluxograma abaixo mostra as etapas de trabalho realizado nesta pesquisa.

. Bagaco de cana (T. harzianum
Cultivo gac ( )
1 Lactose e galactose (7. reesei)
Filtracao
Secretoma Micélio

Didlise
Liofilizacao
Quantificagdo

BN-PAGE ——> Zimo/BN-PAGE

Solubilizacao
Quantificacdo

Tricina-SDS-PAGE —— Identificagdo (LC-MS/MS)

O T. harzianum (cepa T4) foi fornecido por I. S. Melo (Embrapa/CNPMA, Brasil),
constituindo uma parte da colecao de cultura do Laboratorio de Enzimologia (Universidade
of Brasilia, UnB). O fungo foi cultivado em meio solido SM (KH2PO4 680 mg, KoHPO4 870
mg, (NH4).SO4 1,7 g, KCI 200 mg, CaCl, 200 mg, MgS0O4.7 H,O 200 mg, FeSO4 2 mg,
MnSO4 2 mge 2ZnSO;2 mg em 1L de agua destilada, pH 6,0) suplementado com 1%
(m/v) de bagago de cana como fonte de carbono (Suarez, Sanz et al., 2005). O bagaco de
cana foi lavado abundantemente com agua destilada e esterilizada por autoclave 121°C
durante 1 h. O material vegetal foi seco “overnight’ a 60°C e moido. Apos 6 dias de
crescimento do fungo, uma suspensdo de esporos (108 spores.mL™) foi inoculado em 300
mL de meio liquido SM (frasco de Erlenmeyer de 1 L) contendo 1% (m/v) de bagaco de
cana e incubado a 28°C sob agitacao (150 rpm, durante 10 dias). Finalmente, o secretoma
foi separado do micélio por filtragdo usando um papel Watmann n® 1.

O T. reesei foi cultivado em meio BDA (batata, dextrose e agar). Os esporos obtidos
foram transferidos para o seguinte meio (g.L'1): NH4H2PO4 (8), NaoHP O4 (7), KH2PO4 (4),
CaCly (1), MgSO4 (1), glicerol (10), peptona (0,1), FeS04.7H20 (0,25), MnS0O4.H20

14



(0,08), ZnS0O4.7H20 (0,07) e CoCl;, (0,085) (Karaffa, Fekete et al., 2006). Apés 10 dias de
cultivo em agitagao (28°C, 120 rpm), o micélio foi separado do secretoma por filtragao
usando papel Watmann n°® 1. A biomassa micelar foi transferida para o0 mesmo meio,
porém glicerol e peptona foram substituidos por lactose (1%, m/v) e galactose (0,3%, m/v)
como unica fonte de carbono e mantidos por mais 10 dias. Apds cultivo, a massa micelar
foi separado do secretoma como feito para T. harzianum.

Ambos os secretomas, T. harzianum e T. reesei, foram concentrados utilizando uma
membrana discoidal (SIGMA. NMWL: 10.000 Da; diametro: 76 mm), dialisado e liofilizado.
A amostra foi ressuspendida em agua milli-Q, quantificada e armazenada a — 20°C.

A concentragdo protéica nos secretomas e na membrana foi determinada pelo
método do acido bicinconinico, usando um “BCA Protein Assay kit” (Pierce Biotechnology,
Rockford, IL). O BSA foi usado como molécula padrdao para produgcdo da curva de

regressao linear simples.

3.2. BN-PAGE

O método BN-PAGE foi aplicado a proteinas hidrossoluveis, conforme descrito
anteriormente (Schagger, H., Cramer, W. A. et al., 1994). As proteinas do secretoma (T.
harzianum e T. reesei) foi ressuspendida em tampéo Bis/Tris-HCI 50 mM pH 7,0 contendo
acido aminocaproico 0,5 M e glicerol 15% (v/v).

Na primeira dimensédo de BN-PAGE (1D-BN-PAGE), as amostras em diferentes
concentragbes foram aplicadas em géis gradientes 5-18% (m/v), sob corrente elétrica
constante de 15 mA, a 4°C por 4h no sistema eletroforético 600 SE (Hoefer, Inc, San
Francisco, CA). O tampao anddico continha Bis/Tris-HCl 50mM pH 7,0, enquanto o tampao
catédico continha Tricina 50 mM, Bis/Tris-HCI 15mM pH 7,0 e CBB G-250 (Bio-Rad,
Hercules, CA) 0,02 % (m/v). Os géis foram fixados e corados usando CBB G-250
(Schagger, 2006; Wittig, Braun et al., 2006). Um kit de calibragcdo (Pharmacia LKB,
Piscataway, NJ) constituido de tiroglobulina (669 kDa), ferritina (440 kDa), catalase (232
kDa), lactato desidrogenase (158 kDa) e albumina do soro bovino (67 kDa) foi usado para
estimativa da massa molecular relativa.

Na segunda dimensao BN-PAGE foi produzido um gel usando Tricina-SDS-PAGE,
conforme descrito anteriormente (Schagger, H., Cramer, W. A. et al, 1994).
Primeiramente, pedacos de gel 1D-BN-PAGE, correspondendo a possiveis complexos

proteicos, foram incubadas em solugdo SDS 1% (m/v), B-mercaptoethanol 1% (v/v) por 2 h
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a temperatura ambiente. Os pedagos do gel foram lavados com agua milli-Q para remover
completamente o B-mercaptoethanol e, conseguintemente, posicionado entre as placas de
vidro. Uma mistura de tricina, SDS e poliacrilamida 16% (m/v) (16% T e 3%C) foi colocado
a 2 cm dos pedagos do gel da 1D-BN-PAGE. Apéds polimerizagao foi adicionado uma
camada (1,5 cm) de gel Tricina-SDS-PAGE 10% (m/v) (10% T e 3%). Finalmente, os
pedacos do gel foram embebidos em um gel nativo de poliacrilamidade 10% (m/v)
contendo glicerol 10% (v/v) e SDS 0,2% (m/v). O sistema eletroforético foi submetido a
uma corrente elétrica constante (50 mA), a 18°C por aproximadamente 10 h. Os géis

Tricina-SDS-PAGE foram fixados e corados com prata (Blum, Beier et al., 1987).

3.3. Zimograma acoplado a BN-PAGE

Para zimografia usando 1D-BN-PAGE, os secretomas de ambos os fungos (T.
harzianum e T. reesei) foram submetidos a 1D-BN-PAGE usando géis copolimerizados
com xilana (oat spelts) ou carboximetilcelulose (CMC), a 0,1% (m/v) cada (Sigma-Aldrich
Co, St Louis, MO ). Este procedimento visou detectar as atividades xilanolitica e celulolitica
dos complexos.

Alternativamente foram produzidos zimogramas bidimensionais do tipo 2D-BN-BN-
PAGE. Para tanto, o primeiro passo foi obter géis de 1D-BN-PAGE nao copolimerizado
com os polissacarideos. O segundo passo foi submeter as fitas desses géis a uma
segunda dimensdo de BN-PAGE com géis contendo celulose ou xilana (2-D-BN/BN-
PAGE). Apds corrida eletroforética, o gel 2-D-BN/BN-PAGE foi lavado 3 vezes com acetato
de sédio 50 mM pH 5,5 e incubado por 10 min a 85°C — 90°C para ensaio de atividade
xilanolitico (Sunna, Puls et al., 1997) ou por 1 ha 55°C para ensaio de atividade celulolitico
(Bischoff, Rooney et al., 2006; Matsui e Ban-Tokuda, 2008). A reacdo foi finalizada
incubando o gel a 4°C (“overnight’). Os géis foram corados com Congo Red 0,1% (m/v)
por 30 min. A atividade enzimatica foi observada como uma regido esbranquicada
contrastando com o vermelho-escuro do “background”. A visualizacdo desse contraste foi
melhorada aditando ponderadamente acido acético 0,5% (v/v) no gel.

Paralelamente, a quantificacdo da concentracdo da atividade enzimatica (Ul.mL™")
para xilanase e celulase em solugao foi realizada pelo método Miller (1959). Os seguintes
ensaios foram realizados: enzima total (25 ulL. da amostra mais 50 uL de substrato, xilana

ou CMC); branco substrato (50 uL de substrato mais 25 uL agua milli-Q); branco enzima
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(25 pL de amostra mais 50 pL de agua milli-Q); branco-agua (75 uL de agua milli-Q).
Todos foram incubados por 30 min a 50°C, ap6s o qual foi adicionado 150 uL de DNS e
ferver por 10 min. Finalmente foi adicionado 750 uL de agua milli-Q. A leitura foi realizado

usando um espectrofotdmetro SpectraMax.

3.4. Fracao enriquecida de membrana plasmatica

O micélio de T. reesei foi lavado com solugédo NaCl 0,9% e submetido a um tampéo de
moagem (HEPES-KOH 20 mM pH 7,5, KCI 10 mM, MgCl, 5 mM, EGTA 1 mM, DTT 1 mM
e PMSF 200 uM, 3 mL por grama de miceélio). A solugdo foi incubada em gelo por 30
minutos.

A solugdo foi macerada com almofariz e pistilo (em gelo) juntamente com bilhas de
vidro (diametro: 0,45 — 50 mm). As bilhas e residuos celulares foram removidos por
centrifugacédo (4000 g, 10 minutos, 4°C). O sobrenadante foi centrifugado 15.000 g por 10
minutos a 4°C. O sobrenadante resultante foi submetido a uma nova centrifugagao
(100.000 g, 1 hora, 4°C). O “pellet’ foi ressuspendido em agua e aplicado em tubo com
gradiente de sacarose (25 a 50%), o qual foi submetido a uma centrifugacéo isopicnica
(80.000 g, 10 horas, 4°C).

Todas as centrifugagdes foram realizadas usando ultracentrifuga Beckamn (Laboratério
de Microscopia e Virologia — UnB). O gradiente foi fracionado manualmente em volume de

1 mL. A amostra foi congelada em nitrogénio liquido e estocada em Freezer — 80°C.

3.4.1. Ensaios para deteccao de membrana

A pureza da membrana plasmatica foi realisada indiretamente pelo ensaio da ATPase
sensivel ao vanadato. Vinte e cinco microlitros da amostra foram adicionados a 250 ulL do
tampao de ensaio da ATPase (Tris-Mes 40 mM pH 4,75, MgSO4 3 mM, NaMoO4 1 mM,
EGTA 10 mM, Triton X-100). O volume final da reagéo foi ajustado para 450 uL com agua
milli-Q e incubado por 3 min a 30°C. Posteriormente foi adicionado ATP (concentragéo
final: 3 mM, em Tris sal) e a amostra foi incubada por mais 30 minutos a 30°C. A reagao foi
parada adicionando 50 uL de H>SO4 5 M. Os fosfatos liberados foram determinados pelo

método “Malachite-Green’. As atividades ATPase sensivel ao anadato foram calculados
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pela diferenca entre as atividades sem e com o inibidor (vanadato) (Day, Mcalvin et al.,
2000).

A deteccdo da membrana de Golgi consistiu em submeter 50 yL da amostra foram
adicionado a 50 ulL de tampé&o de ensaio (UDP 3 mM, MnSO4 3 mM, Mes-Tris pH 6,5) e
incubado por 20 minutos a 37°C (Day, Mcalvin et al., 2000). O fosfato liberado foi
quantificado pelo método verde malaquita (“Malachite-Green”.

A fragdo de membrana do reticulo endoplasmatico foi detectada utilizando um
anitocorpo monoclonal especfifico para calnexina e observado por Western blot (Li, Su et
al., 1998; Day, Okada et al., 2001).

3.5. Método verde malaquita (“Malachite-Green”) para deteccao de fosfato livro
3.5.1. Preparacao da solucao de vanadato

Ortovanadato de sodio 5 mM foi dissolvido em agua e mantido em “banho-maria”
38°C por 3 horas. A solugao foi resfriada a temperatura ambiente e o seu volume ajustado.

A concentracdo da solucdo foi verificada (¢ = 2925 M™'.cm™) por absorbancia (i = 265 nm)

apos ajustar o pH para 9,5 usando p6 de Mes. Finalmente, a solugao foi ajustado para pH

7,2 com Mes e armazenada em frasco protegido da luz e a temperatura ambiente.
3.5.2. Preparacao da solucao de verde malaquita/HCI”

Trés partes de malachite-gree/HCI 0,045% (w/v, em agua) foram misturadas com uma
parte de molibdato de amoénio 4,2% (w/v, em HCI 4 M). A mistura foi mantida em agitagao
por 30 minutos e entao filtrada por dois filtros Whatman N° 1 (SIGMA). A cada 10 mL desta
mistura doi adicionada 200 puL de Tergitol NP 2% (w/v) (esta solu¢cdo sempre foi preparada

e utilizada no mesmo dia).
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3.5.3. Determinacao de fosfato livre

Duzentos microlitros da solugdo “verde malaquita/HCI” foram adicionadas a 12,5 uL
do tampao de ensaio ATPase. A mistura foi incubada por 1 minutos a temperatura
ambiente. Apds incubacgéo, 25 uL de citrato de sédio dihidratada 34% (w/v) foi adicionada
a reacao e incubada por 1 hora a temperatura ambiente. A absorbancia foi mensurada a
630 nm. Um curva de correlacédo linear simples foi feita usando fosfato monobasico de

potassio variando de 0 a 30 nmol (Baykov, Evtushenko et al., 1988).

3.6. BN-PAGE de proteinas membranosas

A fragédo enriquecida de membrana plasmatica (200 ug de proteina) foi solubilizada
em acido aminocaproico 750 mM, Bis-Tris 50 mM pH 7,0 e Triton X-100 (concentragdes
variavies), e incubadas em gelo por 20 minutos. Posteriormente a amostra foi centrifugada
a 100.000 g por 15 minutos. O pellet foi ressuspendido em acido aminocaproico 1,5 M e
Bis-Tris 0,1 M pH 7,0. O detergente neutro Triton X-100 foi adicionado em concentragoes
crescentes na amostra (volume final: 1,0 mL) para obter uma razdo Triton X-100/proteina
(g/g) variando de 0,25 a 2,00. A amostra foi incubada em gelo e levemente agitada. Apds 1
hora, foi adicionado CBB (w/v) em acido aminocaprdico 500 mM para a obtencdo de uma
razao detergente/CBB de 4/1(Schagger, H., Cramer, W. et al., 1994). A concentragao total
da proteina foi de 4,44 mg.mL™".

3.7. Identificacao de proteinas

3.7.1.LC-MS/MS

As bandas da primeira dimensédo (1D-PAGE) foram extraidas manualmente e
reduzidas com DTT 10 mM em tamp&do NH4HCO3; 10 mM a 56°C por 1h, na auséncia de
luz. A carbamidometilacdo de cisteina foi realizada usando uma solugcédo de iodoacetamida
50 mM por 1h a temperatura ambiente. As bandas foram desidratadas com ACN 100% e
digeridas por tripsina 1ug/pL. Os peptideos tripticos resultantes foram extraidos a partir da

matriz do gel empregando ACN:H2O:TFA (66:33:0,1; v/v/v) por 10 min, 3 vezes, sempre
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apos sonicagao. Finalmente, os sobrenadantes foram recuperados e reunidos, secos em
centrifuga a vacuo e reconstituido em 10 pL de solugdo de TFA 0,05%. Quatro microlitros
da amostra foram injetados para cromatografia liquida (EASY-nLC IlI) acoplado a um

espectrometro de massa LTQ Orbitrap Velos (Thermo Scientific).

Primeiro os peptideos foram carregados em uma coluna “trap” (30 x 0.1 mm)
empacotada com particulas de 5 ym (Reprosil-Pur 120 C18-AQ) (Dr. Maish). Apdés 4 min
lavando com solvente A, os peptideos foram eluidos durante o gradiente em um coluna 120
x 0,05 mm (empacotada com particulas de 3 pm Reprosil-Pur 120 C18-AQ) (Dr. Maish) a
um fluxo de 200 nL.min" usando a seguinte fase movel: solvente A foi H,O/acetonitrila
(95:5, v/v) com acido férmico 1% (v/v); sovente B foi HyO/acetonitrila com acido férmico
0,1% (20:80, v/v).

O gradiente usado foi 5 a 20% do solvente B em 30 min, 20-50% B em 15 min, 50-
100% em 5 min e 100% B durante 10 min. Os peptideos foram dinamicamente eluidos para
dentro do espectrdmetro de massa via uma sonda de nanospray (Thermo Scientific, GmbH)
usando um emissor de nanospray (20 um i.d., 10 ym tip i.d.) (New Objective), a uma
voltagem de 1,8 kV e temperatura capilar de transferéncia fixada a 180°C. O DDA
(“Automated Data Dependent Acquisition”) foi controlado pelo programa Xcalibur 2.1
(Thermo Scientific, GmbH). A aquisi¢do de ciclo consistiu de um scan de 300-1800 m/z a
uma resolucao de 60.000 (largura total ) e m/z 400 no Orbitrap, seguido pela fragmentacao
dos precursores multiplos carregados mais intensos no “linear ion trap” sob energia de
colisdo normalizada de 35%. O AGC (“Automatic Gain Control”) foi fixado a 5 x 10° cargas
para scan no Orbitrap e 5 x 10* para MS/MS no “ion trap”, ambos portando um microscans.
O limiar da selecao de ion para MS/MS foi fixado a 500 contagens usando uma janela de

isolamento de precursor de 4 amu. O parametro de ativacdo “q” e o tempo de ativagéo
foram fixados a 0,25 e 30 ms, respectivamente. Os m/z dos precursores ja fragmentados

foram dinamicamente excluidos durante o ciclo para 90 s.
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3.7.2. Analise de dados

A identificacdo de proteinas foi realizada pelo MASCOT combinado com buscas de
identificacao por similaridade de sequéncia (apropriado para organismos com genoma nao
disponivel), conforme descrito anteriormente (Junqueira, Spirin, Balbuena et al., 2008).

Sinteticamente, os arquivos em formato .mgf foram filtrados usando o programa
EagleEye v1.66 (Junqueira, Spirin, Santana Balbuena et al., 2008), antes do
sequenciamento de-novo pelo programa PepNovo (Frank e Pevzner, 2005) e MS BLAST
(Shevchenko, Valcu et al., 2009). Os espectros filtrados (retirar o efeito de contaminantes
como querativa a tripsina) foram exportados e submetidos a base de dados NCBInr usando
o programa MASCOT v.2.1 (Matrix Science, Ltda). Os parametros de busca estabelecidos
foram: (1) fungi como taxonomia, (2) tripsina como enzima, (3) até duas clivagens perdidas
permitidas, (4) 10 ppm de tolerancia para a massa peptidica, (5) 0,6 Da de tolerancia da
massa do fragmento, (6) carbamidometilagdo de cisteina como modificacdo fixada (7)
oxidacao de metionina como modificacdo variavel. As identificacbes confiaveis foram
consideradas se a soma de pelo menos trés peptideos apresentarem um score maior que

60, para score ionindividual o score maior que 20.

21



4. Resultados

22



4.1. Analise do secretoma de T. harzianum

O fungo T. harzianum produziu um secretoma cuja concentragao proteica foi 0,2
mg.mL™". O secretoma submetido a 1D-BN-PAGE apresentou varias bandas, sugerindo
a presenga de complexos proteicos (Figura 4A). As bandas visualmente mais intensas

foram nomeadas de complexos |, Il e Il

Sabe-se que o CBB evita a agregagao de proteinas durante o BN-PAGE por meio de
repulsao eletrostatica (Schagger, H., Cramer, W. et al., 1994; Neff e Dencher, 1999;
Krause, 2006). Ainda assim, foi verificado se existiria qualquer correlagdo entre a
concentracdo proteica do secretoma e a formagdo de bandas devido a associagcao
inespecifica (agregacao) nos experimentos de 1D-BN-PAGE. A separagéao eletroforética
foi reproduzida usando trés concentracdes do secretoma: 0,2 mg.mL™", 5 mg.mL™" and 10
mg.mL™". A Figura 4B mostra que as massas moleculares das bandas nos perfis 1D-BN-
PAGE foram idénticos para todas as amostras, indicando auséncia de agregacao
proteica. O mesmo perfil foi conservado em baixas concentragdes (0,2 a 0.002 mg.mL™",
dados ndo mostrados), demonstrando uma alta afinidade entre os componentes dos

complexos.
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Figura 4. (A) 1D-BN-PAGE do secretoma de T. harzianum produzido em meio contendo bagaco de cana. O gel continha gradiente
de concentragdo de poliacrilamida entre 5-18% T e em cada poco foram aplicados 200 ug de proteinas do secretoma. O Gel foi
fixado e corado com “Coomasie Birilliant Blue G-250". As trés bandas mais intensas foram nomeadas: complexos |, Il e Ill. (B) 1D-BN-
PAGE do secretoma de T. harzianum em diferentes concentragdes de proteinas. Nenhuma correlagéo entre concentragao proteica
(0,2 mg.mL™", 5,0 mg.mL" and 10 mg.mL™") e agregacao foi observado. Diferentes volumes de cada uma das amostras foi usada para
tornar as bandas visiveis mesmo em baixas concentragées: 0,2 mg.mL™ (400 pL), 5,0 mg.mL™" (60 uL) and 10 mg.mL™" (20 puL).

As massas moleculares estimadas correspondentes as bandas |, Il e Il foram
obtidas plotando Rf (fragdo de retengdo) em funcdo do Log MW (Log massa molecular)
(Figura 5). As massas moleculares relativas obtidas em gel BN-PAGE, correspondentes
as bandas |, Il e Il foram 185,390 (Rf = 0,443), 115,013 (Rf = 0,586) e 78,032 (Rf =
0,710) kDa, respectivamente (regressdo linear simples: Y = -0,734896 (+ 0,075)X +
2,100147 (+ 0,180); r> = 0,97, p < 0,005), sugerindo a presenca de complexos
multiprotéicos. A segunda dimenséo (Tricina-SDS-PAGE) e espectrometria de massa
(LC-MS/MS) dessas bandas confirmaram nossa espectativa, porquanto cada banda foi
decomposta em componentes com diferentes massas moleculares.

As bandas correspondentes aos complexos |, Il e lll foram extraidas do gel 1D-BN-
PAGE e submetidas a condicbes de dissociagdo em uma segunda dimenséo
eletroforética (Tricina-SDS-PAGE). O gel resultante (2D-BN-PAGE) (Figura 6) mostra
gue os complexos dissociaram-se em pequenos componentes, excluindo a possibilidade
dos complexos serem proteinas de alta massa molecular que co-migraram juntas. No
entanto, o complexo | foi decomposto em componentes de massa molecular alta
comparando com os outros complexos, sugerindo uma dissociagao incompleta mesmo
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sob condicbes desnaturantes. Perante isso, as bandas visualizadas no 2D-BN-PAGE

nao foram analizadas. Alternativamente, os complexos |, Il e Ill foram extraidos

diretamente do gel 1D-BN-PAGE, digerido com tripsina e submetido ao LC-MS/MS para

posterior identificagao das proteinas.
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Figura 5. Regressao linear simples para estimar massa molecular dos complexos separados por 1D-BN-PAGE. A
equagdo da reta obtida foi f(x) = 0,73489 (+ 0,075)x + 2,100147 ( 0,180); r*> = 0,97, p < 0,05). Log MW: logaritmo de
base 10 da massa molecular. Rf.fator de retengao relativa.
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Figura 6. 2D-BN-PAGE do secretoma de T. harzianum produzido em meio contendo bagaco de cana como fonte de carbono. Um gel
gradiente 1D-BN-PAGE (5-18% T) foi usado na primeira dimensao (esquerda) para separar os complexos. Este gel foi corado
Comassie Brilliant Blue G-250. O gel Tricine-SDS-PAGE foi corado com prata e usado para analisar as subunidades dos complexos
I, Ile lllna segunda dimensé&o (direita).
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A identificacdo das proteinas foi realizada usando duas abordagens: abordagem por
correspondéncia estrita (identidade) de espectros peptidicos usando o programa
MASCOT e a abordagem de identificagado de proteinas tolerante a erros orientada por
homologia entre espécies usando o programas PepNovo e MS BLAST (Shevchenko,
Valcu et al., 2009). Os resultados sdo mostrados na Tabela I.

Como ja era esperado devido ao fato da sequencia do genoma do T. harzianum nao
estar publicamente disponivel, a abordagem por homologia entre espécies forneceu
maior numero de identificacbes proteicas que a abordagem convencional (MASCOT)
(Junqueira, Spirin, Balbuena et al., 2008). Por exemplo, ambas as abordagens
identificaram uma celobiohidrolase | no complex |, no entanto, somente a abordagem por
homologia permitiu a identificacdo de enzimas envolvidas na degradagao de xilana, ou
seja, alfa-L-arabinofuranosidase e endo-beta-1,4-xilanase. Concernentemente ao
complexo I, celobiohidrolases, enzimas degradadoras de xilana e endoquitinases foram
identificadas por ambos os métodos. No entanto, a cutinase e a galactosidase foram
identificadas apenas por homologia usando o MS BLAST. A busca pelo MASCOT foi
incapaz de fornecer a identificagdo dos componentes do complexo lll, enquanto varias
proteinas, tais como alfa e beta-glucanases, uma glicoamilase, uma alfa-L-
arabinofuranosidase e uma swolenina, foram identificadas pela abordagem alternativa
(MS BLAST).

Conforme mencionado anteriormente, a degradagao da parede celular da cana-de-
acucar depende principalmente da agdo coordenada de celulases e hemicelulases
(especialmente xilanases). Assim, analises zimograficas usando géis 1D-BN-PAGE
contendo celulose e xilana foram realizados para investigar as atividades de degradagao
de biomassa dos complexos.

A Figura 7 mostra a detecgéo das atividades celulolitica e xilanolitica no secretoma.
No entanto, no gel contendo xilana a atividade foi observada como um longo rastro
esbranquicado, indicando a presenca de varias xilanases com diferentes tamanhos, ou
uma ou poucas xlanases que hidrolizaram o substrato durante a mobilidade
eletroforética.

Para excluir a segunda possibilidade, foi desenvolvido um zimograma 2D-BN/BN-
PAGE, onde a amostra foi submetida a um 1D-BN-PAGE padrao na primeira dimensao e

outro 1D-BN-PAGE (desta vez usando um gel de poliacrilamida com celulose ou xilana)
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na segunda dimensao (Figura 8). A zimografia 2D-BN/BN-PAGE confirmou a detecgéo
das atividades celulolitica e xilanolitica, correspondendo a proteinas de diferentes
massas moleculares e, consequentemente, indicando que os resultados encontrados
usando a zimografia 1D-BN-PAGE nao foram devidos a hidrélise do substrato durante a
mobilidade eletroforética da primeira dimensdo. Como BN-PAGE preserva a integridade
estrutural e funcional de complexos multi-enzimaticos (Wittig e Schagger, 2008), outras
proteinas dentro dos complexos |, Il e lll que ndo estdo diretamente relacionados a
atividades celulolitica e xilanolitica detectadas nos zimogramas (isto é, glicoamilase,

andoquitinase, swolenina) possivelmente também estao ativas.

ZIMOGRAMA (BN-PAGE)
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Figura 7. Zimografia 1D-BN-PAGE do secretoma do T. harzianum. Para detecgao das atividades celulolitico e xilanolitico, substratos
de xilana e celulose foram incorporados dentro dos géis. O gel a esquerda foi corado com Coomasie Brilliant Blue G-250. Os
zimogramas foram corados com Congo Red, conforme descrito em Materiais e Métodos.

|
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Tabela I. Lista de proteinas identificadas por espectrometria de massa nos trés complexos encontrados no secretoma de T. harzianum.

MASCOT MS BLAST
Proteina Organismo Gi () Maiches (b)) Total Score () [Protefna Organismo Gi HSPs (d) Total Score
Complexo |
Celobiohidrolase T T. asperellum 42741023 21 87 Celobiohidrolase T H. virens 194719525 39 2355
“Predicted protein” T. reesa QM6a 340516597 1 58 Celobiohidrolase I-11 V. volvacea 49333365 234
0-L-arabinofuranosidase Penidliom sp.LYG 0704 315259518 308
Xylan 1,4-B-xylosidase S. sviceus ATCC 29083 297197679 3 207
Complexo |l
Acetil xilana esterase Acetil xilana esterase H. jeconna 41016921 43 2665
“Chain A, Cat Core Dom”  1-7°65@ 1151845 21 130
Endoquitinase H. Iixii 487419 117 Endoquitinase H. bxi 88191687 1 84
Endoquitinase 42 T. stromaticum 310892959 63 Celobichidrolase 1 H. virens 194719525 9
Celobiohidrolase 11 A. cellulolyticus Y-94 4200031 98 Arabinogalactana endo-1,4-3- T. stipitatus AT CC 10500 242822204 1 84
galactosidase GalA
Celobichidrolase I P. ocditanis 5124302 100 Celobichidrolase I H. virens 194719525 537
GH 18 T. reese 340514044 4 88 Cutinase G. graminicola M1.001 310799541 485
Endo-1,4-xilanase D P, fimiculosum 53747929 1 56 a-N-arabinofuranosidase A. terreus NIH2624 115401944 453
Endo-B-1,4-xilanase Bisporasp. MEY-1 225420804 12 955
Complexo lli
Glicoamilase H. bxi 61657886 10 748
Endo-B-1,4-glucanase H. jeconna 60593233 2 189
Swolenina H. jeconna 8052455 163
B-endoghicanase ancorado a GPI  G. davigera kw 1407 320590163 153
(associado a parede celular)
o -LAarabinofuranosidase P. mmefer ATCC 18224 212528630 1 84
fangico putativo
0-1,3-glucanase H. Ixi 18076080 1 79

a b c d
“Genlnfo Identfier”, Banco de dados do NCBI. Numero de “matching” dos peptideos. “Score” significante, p < 0.05.  Sequéncias de peptideos de novo que produziram
bl S b

€
“High S coring Pairs” (HSP) pelo MS BLAST. “Score” estatisticamente significante do HSP.
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Figura 8. Zimograma 2D-BN/BN-PAGE do secretoma de T. harzianum. Para a detecgdo das atividades celulolitica e xilanoltica,
cellulose e xilana foram incorporados dentro dos géis. Os zimogramas foram corados com Congo Red como descrito em Materiais e

Métodos.

Os resultados apresentados aqui indicaram que T. harzianum é capaz de secretar
complexos multi-enzimaticos ativos. A composi¢cao heterogénea dos complexos sugere
uma reagao sinergistica possivel entre as diferentes proteinas que atuariam de modo

cooperativo para degradar eficientemente o bagaco de cana-de-agucar usado como

substrato.
O esquema abaixo mostra um modelo que sintetiza uma nova proposta da mecanica

de degradacgao de bagago de cana por T. harzianum.
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4.2. Analise do secretoma de Trichoderma reesei

Apos 10 dias de cultivo em meio contendo lactose e galactose, o secretoma de T.
reesei apresentou respectivamente 0,3 e 0,1 mg.mL'1 de proteina total. A aplicacdo do
método BN-PAGE ao secretoma mostrou a existéncia de complexos multiproteicos em
ambas as fontes de carbono. Esta bem estabelecido que o CBB reduz a formacéao de
agregados proteicos por repulsdo eletrostatica (Schagger, H., Cramer, W. et al., 1994;
Neff e Dencher, 1999; Krause, 2006), porém, como em T. harzianum, a relacdo de
dependéncia entre agregacdo e altas concentragdes proteicas em BN-PAGE foi
verificado para o T. reesei. Os resultados mostraram o mesmo perfil eletroforético em
todas as concentragdes estudadas, excluindo definitivamente qualquer possibilidade de
agregacao (Figura 9A). As bandas | e Il correspondem aos complexos multiproteicos e
foram selecionados para analise devido a diferenca caracteristica na intensidade de sua
coloragao por CBB. Mesmo apresentando massas moleculares praticamente identicas, o
complexo | obtido em meio galactose apresentou intensa coloragao comparativamente
ao complexo | obtido em meio lactose. Inversamente, o complexo Il oriundo do meio
lactose é fortemente corado relativamente ao encontrado em meio galactose. Além
disso, algumas bandas com massas moleculares superiores a do complexo | e
fracamente visualizadas, parecem exclusivas de meio lactose (Figura 9B).

As massas moleculares estimadas correspondentes aos complexos | e Il foram
obtidas plotando Rf (fator de retengcdo) em fun¢cdo do Log MW (Log massa molecular)
(Figura 10). As massas moleculares estimadas do complexo |, encontradas em meio
contendo lactose e galactose, foram 368,186 kDa e 354,716, respectivamente. As do
complexo Il foram 174,715 para ambas as fontes de carbono.

A funcionalidade enzimatica dos complexos foi verificada (zimografia 2D-BN/BN-
PAGE), porquanto a atividade sinergistica deles é um fator critico para aplicagdes
industriais e biotecnolégicas (Stricker, Mach et al., 2008). A Figura 11 mostra que os
complexos (i) sdo ativos, (ii) apresentam ambas as atividades, celulolitica e xilanolitica, e
(iii) tais atividades sao aparentemente maiores quando o fungo é cultivado em lactose do

que em galactose.
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Figura 9. (A) Perfil eletroforético do secretoma de T. reesei em gel de poliacrilamida “blue-native” (BN-PAGE) sob diferentes
concentragdes: 10 mg.mL™" (a), 2 mg.mL™" (b), 0,3 mg.mL™ (c) e 0,0875 mg.mL™" (c*). O gradiente de poliacrilamida variou de
5 a 18% T para ambas as fontes de carbono. Diferentes quantidades de proteina total foram usadas para tornar visiveis as
bandas menos intensas: 10 pL (a), 50 pL (b) and 300 pL (c and c*). ¢* e c correspondem a concentragcdo especifica
encontrada na cultura contendo galactose (0,3%) e lactose (1%), respectivamente. Marcador molecular: tiroglobulina (669
kDa), ferritina (440 kDa), catalase (232 kDa), aldolase (158 kDa) e albumina (67 kDa) (SIGMA). As bandas | e Il sdo
complexos multiproteicos. Os experimentos foram feitos em triplicatas. (B) “Zoom” mostrando trés complexos de alta massa
molecular mas de baixa intenside e presentes na amostra crescida em latose marcados por astericos brancos.
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Figura 10. Regresséo linear simples. A equacao da reta obtidafoi f(x) =-0,514821 (+ 0,014)x + 1,54386 (+ 0,035). Log MW
logaritmo de base 10 da massa molecular. Rf fator de retengéo relativa. (> = 0,99; p < 0,05).
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Dados quantitativos da atividade enzimatica foram obtidos das amostras em solugao.
A medida da concentragdo de atividade enzimatica, dada em UI.mL'1, mostrou que T.
reesei apresenta: (i) atividades celulolitica e xilanolitica em ambas as fontes de carbono;
(i) a atividade xilanolitica € maior que celulolitica nas duas condi¢gbes estudadas; (iii) a
atividade celulolitica € 5 vezes maior em meio lactose que galactose, ja a xilanolitica é

apenas 1,5 vezes maior (Tabela Il).

Celulase Xilanase

9s0}oeT

Zimo/BN-PAGE

9s0j)oej|en

Figura 11. Zimograma 2D-BN/BN-PAGE do secretoma (10 mg.mL™") de T. reesei cultivado em lactose e galactose. Os géis
de ambas as dimensdes foram feitos com gradiente de poliacrilamida, variando de 5 a 18%. A concenfragdo dos substratos
(celulose e xilana) em gel foi de 0,01 g.mL™ (1%). A zona esbranquigada paralela a seta tracejada corresponde 2 atividade
enzimatica. Marcador molecular: tiroglobulina (669 kDa), ferritina (440 kDa), catalase (232 kDa), aldolase (158 kDa) e
albumina (67 ka) (SIGMA).

Tabela Il. Concentragdo da atividade enzimatica (UI.mL'1) de celulases e xilanases
presentes no secretoma de T. reesei cultivado em meio contendo lactose e galactose como
fontes de carbono. A concentragéo proteica das amostras foi de 10 mgmL™" (onde n = 3).

Atividade (UL.mL™) Fonte de carbono usada no crescimento
Lactose Galactose
Celulolitica 0,781 (x0,32) 0,155 (¢ 0,02)
Xilanolitica 1,315 (¢ 0,35) 0,840 (+ 0,15)
Dados de regresséo linear simples: f(x) = 4,075596 (+ 0,045)x — 0,011743 (+ 0,005). (r* = 0,999; p <
0,05).
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O procedimento adotado para T. harzianum também foi utilizado aqui para os
complexos | e |l do T. reesei: extracédo das bandas diretamente do gel 1D-BN-PAGE,
digestdo e submiss&o ao LC-MS/MS. Considerando que T. reesei tem seu genoma
disponivel publicamente, utilizamos apenas o método estringente de andlise de dados
utilizando o software MASCOT para identificacdo das proteinas.

A Tabela Il mostra os componentes proteicos presentes em cada complexo
estudado. A fonte de carbono lactose parece induzir maior heterogeneidade proteica na
composic¢ao dos complexos analisados comparativamente a galactose.

Conforme ja mencionado na introdugéo deste trabalho, a galactose € o indutor das
celulases presente na constituicdo da lactose. No entanto, resultados vém mostrando
que a lactose, antes de catalizada em galactose e glicose pela galactosidase, intensifica
a producdo de algumas enzimas (além de induzir outras) através de vias diferentes,
possivelmente por proteinas de membrana (Karaffa, Fekete et al., 2006). Por isso,
decidimos obter fragdes enriquecidas de membrana plasmatica para verificar, por BN-
PAGE, se existem alguma diferengca na organizagdo das proteinas membranosas para
as fontes de carbano estudadas.

No6s conseguimos obter fragbes enriquecidas de membrana plasmatica de T. reesei
a partir de cultura contendo lactose, as quais podem ser observadas na Figura 12. As
fracbes de membrana plasmatica foram monitoradas por meio da atividade ATPasica
especifica, enquanto a membrana de Golgi corresponde a atividade de hidrélise de UDP
(UDPase). As fragbes de membrana celular comegam a partir da fragdo 15. A
quantidade de proteina presente nestas fracbes e nas obtidas em cultura contendo
galactose foram insuficientes para a realizagdo do BN-PAGE e dos ensaios de detecgao
de membranas, respectivamente. Novas culturas deverdo ser feitas em quantidades
maiores de micélio para atender ao redimento proteico suficiente para a realizagao do

BN-PAGE. Esta meta ficara reservada como uma perspectiva deste trabalho.
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Figura 12. Subfracionamento de membranas em Trichoderma reesei por ultracentrfugagdo isopicnica em
gradiente de sacarose (20 — 50%). Fonte de carbono: B-Lactose. Marcadores: membrana plasmatica (ensaio da
ATPase sensivel a vanadato) e membrana de golgi (ensaio da UDPase). A linha tracejada permite visualizar a
tendéncia gréfica.

Tabela lll. Proteinas identificadas por MASCOT dos complexos | e Il presentes no secretoma de T. reesei
cultivado em meio contendo lactose e galactose como fontes de carbono.

Galactose Lactose
Proteina Massa Match Score Proteina Massa Match Score
(Da) (Da)
COMPLEXO I
GH 36 (gi| 340514461) 82.098 37 (27) 568 GH 36 (gi| 340514461) 82.098 21 (11) 243
Beta-1,3-endoglucanase (gi| 340517806) 42.420 3 (3) 133 Beta-1,3-endoglucanase (gi| 340517806) 42.420 313 118
GH 55 (gi| 340513925) 79.726 7 (6) 139
GH 54 (gi| 340521563) 53.664 6 (4) 137
GH 16 (gi| 340515048) 31.095 4 (3) 104
Catalase/peroxidase (gi| 340513959) 85.915 2(2) 64
Alfa-galactosidase 2 (gi| 74630548) 82.085 14 (9) 219
GH 20 (gi| 340520576) 64.562 7(4) 128
Exo-beta-14-glucanase especifico para 87.307 4 (2) 98
xiloglucano (gi| 74619305)
Aril-alcool oxidase (gi| 340515821) 65.028 7(4) 87
“predicted protein” (gi| 340518010) 43.819 6 (5) 173
“Predicted protein” (gi| 340518236) 20.272 312 119 “Predicted protein” (gi| 340518236) 20.272 4 (3) 94
COMPLEXO II
Beta-1,3-endoglucanase (gi| 340517806) 42.420 3 (3) 151 Beta-1,3-endoglucanase (gi| 340517806) 42.420 32 120
GH 37 (gi| 340515893) 77.196 32 107 GH 37 (gi| 340515893) 77.196 9 (3) 77
Quitinase (gi|340514611) 67.713 11 (5) 83 Quitinase (gi| 340514611) 67.713 7 @) 63
Amidase (gi| 340514363) 60.120 11 (4) 86
GH 3 (gi| 340519849) 85.058 3(2) 97
“predicted protein” (gi| 340514386) 25.474 4(2) 106
GH 95 (gi| 340519793) 47004 2" 73
“Predicted protein” (gi| 340516521) 20.259 2(2) 82
“Predicted protein” (gi| 340518010) 43.819 3(2) 84
“Predicted protein” (gi| 340519476) 44.510 17 (14) 452 “Predicted protein” (gi| 340519476) 44.510 | 15 (11) 334
“Predicted protein” (gi| 340522459) 61.385 6 4) 155 “Predicted protein” (gi| 340522459) 61.385 11 (7) 186
“Predicted protein” (gi| 340518236) 20.272 74) 130 “Predicted protein” (gi| 340518236) 20.272 6 (4) 152
“Predicted protein” (gi| 340513779) 52.069 32 99 “Predicted protein” (gi| 340513779) 52.069 4 (2 82

GH: Glicosil Hidrolase.
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5.1. Do método

A escolha do método BN-PAGE para o estudo de complexos multiprotéicos foi
baseada na atribuicdo dos valores logicos (VERDADEIRO ou FALSO) as seguintes
proposicoes:

1. BN-PAGE é método mais adequado para verificar a presenca de complexos
multiprotéicos.

2. BN-PAGE é utilizado para ensaios de atividades de complexos multiprotéicos em
gel.

Evidéncias cientificas (artigos) referenciadas abaixo permitiram atribuir o valor l6gico
VERDADEIRO a ambas as proposigdes, indicando BN-PAGE como um método
adequado no estudo de complexos multiprotéicos secretados (secretoma) ou presentes
em membranas biolégicas de micro-organismos.

A analise das propriedades hidrodinamicas de proteinas, particularmente de
proteinas de membrana, € dificil de ser realizada pelos métodos de ultracentrifugagao
analitica (Von Jagow, Schagger et al., 1977). Outros métodos de menor resolugdo, como
centrifugacdo em gradiente de densidade e cromatografia de exclusdo molecular (gel
filtracao), tém sido empregados (Schagger, H., Cramer, W. et al., 1994).

Os métodos espectroscopicos por espalhamento de luz dindmica (DLS, “Dynamic
Light Scattering”) e estatica (SLS, “Static Light Scattering”) também s&o inapropriados,
porquanto oligdbmeros com diferentes tamanhos em solugdo provocam uma ampla
variedade na intensidade de espalhamento da luz, resultando numa razdo sinal/ruido
muito baixa (Berne e Pecora, 2000; Borgstahl, 2007).

O método BN-PAGE tem substituido os métodos supramencionados, porquanto
apresenta alta resolugdo no isolamento de complexos multiprotéicos ativos a partir de
membranas biologicas, além de atribuir massas moleculares relativas aos complexos
encontrados (Schagger e Von Jagow, 1991; Schagger, H., Cramer, W. et al., 1994).

Além de separar complexos multiprotéicos nativos de membranas biolégicas, BN-
PAGE também isola proteinas hidrossoluveis, acidas e basicas. Assim, BN-PAGE se
tornou um método analitico na determinagdo de estados oligoméricos, subcomplexos,
interacao proteina-proteina e pureza da amostra (Schagger, H., Cramer, W. et al., 1994;
Krause, 2006).

Ensaios de atividade catalitica usando géis de BN-PAGE tém sido aplicados para

identificar e quantificar complexos de fosforilagdo oxidativa mitocondrial (OXPHQOS) e
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outras enzimas tais como dihidrolipoamida desidrogenase, NAD quinase e enzimas
produtoras de NADPH (Wittig e Schagger, 2008). Recentemente, BN-PAGE foi aplicado
para estudar complexos multiprotéicos do fungo filamentoso Penicillium purpurogenum
(Gonzalez-Vogel, Eyzaguirre et al., 2011) e Trypanosoma brucei (Geiger, Hirtz et al.,
2010).

A atividade de cada componente dos complexos € uma consequéncia do seu estado
nativo. Considerando que a técnica BN-PAGE conserva o estado nativo e funcional dos
componentes dos complexos multiprotéicos, ensaios de atividade seriam
desnecessarios. Mesmo assim, neste trabalho os ensaios de atividades enzimaticas por
zimograma em gel BN-PAGE foram realizados para celulase e xilanase. A zona
esbranqui¢cada, contornada pela coloracédo avermelhada (“background”), caracteristica
do corante “Congo Red” (as Figuras foram apresentadas em preto e branco), é
resultante da atividade enzimatica (Sunna e Antranikian, 1997; Matsui e Ban-Tokuda,
2008). As Figuras 5, 6 e 9 evidenciam essa caracteristica, e como ambas as atividades
(celulolitica e xilanolitica) estdo presentes no mesmo complexo, isto indica que celulases
e xilanases fazem parte desse complexo, o qual foi encontrado e identificado por
espectrometria de massas.

O método BN-PAGE tem contribuido na busca de respostas para diferentes
questdes: (i) a existéncia de complexos multicristalinos nas fragdes de proteinas
hidrosoluveis de alto peso molecular, presentes nas lentes oculares humanas normais e
com cataratas (Srivastava, Chaves et al., 2008); (ii) a verificagdo do envolvimento da
magquinaria hsp (chaperona) na produgao do virus hepatite B (Liu, Qian et al., 2009); (iii)
a definicdo dos proteomas mitocondriais de alguns 6rgdos de rato submetidos a
condic¢des fisiologicamente significativos (Reifschneider, Goto et al., 2006); (iv) estudo
oligomérico ativo da ATP-Sintetase em mitocéndria de mamiferos (Krause, Reifschneider
et al., 2005); (v) a analise do estado oligomérico da F1FO-ATP sintetase de mitocéndria
de levedura (Arnold, Pfeiffer et al., 1998); (vi) importe celular de proteinas, dindmica de
biogénese, associagdo de complexos protéicos em membranas, altera¢gdes mitocondriais
em  apoptose, encefalopatias mitocondriais, carcinogénese e  doengas
neurodegenerativas (Wittig e Schagger, 2009).

As vantagens atribuidas ao BN-PAGE sao devidas as propriedades da molécula
“Coomassie Brilliant Blue G-250” (CBB). Ao ligar nos dominios hidrofébicos existentes na

superficie das proteinas, o CBB exerce os seguintes efeitos:
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(1) Carrega negativamente as proteinas, conserva a estrutura nativa e promove a
mobilidade eletroforética das proteinas basicas para a regiao anddica do sistema;

(2) Reduz a agregacédo das proteinas devido a repulsdo eletrostatica de sua
superficie carregada negativamente;

(3) As bandas protéicas sdo visiveis durante a eletroforese, e uma coloragao
subsequente do gel € opcional;

(4) As proteinas hidrofébicas sdo convertidas em proteinas soluveis em agua. A
eletroforese é processada sem qualquer detergente na matriz do gel (Schagger, H.,
Cramer, W. et al., 1994; Neff e Dencher, 1999; Krause, 2006).

No entanto, a estimativa acurada do tamanho dos complexos multiprotéicos por BN-
PAGE ainda é um desafio. Diferentemente do gel nativo tradicional, os tamanhos
aparentes dos complexos de proteinas no gel BN-PAGE sao sensivelmente
influenciados pelas moléculas de CBB, porque esse corante liga-se inespecificamente a
superficie hidrofébica das proteinas. O CBB tem uma massa molecular de 854,04 Da,
uma massa que nao deve ser ignorada, especialmente quando as proteinas apresentam
tamanhos variando de 50 a 150 kDa. A ligacao diferencial do CBB — a qual é devido as
diferengcas nas superficies hidrofébicas expostas entre as proteinas marcadoras e
aquelas das proteinas da amostra —, provocara uma falsa estimativa da massa molecular
(Heuberger, Veenhoff et al., 2002; Wang, Xu et al., 2007).

Nesse contexto, resultados obtidos por Wang e colaboradores mostraram que o
tamanho calculado dos homotetrameros de gliceraldeido-3-fosfato desidrogenase e
fosfoglicerato mutase s&o 144 e 113 kDa, respectivamente. No entanto, a massa obtida
por BN-PAGE dessas enzimas foram respectivamente 110 e 90 kDa (Heuberger,
Veenhoff et al., 2002; Wang, Xu et al., 2007).

Por isso, € procedimento padrdo acoplar BN-PAGE (primeira dimensao) a SDS-
PAGE (Tricina-SDS-PAGE) (segunda dimensdo) para dirimir quaisquer duvidas
relativamente as bandas. Caso as bandas apresentem componentes, trata-se de um
complexo, caso nao, é interferéncia do CBB associado as regides hidroféficas das
proteinas marcadoras e das proteinas das amostras (Wittig, Braun et al., 2006; Geiger,
Hirtz et al., 2010). No entanto, alguns complexos apresentam resisténcia a dissociagao
completa por tratamento destanurante (Wang, Xu et al., 2007). Perante isso, a
verificacdo de possiveis componentes tém sido realizada pela extragdo da banda
diretamente da primeira dimensdo, digerida e aplicada ao sistema LC-MS/MS para
posterior identificacdo (MASCOT e/ou MS BLAST).
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A técnica BN-PAGE ¢é promissora no estudo de complexos, conforme referéncias
supracitadas, porém ainda aguarda a resolugdo da problematica das medidas das
massas moleculares, a qual ndo é uma proposi¢cao de nosso trabalho.

Definitivamente, a fundamentacdo tedrica do BN-PAGE e os resultados obtidos
neste trabalho mostraram-se concordes, corroborando os trabalhos anteriores que
demonstraram BN-PAGE como a técnica mais apropriada no estudo de complexos

multiprotéicos.

5.2. Analise de complexos proteicos do secretoma de Trichoderma harzianum

Os resultados obtidos neste trblho evidenciaram que o T. harzianum secreta
complexos multienzimaticos heterogéneos e ativos quando cultivados em meio contendo
bagago de cana como fonte de carbono. A analise constitucional de cada complexo
reportado na Tabela | sugere uma reagao sinergistica possivel entre as diferentes
enzimas, uma consequéncia da interacdo cooperativa para degradacgao eficiente do
bagaco de cana.

Nesse contexto, a enzima ABF encontrada nos trés complexos desfaria o
impedimento estérico pela clivagem das ligagdes alfa-L-arabinofuranosil dos ramos de
arabinose presente em xilanas para melhor desempenho das celulases (Murashima,
Kosugi et al., 2003; Seiboth e Metz, 2011). Assim, no complexo | os ABFs cooperam
possivelmente com a 1,4-beta-xilosidase para remover sucessivamente os monémeros
de D-xilose a partir do esqueleto de xilana, permitindo as CBHs penetrar profundamente
na parede celular vegetal.

Similarmente a ABF, AXE e cutinase, encontradas no complexo |l facilitariam,
respectivamente, as endoxilanases acessarem o esqueleto de xilana pela remogao das
cadeias laterais acetiladas (Beg, Kapoor et al., 2001) e acessorar outras enzimas
hidroliticas a atingir os polimeros da parede celular durante o processo de degradacao
vegetal no crescimento saprofitico (Rubio, Cardoza et al., 2008). Adicionalmente, as
xilanases e celulases atuam como elicitores de proteinas relacionadas a patogenos em
plantas, as quais poderiam justificar a presenga da enzima de controle biolégico
endoquitinase no mesmo complexo (Yang, Yang et al., 2009). Recentemente, a
endoquitinase mostrou-se um excelente agente biolégico contra Rhizoctonia solani e

Fusarium solani (Mishra, Kshirsagar et al., 2012). Neste contexto, T. harzianum enrola-

39



se a hifa do hospedeiro e usa a alfa-1,3-glucanase (mutanase) (complexo lll) para
penetrar na parede celular (Wiater, Janczarek et al., 2011).

Assim como em T. harzianum, uma relacdo sinergistica similar entre celulases e
hemicelulases foi anteriormente reportado na conversdo de substratos complexos como
palhas de trigo (Tabka e Sigoillot, 2006) e milho (Selig, Knoshaug et al., 2008) em
agucares simples por enzimas isoladas por outros fungos filamentosos. O sinergismo
entre xilanases e celulases também foi observado no micro-organismo anaerébico C.
cellulovorans durante a degradagcdo do bagago de cana de agucar. Neste caso, a
relacdo sinergistica ocorre em celulosomas (Tabka e Sigoillot, 2008). A estrutura de um
celulosoma possui uma proteina nao catalitica denominada de escafoldina (“Scaffoldin”),
o qual integra o complexo glicosil hidrolases, liga-o a superficie celular e ancora o
complexo inteiro na celulose cristalina (Fontes e Gilbert, 2010).

Neste trabalho ndo foi encontrada uma escafoldina em qualquer dos complexos
estudados, sugerindo que tais complexos apresentam uma organizagdo estrutural
diferente do celulosoma bacteriano tipico. No entanto, os dados de dissociagao
incompleta e dos perfis BN-PAGE preservados em diferentes concentragdes proteicas
sugere uma interagao tipo coesina-dockerina. A literatura relata que os dominios coesina
e dockerina medeiam uma interacdo de alta afinidade entre as subunidades em
celulosomas (bactérica anaerdbica) e complexos enzimaticos (fungos anaerdbicos e
bactérias aerdbicas), cuja constante de associacdo é maior que 10° M (Shoham, Lamed
et al., 1999; Kosugi, Murashima et al., 2002; Miras, Schaeffer et al., 2002; Schaeffer,
Matuschek et al., 2002; Fontes e Gilbert, 2010).

Uma enzima chamada glicosidase foi encontrada e identificada como uma
escafoldina potencial no fungo anaerobico Piromyces equi. Resultados mostraram que o
dominio duplo de dockerina presente na Cel45A (celobiohidrolase) of P. equi conecta-se
a aquela glucosidase (~ 100 kDa) (Fanutti, Ponyi et al., 1995; Nagy, Tunnicliffe et al.,
2007). No entanto, nenhum dos complexos analisados neste trabalho tiveram essa
enzima, a qual pode ser provavelmente devido as diferentes fontes de carbono. Por
exemplo, dados anteriores mostraram que as diferengas no tipo de enzima hidrolitica
secretado pelos fungos filamentosos sdo uma consequéncia da fonte de carbono
presente nos meios de cultura (Jargensen, Goosen et al., 2009; Fernandez-Acero, Colby
etal., 2010; Lu, Sun et al., 2010; Mahajan e Master, 2010; Jun, Kieselbach et al., 2011),

sugerindo que a estrutura e a funcdo de cada complexo multimérico no secretoma de T.
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harzianum pode ser também especificamente induzido pela fonte de carbono, conforme
descrito alhures (Gonzalez-Vogel, Eyzaguirre etal., 2011).

Pela primeira vez foi encontrado SWOI e GPI-EgIC na forma complexada em
secretoma de T. harzianum (complexo Ill). A proteina semelhante a SWOI, descrita
primeiramente por (Saloheimo, Paloheimo et al., 2002), atua no afrouxamento da
biomassa lignocelulésica sem produzir quantidades detectaveis de agucares redutores
(Saloheimo, Paloheimo et al., 2002; Arantes, V. e Saddler, J., 2010). Esta proteina
promove a amorfogénese das microfibrilas de celulose e aumenta a eficiéncia da
atividade celulolitica (Arantes, V. e Saddler, J. N., 2010).

Semelhante a SWOI, o SBD (“Starch Binding Domain”) encontrado em glicoamilase
também conhecido como amiloglicosidase ou y-amilase (EC 3.2.1.3), tem sido proposto
aumentar a hidrolise de amido ou oligossacarideos relacionados ao afrouxamento de
sua estrutura e posicionar os dominios cataliticos ou outras glicosideos hidrolases sobre
a superficie do substrato vegetal. Esse dominio pode ser funcionalmente independente
do seu dominio catalitico; o SBD pertence a familia CBMs (“carbohydrate-binding
modules”) (Bolam, Ciruela et al., 1998; Southall, Simpson et al., 1999; Giardina, Gunning
etal., 2001; Tung, Chang et al., 2008).

Finalmente, GPI-EgIC ligaria o complexo Ill a célula fungica, aumentando a eficiéncia
de degradacédo devido ao intimo contato entre as diferentes enzimas e a biomassa
vegetal. Essa molécula também foi encontrada em Aspergillus fumigates, mas nao
associada a complexos multienzimaticos (Mouyna, Sarfati et al., 2002; Mouyna, Morelle
et al., 2005; Gastebois, Mouyna et al., 2010; Hartl, Gastebois et al., 2011). As proteinas
ancoradas a GPIl tém mostradas, repetidamente, um papel na remodelagem dos
polissacarideos da parede celular. No entanto, GPI-EgIC tem uma fungcdo que nao foi
diretamente relacionada a sua atividade enzimatica, e sua fungdo no crescimento
morfogenético dos fungos filamentosos ainda permanece uma questao aberta (Mouyna,
Sarfati et al., 2002; Mouyna, Morelle et al., 2005; Gastebois, Mouyna et al., 2010; Hartl,
Gastebois et al., 2011).
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5.3. Analise de complexos proteicos do secretoma de Trichoderma reesei

A espécie T. reesei € alvo de interesse académico, biotecnoldgico e industrial, sendo
o principal produtor de celulases até o momento. O sistema de degradagao vigente para
este fungo € o sistema de enzimas livres presentes no seu secretoma (Shoham 1999).
Em contraste a este sistema atribuido a T. reesei, este trabalho mostrou a presenga de
complexos multi-enzimaticos ativos no seu secretoma. Além disso, a analise de dois
complexos mostraram que os seus componentes diferem-se, dependendo da fonte de
carbono utilizada (lactose e galactose).

A técnica BN-PAGE mostrou que o complexo | é aparentemente mais expresso em
lactose que galactose, ocorrendo inversamente com o complexo Il, o qual é
aparentemente mais expresso em galactose que lactose. Esta diferenca de expressao,
como um efeito da diferenca na intensidade da coloracdo por CBB entre as bandas foi
possivel ser estabalecido devido a normalizagdo entre as amostras obtidas de culturas
com fontes de carbonos em concentragdes diferentes (lactose 1% (m/v) e galactose
0,3% (m/v)), antes da aplicagdo no gel. Esta diferenga na concentragdo das fontes de
carbono se justifica, porquanto concentragbes acima de 0,3% para galactose nao induziu
a produgao de celulases em T. reesei. Acredita-se que a inducdo desse monossacarideo
processa-se apenas em baixas concentragbes dentro do fungo. Experimentos de
superexpressao do gene bgal (o qual aumenta a disponibilidade intracelular de
galactose), realizado por Seiboth e colaboradores, promoveu o desligamento da
transcricdo enzimatica (celobiohidrolases | e Il) quando a atividade galactosidasica
variou de 3 U.g™' até 12 U.g™ (Seiboth, Hartl et al., 2005). Quanto & biomassa Umida
micelar cultivada, uma quantidade fixa (aproximadamente 60 g) foi estabelecida para
ambas as fontes de carbono.

Os trés complexos marcados com asterisco, bem como as enzimas exclusivas na
constituicdo dos complexos | e |l presentes em meio lactose parecem explicar a maior
concentragdo da atividade enzimatica (celulolitica e xilanolitica) em lactose
comparativamente a galactose. Interessantemente, T. reesei produziu mais complexos
multi-enzimaticos e uma composi¢cao especifica nos complexos | e Il parece torna-los
melhores equipados para biodegradacdo (discutiremos abaixo) quando cultivado em
meio contendo lactose que cultivado em meio contendo o seu indutor galactose.

Muitos trabalhos mostraram que a galactose € realmente o indutor de celulases para

T. reesei, quando este é cultivado em meio contendo lactose. Paralelamente, o indutor
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mais potente para indugdo de celulases em T. reesei é soforose, um dissacarideo
resultante da despolimerizagao da celulose e posterior transglicosilacédo da celobiose.
Interessantemente, os resultados obtidos por Sternberg e Mandels mostraram que T.
reesei cultivado em meio contendo celulose apresenta maior atividade enzimatica que
cultivado sob meio contendo o seu indutor soforose. Os autores explicam esta diferenca
devido a maior expressao enzimatica e celulases exclusivas encontradas no secretoma
produzido em meio contendo celulose que soforese (Sternberg e Mandels, 1979).

A comparagdo acima mostra uma resposta similar do fungo a essas fontes de
carbono, sugerindo lactose e celulose devam possuir uma via de sinalizagdo alternativa
(ndo exatamente a mesma para ambas) que, uma vez disparada a nivel de membrana
plasmatica pela presenga dos sacarideos, intensifique a expressdo génica e induza a
transcricdo de genes distintos para a formagdao de complexos, possivelmente para
atender a complexidade do polissacarideo a ser degradado. N6s hipotetizamos que uma
proteina sensora registra a presengca das moléculas de lactose antes de serem
totalmente catalizadas pela beta-galactosidase. Esse tempo necessario poderia estar
correlacionado a baixa eficiéncia catalitica da enzima sobre o substrato lactose (kcat/Km
= 0,23 + 0,02) comparativamente aos substratos O-Nitrophenil-3-D-galactopiranosideo
(kcat/Km = 159,41 £ 5,41), lactulose (kcat/Km = 7,98 + 0,78) e galactobiose (kcat/Km =
1,83 £ 0,51) (Gamauf, Marchetti et al., 2007). Um receptor para o polissacaridio quitina
foi encontrado em vertebrados (Day, Okada et al., 2001).

Neste contexto, BN-PAGE das fragdes enriquecidas de membrana plasmatica de T.
reesei € uma sugestdo experimental apropriada para verificar a organizagdo das
proteinas de membrana em meio contendo lactose e galactose. Neste trabalho nos
obtivemos as fracbes enriquecidas de membrana celular de T. reesei, no entanto em
baixo redimento, o que exige maior quantidade de massa micelar inicial ou
melhoramento do protocolo utilizado. Por uma questdo de tempo disponivel para a
finalizacdo do doutorado, a continuagdo deste objetivo especifico ficou reservado como
perspectivas.

Assim como em T. harzianum, a atividade celulolitica e xilanolitica presente nos
complexos estudados em T. reesei sugere uma cooperatividade funcional no processo
de degradacéo de subtratos. A enzima beta-1,3-endoglucanase é encontrada em ambos
os complexos estudados. Esta enzima esta ligada a parede celular de fungos. Dados
reportados nao relacionam-na diretamente com a sua atividade enzimatica especifica,

que € sua participar da remodelag¢ao da parede celular do fungo para o seu crescimento.
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Esta funcdo nos fungos filamentosos ainda permanece uma questdo aberta (Mouyna,
Sarfati et al., 2002; Mouyna, Morelle et al., 2005; Gastebois, Mouyna et al., 2010; Hartl,
Gastebois et al., 2011).

Neste trabalho, a atividade beta-1,3-endoglucanase, representada pelas GHs 16 e
17, poderia estar ancorada a GPI, conectando os complexos a membrana celular
fungica. Esta hipétese é corroborada pelo fato de beta-1,3-endoglucanase, atribuida a
GH 16, ter sido encontrada ancorada a GP| em Aspergillus fumigatus (Hartl, Gastebois
et al., 2011). Recentemente, a mesma enzima foi encontrada como componente de um
complexo multi-enzimatico presente no secretoma de T. harzianum, além de associada a
GPI, indicando um papel de ligacdo do complexo a célula do fungo (Silva, Gémez-
Mendoza et al.,, 2012a). Adicionalmente, uma “predicted protein” (gi|340518236),
também encontrada nos complexos estudados, teve sua descricdo sequencial por
“Blast2go” sendo identificada como uma proteina de parede celular.

Portanto, a associagéo dos complexos | e Il ao fungo pela beta-1,3-endoglucanase e
pela proteina de parede celular fungico (“Blast2go” da “predicted protein”, gi|340518236)
poderia aumentar a eficiéncia de degradagdo devido o contato entre as diferentes
enzimas do complexo e o substrato.

As proteinas constituintes dos complexos associaram-se com  maior
heterogeneidade quando a fonte de carbono foi a lactose. Por exemplo, a alfa-1,3-
endoglucanase (“Blast2go” da  “predicted protein®, gi|340518010), beta-N-
acetilhexosaminidase (“Blast2go” da GH 20, gi|340520576) e alfa-fucosidase (GH 95) foi
encontrada somente nos complexos oriundos do meio contendo lactose.

Juntas no mesmo complexo: beta-1,3-endoglucanase, proteina de parede celular
(“predicted protein”, gi|340518236), alfa-1,3-endoglucanase e beta-N-
acetilhexosaminidase apresentariam uma cooperatividade funcional no processo de
degradagao de paredes de fungos e exoesqueletos de crustaceos e insetos. A beta-1,3-
endoglicanase e a proteina de parede fungica ligariam os complexos | e Il a hifa de T.
reesei, havendo ainda a possibilidade de a endoglucanase manter os complexos
aderidos ao substrato polissacaridico pelo CBM, tipico dominio de ligacdo a
carbohidratos das celulases e xilanases (Tung, Chang et al., 2008).

A enzima alfa-1,3-endoglucanase, que pertence a familia GH 71, cataliza a
degradagdo de alfa-glucanas, um polissacarideo insoluvel em agua e presente na
parede celular de muitos fungos, incluindo os filamentosos. Apds sua agao inicial

intracadeia, a hidrélise prossegue repetitiva para a extremidade ndo redutora do
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polimero, liberando residuos de beta-glicose como produto principal. O micoparasita T.
harzianum utiliza esta mesma enzima para degradar a parede celular dos fungos
fitopatogénicos como Rhizoctonia solani e Fusarium solani. (Grun, Dekker et al., 2006;
Mishra, Kshirsagar et al., 2012).

Finalmente, a beta-N-acetilhexosaminidase atuaria sobre os oligossacarideos de
quitina produzidos por quitinases (presente somente no complexo Il para ambas as
fontes de carbono), cooperando com o processo degradativo do substrato. Como esta
enzima prefere substratos curtos de B-N-acetilglicosamina, quitobiose e p-nitrophenil-N-
acetil-B-D-glicosamina, também & chamada de quitobiase (Drouillard, Armand et al.,
1997). Recentemente foi relatada uma beta-N-acetilhexosaminidase que produz N-
acetilglicosamina a partir de cadeias longas de quitina, isto é, atua diretamente no
polimero da macromolécula (Konno, Takahashi et al., 2012).

Diferentemente de T. harzianum (Silva, Gomez-Mendoza et al., 2012b), uma beta-
glucosidase (analise por “Blast2go” da proteina identificada como GH 55) foi encontrada
no complexo | do secretoma produzido em cultura contendo galactose em T. reesei.
Interessantemente, esta enzima aparece somente nos complexos onde a alfa-N-
arabinofuranosidase (“Blast2go” da GH 54) esta presente. Esta beta-glucosidase nao
podera ser identificada como uma escafoldina potencial, como a encontrada por Nagy e
colaboradores no fungo anaerdbico P. Equi, porquanto a beta-glucosidase por eles
encontrada pertence a familia GH 3 (Fanutti, Ponyi et al., 1995; Nagy, Tunnicliffe et al.,
2007). No entanto, o complexo Il do mesmo meio possui uma proteina pertencente a
familia GH 3. Uma analise “Blast2go” desta proteina mostrou portar atividade hidrolase,
mas nenhum codigo de reagdo mais especifico. A massa molecular da GH 3 e a
encontrada por Nagy e colaboradores diferem-se por 6 kDa. No sistema de classificagao
de enzimas CAZy (“Classification System of Carbohydrate Active Enzymes”), elaborado
por Coutinho e Henrissat, a familia GH 3 apresenta as seguintes reagoes: 3-glucosidase
(EC 3.2.1.21), xilan 1,4-p-xilosidase (EC 3.2.1.37), pB-N-acetilhexosaminidase (EC
3.2.1.52), glucan 1,3-B-glucosidase (EC 3.2.1.58), glucan 1,4-p-glucosidase (EC
3.2.1.74), exo-1,3-1,4-glucanase (EC 3.2.1.-) e a-L-arabinofuranosidase (EC 3.2.1.55).
Experimentos adicionais serdo necessarios para afirmar categoricamente que a proteina
GH 3 encontrada aqui € uma beta-glucosidase ja reportada para P. equi (Nagy,
Tunnicliffe et al., 2007).
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Algumas hemicelulases estdo distribuidas pelos complexos. Notadamente, o
complexo | obtido do meio com galactose apresenta atividades alfa-galactosidase (GH
36) e arabinofuranosidase (GH 54), enquanto o complexo | do meio lactose apresenta
alfa-galactosidase e xiloglucanase. Nao existe lactose no ambiente natural de T. reesei
ou qualquer outro fungo filamentoso, porém as beta-galactosidases envolvidas na
hidrélise inicial de lactose (produzido galactose e glicose) tenha outros papéis no
metabolismo fungico, tais como a clivagem de residuos de proteinas glicosiladas ou
estruturas poliméricas encontradas em diferentes paredes celulares vegetal ou fungico
(Gamauf, Marchetti et al., 2007).

A cooperatividade funcional destas enzimas desfazem os impedimentos estéricos: (i)
ligacbes alfa-D-galactosideos em alfa-galactosideos, como oligossacarideos de
galactose, galactomananas e galactolipideos (alfa-galactosidase,), além de alfa-
fucosideos (alfa-fucosidase, GH 95); (ii) liga¢des alfa-L-arabinofuranosil dos ramos de
arabinose (arabiofuranosidase), e (iii) ligagbes 1,4-beta-D-glicosidico em xiloglucana
(exo-beta-1,4-glucanase xiloglucana especifica), permitindo as endocelulases atingir as
fibras de celulose (Murashima, Kosugi et al., 2003; M.G. Tabka, 2006; Selig, Knoshaug
etal., 2008; Seiboth e Metz, 2011).
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6. Conclusoes e perspectivas
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O método BN-PAGE mostrou-se uma técnica apropriada para a detecgcado de
complexos multi-enzimaticos secretados por fungos filamentosos. Em todos os ensaios
ndo houve agregacdes proteicas a altas concentragdes da amostra, reforcando o
importante papel do corante “Coomasie Brilhant Blue G-250”, o qual ndo interfere na
funcionalidade das proteinas.

A identificagdo de proteinas oriunda de microorganismos sem genoma disponivel em
bancos de dados por espectrometria de massas tipo LC-MS/MS e método de tolerancia
a erros e homologia mostroram melhores resultados que o método estringente por
identidade, utilizando o software MASCOT.

Este trabalho mostra pela primeira vez que ambos os fungos, T. harzianum e T.
reesei, possuem complexos multi-enzimaticos ativos no secretoma. Consequentemente,
o modelo atual de degradacdo de polissacarideos de parede celular vegetal por
sinergismo entre enzimas livres em solugdo parece nao refletir completamente a
realidade para estes fungos.

Os complexos multiproteicos em T. reesei alteram seus componentes dependendo
da fonte de carbono utilizada.

Este trabalho suscitou ideias que complementam e aprofundam nossas conclusdes,
tais como verificar as alteragdes que as diferentes fontes de carbono provocam na
composicdo dos complexos multiproteicos em secretomas. Outras ideias ja estao
encaminhadas, tais como o (i) desenvolvimento de métodos que associe BN-PAGE e
Termodinamica (Termo/BN-PAGE) para determinar as forgas ndao covalentes que
governam a interagdo entre cada componente na formagdo do complexo multi-
enzimatico, (ii) que resolva o problema da massa molecular, sempre discutido por
autores como sendo um “gargalo” da técnica BN-PAGE, (iii) que quantifique a atividade
de degradacao dos componentes em complexos e livres de modo a compreender melhor

o papel do sinergismo nestes sistemas.
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Plant cell wall-degrading enzymes produced by microorganisms possess important biotechno-
logical applications, including biofuel production. Some anaerobic bacteria are able to produce
multienzymatic complexes called cellulosomes while filamentous fungi normally secrete in-
dividual hydrolytic enzymes that act synergistically for polysaccharide degradation. Here, we
present evidence that the fungus Trichoderma harzianum, cultivated in medium containing the
agricultural residue sugarcane bagasse, is able to secrete multienzymatic complexes. The T.
harzianum secretome was firstly analyzed by 1D-BN (blue native)-PAGE that revealed several
putative complexes. The three most intense 1D-BN-PAGE bands, named complexes [I], [II],
and [III], were subsequently subjected to tricine SDS-PAGE that demonstrated that they were
composed of smaller subunits. Zymographic assays were performed using 1D-BN-PAGE and
2D-BN/BN-PAGE demonstrating that the complexes bore cellulolytic and xylanolytic activi-
ties. The complexes [I], [II], and [III] were then trypsin digested and analyzed separately by
LC-MS/MS that revealed their protein composition. Since T. harzianum has an unsequenced
genome, a homology-driven proteomics approach provided a higher number of identified pro-
teins than a conventional peptide-spectrum matching strategy. The results indicate that the
complexes are formed by cellulolytic and hemicellulolytic enzymes and other proteins such
as chitinase, cutinase, and swollenin, which may act synergistically to degrade plant cell wall
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Cellulose and hemicellulose, although abundant components
of plant biomass, do not accumulate on earth due to the ef-
ficient activity of cellulolytic and hemicellulolytic enzymes
produced by microorganisms. These enzymes have poten-
tial in biotechnological applications, including degradation of
agricultural residues aiming at generating fermentable sug-
ars that are suitable for the production of second-generation

*These authors contributed equally to this work.

www.proteomics-journal.com



2730 A. J. Silva et al.

bioethanol [1,2]. In Brazil, the world’s most competitive pro-
ducer of bioethanol, the main agroindustrial residue is sug-
arcane bagasse, the fibrous matter that remains after sug-
arcane (Saccharum officinarum Linnaeus) stalks are crushed
to extract their juice. Similarly to other agricultural residues,
sugarcane bagasse is mainly composed of cellulose and a
complex mixture of heteropolysaccharides known as hemi-
cellulose (in which the main component is xylan), embedded
in a lignin matrix [3].

The biodegradation of plant cell wall polysaccharides (cel-
lulose and hemicelluloses) depends on the coordinate ac-
tion of different enzymes over both the main chain and
the ramification of hemicelluloses. The filamentous fungi
of the Trichoderma genus are ubiquitous colonizers of cel-
lulosic material and the plant cell wall-degrading enzymes
produced by these organisms have been extensively char-
acterized and used in industrial processes [4, 5]. The most
studied species of Trichoderma is T. reesei, a potent cellu-
lase producer, whose cellulolytic machinery is composed of
two cellobiohydrolases (CBHs) (Cel7A, Cel 6A), five endoglu-
canases (Cel7B, Cel5A, Cel12A, Cel61A, and Cel45A), and
two B-glucosidases (BGLI and BGLII). Several hemicellulases
including xylanases, mannanases, and galactosidases are ad-
ditionally secreted by T. reesei [6].

By contrast, the mycoparasitic species T. harzianum has
been shown to be an efficient biocontrol agent against sev-
eral phytopathogenic fungi. The mycoparasitic activity of
T. harzianum relies particularly on the production of en-
zymes able to hydrolyze components of the fungal cell wall,
such as chitinases, proteases, and beta-1,3-glucanases [7-10].
Nonetheless, in recent years, T. harzianum has also become
a promising organism for cellulase and xylanase production
under appropriate conditions [11]. In fact, a T. harzianum
strain (I0C-4038) has been shown to produce a well-balanced
set of cellulolytic enzymes and a fast kinetics for the produc-
tion of endoglucanase and beta-glucosidases when compared
with T. reesei [12].

Some anaerobic bacteria, such as Clostridium thermocellum,
are also able to carry out plant cell wall degradation. These
organisms produce and secrete multienzymatic complexes
called cellulosomes that possess a higher cellulose degrada-
tion efficiency than free enzyme systems produced by fungi
and aerobic bacteria. Cellulosomes can also attach to insol-
uble substrates, which promotes a greater competitiveness
of individual microbial cells [13]. Interestingly, the anaero-
bic bacteria Butyvibrio fibrisolvens and Clostridium papyrosol-
vens produce multienzymatic complexes that are structurally
distinct from C. thermocellum cellulosomes. For instance, B.
fibrisolvens has an enzyme complex (called “xylanosome”),
which contains 11 proteins with xylanolytic activity and three
with endoglucanase activity. The case of C. papyrosolvens is
even more remarkable because its enzyme supercomplex that
can deconstruct cellulose and xylan contains seven smaller
complexes with molecular weight ranging from 500 to 600
kDa [14,15].

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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It is generally accepted that aerobic fungi do not produce
cellulosome-like complexes. For these fungi, including Tri-
choderma sp., the classic mechanism of biomass depolymer-
ization by synergism between free enzymes normally ap-
plies. However, two groups recently reported the production
of multienzymatic complexes in the thermophilic fungus
Chaetomium sp. [16] and in the soft-rot fungus Penicillium
purpurogenum [17].

The blue native-polyacrylamide (BN-PAGE) technique has
been extensively used to analyze native protein complexes
from biological membranes as well as protein—protein inter-
actions in water soluble proteins. This methodology in com-
bination with a denaturing second dimension (SDS-PAGE)
makes it possible to determine molecular mass, oligomeric
states, subcomplexes, and sample purity. BN-PAGE is pro-
cessed without any detergent in the gel matrix and its features
depend on the CBB properties. CBB binds to hydrophobic
domains on the protein complex surface, causing (1) intro-
duction of negative charges that conserve the native struc-
ture and promote protein mobility to the anode, (2) reduc-
tion of protein aggregation due to electrostatic repulsion,
and (3) conversion of hydrophobic into water soluble pro-
teins [18].

Due to its versatility, BN-PAGE has been applied to the
study of different biological processes. In-gel catalytic activ-
ity assays using BN-PAGE gels have been applied to identify
and quantify mitochondrial oxidative phosphorylation com-
plexes and other enzymes such as dihydrolipoamide dehydro-
genase, NAD kinase, and NADPH producing enzymes [19].
Recently, BN-PAGE was applied to study multienzymatic
complexes secreted by the filamentous fungus P. purpuro-
genum [17].

Given the biotechnological importance of Trichoderma sp.
as producers of hydrolytic enzymes and the value of sugar-
cane bagasse as a major biomass source for biofuel produc-
tion, the objectives of this work were to assess the presence of
multienzymatic complexes in the secretome of T. harzianum
grown in sugarcane-containing medium by means of BN-
PAGE, zymography/BN-PAGE, and mass spectrometric
methods.

2 Materials and methods

2.1 Trichoderma harzianum culture and secretome
preparation

The T. harzianum strain T4 was provided by I. S. Melo (Em-
brapa/CNPMA, Brazil) and forms part of the culture collec-
tion of the Laboratory of Enzymology (University of Brasilia,
Brazil). Trichoderma harzianum conidiospores were produced
in solid-state synthetic medium (SM; 680 mg'L~! KH,POy,
870 mgL~! K,HPO,, 1.7 g L' (NH,),SO,, 200 mg L'
KCl, 200 mg L7! CaCl,, 200 mg: L~' MgSO, 7 H,0, 2
mg L7! FeSO4, 2 mg' L™! MnSO, and 2 mg L~! ZnSOy,
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20 g L~! agar, pH 6.0) supplemented with 1% (w/v) sugar-
cane bagasse as carbon source [20]. Prior to use, sugarcane
bagasse was washed with distilled water, sterilized by auto-
claving at 121°C for 1 h, incubated overnight at 60°C, and
finally pulverized. After 6 days of growth, spores were har-
vested and a suspension (10® sporesmL~!) inoculated into
300 mL of liquid-state SM medium (1 L Erlenmeyer flask)
containing 1% (w/v) sugarcane bagasse. The culture was in-
cubated at 28°C on a rotatory shaker at 150 rpm, during 9
days and the secretome was then separated from mycelium
by filtration using a Whatman No.1 paper followed by dialysis
and lyophilization. Protein concentration was determined by
the BCA Protein Assay kit (Pierce Biotechnology, Rockford,
IL, USA) using BSA as standard.

2.2 BN-PAGE

BN-PAGE was carried out making use of a method for water-
soluble proteins, as previously described [18,21]. Lyophilized
proteins from T. harzianum secretome were resuspended in a
buffer containing 0.05 mol ‘L~ Bis/Tris-HCl pH 7.0, and 15%
(w/v) glycerol. For 1D-BN-PAGE, different protein concentra-
tions (0.2 mgmL~!, 5.0 mgmL~!, and 10.0 mgmL~') were
applied onto 5-18% (w/v) polyacrylamide gradient gels and
run at 15 mA constant current at 4°C for 4 hin a SE 600 elec-
trophoresis system (Hoefer, Inc., San Francisco, CA, USA).
The anode buffer consisted of 0.05 mol- L~! Bis-Tris HCI pH
7.0 while the cathode buffer was composed of 0.05 mol'L™!
Tricine, 0.015 mol'L~! Bis-Tris-HCl pH 7.0 and 0.02% (w/v)
CBB G-250 (Bio-Rad, Hercules, CA, USA). Subsequently, gels
were fixed and stained using CBB G-250. The proteins thy-
roglobulin (669 kDa), ferritin (440 kDa), catalase (232 kDa),
lactate dehydrogenase (158 kDa), and BSA (67 kDa) were used
as molecular weight markers.

BN-PAGE second dimension was carried out using
Tricine-SDS-PAGE as previously described [22]. First, 1D-
BN-PAGE gel pieces corresponding to the putative protein
complexes were incubated in 1% (w/v) SDS and 1% (v/v)
beta-mercaptoethanol solution for 2 h at room temperature.
The gel pieces were then washed with ultrapure water to com-
pletely remove the beta-mercaptoethanol and subsequently
placed between glass plates. A 16% (w/v) polyacrylamide
Tricine SDS mixture was poured living a 2 cm gap to the
gel pieces. Following polymerization, a layer (1.5 cm) of 10%
(w/v) polyacrylamide Tricine SDS gel was added. Finally, gel
pieces were embedded in a 10% (w/v) polyacrylamide native
gel containing 10% (v/v) glycerol and 0.2% (w/v) SDS. Elec-
trophoresis was run at 50 mA constant current and 18°C for
approximately 10 h. Tricine-SDS-PAGE gels were fixed and
silver stained [23].

2.3 1D-BN-PAGE and 2D-BN/BN-PAGE zymographic
analysis

Trichoderma harzianum secretome proteins were subjected
to 1D-BN-PAGE using gels copolymerized with 0.1%
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(w/v) oat spelts xylan or carboxy methyl cellulose (Sigma-
Aldrich Co., St Louis, MO, USA) in order to detect xy-
lanolytic and cellulolytic activities, respectively. Samples
were also subjected to 2D-BN/BN-PAGE zymographic anal-
ysis. Therefore, samples were first subjected to 1D-BN-
PAGE without copolymerized polysaccharides. 1D-BN-PAGE
lanes were then submitted to a second BN-PAGE di-
mension on gels containing cellulose or xylan. After 1D-
BN-PAGE or 2D-BN/BN-PAGE, gels were washed with
0.05 mol' L' sodium acetate, pH 5.5 and incubated for 10 min
at 85-90°C for xylanolytic [24] or for 1 h at 55°C for cellulolytic
activity assay [25]; the reaction was stopped by incubating gels
at 4°C overnight. The gels were then stained with 0.1% (w/v)
Congo red for 30 min. Enzyme activity was observed as a clear
zone contrasting with a dark red background after addition
0f 0.5% (v/v) acetic acid to gels to improve visualization.

2.4 In-gel digestion and MS analysis

Gel slices from 1D-BN-PAGE were manually excised for
identification by LC-MS/MS on a LTQ Orbitrap Velos
mass spectrometer (Thermo Fisher Scientific, Germany).
Gel bands were reduced with 0.01 mol'L~! DTT in 0.01
mol'L~! NH,HCO; at 56°C for 1 h in the dark. Cystein
carbamidomethylation of each sample was performed with
0.05 mol'L.! iodoacetamide for 1 h at room temperature.
Bands were dehydrated with 100% ACN, and further digested
using sequencing grade modified porcine trypsin (Promega,
Fitchburg, WI, USA). The resulting tryptic peptides were ex-
tracted from gel matrix by three cycles of 10 min incubation
with ACN:H,O:TFA (66:33:0.1, v/v/v) followed by 10 min son-
ication. The extracts were dried in a vacuum centrifuge, re-
constituted in 10 L of 0.05% TFA solution, and injected onto
an EASY-nLC II nano-LC (Proxeon, Denmark) interfaced to
a LTQ Orbitrap Velos. Peptide pools were first loaded onto
a trap column (30 x 0.1 mm) packed with Reprosil-Pur 120
C18-AQ 5 pm particles (Dr. Maish, Germany). After 4 min
washing with solvent A (H,O:acetonitrile (95:5, v/v), 0.1%
(v/v) formic acid) peptides were eluted during the gradient
on a 120 x 0.05 mm column packed with C18 Reprosil-Pur
120 C18-AQ 3 wm particles (Dr. Maish) at a flow rate of 200
nL'min~!. Gradient was 5-20% of solvent B (H,O:acetonitrile
[20:80, v/v], 0.1% [v/v] formic acid) for 30 min, 20-50% B for
15 min, 50-100% B for 5 min, and 100% B for 10 min. Pep-
tides were dynamically eluted into the mass spectrometer
via a nanospray probe (Thermo Scientific, Germany) using a
nanospray emitter (20 wm id, 10 pm tip id) (New Objective,
Inc, Woburn, MA, USA) with a spray voltage of 1.8 kV, and the
transfer capillary temperature was set at 180°C. Automated
Data Dependent Acquisition was controlled by Xcalibur 2.1
software (Thermo Scientific). The acquisition cycle consisted
of a survey scan from 300-1800 m/z at 60 000 resolution (full
width at half maximum) at m/z 400 on the Orbitrap followed
by fragmentation of the ten most intense multiple charged
precursors on the linear ion trap under the normalized
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collision energy of 35%. The automatic gain control was set to
5 x 10° charges for the survey scan on the Orbitrap using one
microscan and 5 x 10* charges for MS/MS on the ion trap
using one microscan. The ion selection threshold for MS/MS
was set to 500 counts using a precursor isolation window of
4 amu. Activation parameter “q” and activation time were
set to 0.25 and 30 ms, respectively. Precursors already frag-
mented were dynamically excluded during the cycle for a
further 90 s.

2.5 Data analysis

MASCOT stringent conventional database searches were
applied in combination with sequence similarity searches
for cross-species error tolerant protein identification,
as previously described [26]. Briefly, the .mgf format
files were filtered using EagleEye software v1.66 [27]
prior to automatic de novo sequencing by PepNovo
software [28] and MS-BLAST search reviewed in [29]
searched against a curated version of NCBInr (nrdb95)
protein database (http://genetics.bwh.harvard.edu/msblast
/iblast_databases .html). The filtered spectra were exported
and searched against the NCBInr protein database (re-
lease 20 110 729, containing 14 821 581 sequences,
5 074 018 658 residues; http://www.ncbinlm.nih.gov/)
using MASCOT software v.2.1 (Matrix Science, Ltd.,
http:/ /www.matrixscience.com/). Search parameters estab-
lished were: (i) fungi as taxonomy, (ii) trypsin as enzyme, (iii)
up to two missed cleavages allowed, (iv) peptide mass toler-
ance 10 ppm, (v) fragment mass tolerance 0.6 Da, (vi) cystein
carboxyamidomethylation as fixed modification, and (vii) me-
thionine oxidation as variable modification. MASCOT iden-
tifications were considered confident without further consid-
eration if produced by matching of at least three MS/MS
spectra with peptide ions scores above 20 or two spectra with
ion score above 30. Identifications based on a single matched
spectrum were considered borderline hits. The MS-BLAST
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statistical confidence of database searching hits was estimated
according to MS-BLAST scoring scheme [30] considering only
high-scoring segment pairs (HSP) with scores above 55. The
results of MASCOT and MS-BLAST were combined and used
to validate the statistical borderline hits as described in [31].

3 Results and discussion

Trichoderma harzianum was grown in synthetic medium sup-
plemented with sugarcane bagasse and produced a secretome
with a protein concentration of 0.2 mgmL~!. The secre-
tome sample was submitted to 1D-BN-PAGE and displayed
several bands corresponding to putative protein complexes
(Fig. 1A). The three most intense bands were denominated
complexes [I], [I1], and [III]. The apparent molecular weight of
complexes [I], [I1], and [III], based on their relative mobilities,
were not estimated since the accurate determination of the
complex size by BN-PAGE can still be considered as a chal-
lenge. Wang et al. [32], working with cytoplasmic complexes
verified that the molecular weight estimated by BN-PAGE
were, in many cases, significantly smaller than the theoret-
ical molecular masses. The authors proposed that these dif-
ferences could be due to the differential binding of CBB to
the hydrophobic surface of proteins. In fact, CBB binding
was reported by a different group to cause a factor of 1.8-fold
difference in molecular weight estimation [33].

It is well known that CBB prevents protein aggregation
during BN-PAGE by means of electrostatic repulsion [18].
Nonetheless, it was verified if the formation of protein bands
in 1D-BN-PAGE gels could be due to unspecific associa-
tion (aggregation). Thus, the electrophoretic separation was
repeated using three protein concentrations (0.2 mgmL™!,
5 mgmL~!, and 10 mgmL™"). Figure 1B shows that the
molecular masses of protein bands observed in the 1D-BN-
PAGE profiles were identical in all samples, indicating ab-
sence of protein aggregation. The profile was also preserved
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Figure 1. (A) 1D-BN-PAGE of T harzianum
secretome produced in sugarcane bagasse
as sole carbon source. BN-PAGE was con-
ducted using a 5-18% (w/v) polyacrylamide
gradient gel. A total of 200 wg secretome
protein per lane was applied. The gel was
fixed and stained with CBB. The three most
intense bands were denominated as com-
plexes [l], [Il], and [lll]. (B) 1D-BN-PAGE of
T harzianum secretome in different protein
concentrations. No correlation between pro-
tein concentration (0.2, 5, and 10 mg'mL~")
and aggregation was observed. Different
volumes of each sample were used to
make the proteins visible even in low con-
centrations: 0.2 (400 plL), 5 (60 pL), and
10 mg'mL~" (20 pL).
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1D-BN-PAGE (complex)
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'
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Figure 2. 2D-BN-PAGE of T harzianum secretome produced in
sugarcane bagasse as sole carbon source. A 1D-BN-PAGE gradi-
ent gel (5-18% [w/v]) was used in first dimension (left) to separate
the protein complex and stained with CBB. Silver-stained Tricine-
SDS-PAGE was used to analyze the protein subunit composition
of complexes [I], [ll], and [lll] in the second dimension (right).

1D-BN-PAGE

(syunqns) 3ovd-s05-2uiouL

even in lower concentrations (from 0.2 to 0.002 mgmL™",
data not shown), demonstrating a high affinity between the
components of the complexes. Protein bands corresponding
to the putative complexes [I], [I1], and [III] were excised from
the 1D-BN-PAGE gel and submitted to a second dimension
electrophoretic step (Tricine-SDS-PAGE) in dissociating con-
ditions. The resulting 2D-BN-PAGE gel (Fig. 2) shows that
the complexes disintegrated into smaller components and
ruled out the possibility that the complexes were in fact high
molecular mass proteins that comigrated in native gels. It was
observed that complex [I] was decomposed into components
with higher molecular masses compared to complexes [II]
and [III], suggesting an incomplete dissociation even under
denaturing conditions. Since there was a possibility of incom-
plete complex dissociation, the 2D-BN-PAGE bands were not
subjected to MS analysis. Instead, the complexes [I], [1I], and
[I11] were directly excised from the 1D-BN-PAGE gel, digested
with trypsin, and then submitted to LC-MS/MS for protein
identification.

Protein identification searches were performed using two
different approaches, a stringent peptide-spectrum matching
method using MASCOT software and a homology-driven ap-
proach that allows an error tolerant search based on the de
novo sequence of acquired MS/MS spectra, and sequence
similarity matches [29] using PepNovo software followed by
MS-BLAST search. The results are shown in Table 1. As
expected, the homology-driven approach provided a higher
number of identifications than the stringent conventional
database search [26]. For instance, both approaches identified
a CBH Iin complex [I] but only the homology-driven approach
using MS-BLAST provided identification of enzymes involved
in xylan degradation, i.e. alpha-L-arabinofuranosidase (alpha-
L-ABF) and endo-beta-1,4-xylanase. Concerning complex [II],
CBHs, xylan-degrading enzymes, as well as endochitinases
were identified by both methods. However, a cutinase and
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Figure 3. 1D-BN-PAGE zymography of T harzianum secretome
for the detection of xylanolytic and cellulolytic activities. The gel
in the left was stained with CBB. Zymograms were stained with
Congo red.

a galactosidase were identified only when MS-BLAST search
was used. MASCOT search was unable to provide identifi-
cation of complex [III] components while several proteins
such as alpha- and beta-glucanases, a glucoamylase, an ABF,
and a swollenin (SWOI) were identified by the MS-BLAST
approach.

As mentioned before, the degradation of sugarcane cell
wall depends mainly on the coordinate action of cellulases
and hemicellulases (especially xylanases). Therefore, zymo-
graphic analyses using 1D-BN-PAGE gels containing cellu-
lose or xylan were performed in order to investigate biomass-
degrading activities of the putative complexes. Figure 3 shows
the detection of cellulolytic and xylanolytic activities in the se-
cretome. However, in the xylan-containing gel, the activity
was observed as a white trail along the gel, indicating ei-
ther the presence of several xylanases with different sizes
or that one or few xylanases hydrolyzed the substrate dur-
ing the electrophoretic run. To rule out the latter possibility,
we developed a 2D-BN/BN-PAGE zymography in which the
sample was subjected to a standard 1D-BN-PAGE in the first
dimension and to another 1D-BN-PAGE (this time using a
polyacrylamide gel cross-reacted with cellulose or xylan) in
the second dimension (Fig. 4). The 2D-BN/BN-PAGE zymog-
raphy confirmed the detection of cellulolytic and xylanolytic
activities corresponding to proteins of different molecular
masses and consequently indicated that the results achieved
using 1D-BN-PAGE zymography were not due to substrate
hydrolysis during the first dimension run. Since BN-PAGE
preserves structural and functional integrity of multienzy-
matic complexes [19], other proteins within the complexes
(1], [1I], and [III] that are not directly related to the cellulolytic
and xylanolytic activities detected in the zymograms (e.g. glu-
coamylase, endochitinase, SWOI) might also be active.
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Figure 4. 2D-BN/BN-PAGE zymography of T harzianum secretome for the detection of xylanolytic and cellulolytic activities. A 1D-BN-PAGE
gradient gel (5-18% [w/v]) was used in first dimension to separate the protein complexes (top). 1D-BN-PAGE lanes were then submitted to
a second BN-PAGE dimension on gels (bottom) containing cellulose or xylan. Zymograms were stained with Congo Red.

The results presented here indicate that T. harzianum is
able to secrete active multienzimatic enzyme complexes. The
heterogeneous composition of the complexes suggests a pos-
sible synergistic reaction among different proteins that would
act in a cooperative manner to degrade efficiently the sugar-
cane bagasse used as substrate.

ABFs were found in all three complexes. This debranch-
ing enzyme cleaves alpha-L-arabinofuranosyl linkages from
arabinose branches present in xylans that promote steric
hindrance for action of xylanases [34]. Therefore, in com-
plex [1], ABF possibly cooperates with 1,4-beta-xylosidase that
removes successively D-xylose monomers from xylan back-
bone, facilitating the CBHSs to penetrate deeply in the plant
cell wall.

Similarly to ABF, in complex [II], acetylxylan esterase could
increase xylan backbone accessibility to the endoxylanases by
removing acetylated side chains [14]. In the same complex, a
cutinase was found. Cutinases are serine esterases that cat-
alyze the hydrolysis of cutin, the major component of the
plant cuticle. These enzymes are known to help other hy-
drolytic enzymes to reach cell wall polymers during sapro-
phytic plant degradation [35]. Additionally, xylanases and cel-
lulases act as elicitors of pathogen-related proteins in plants,
which could justify the presence of endochitinase in the
same complex [36]. Trichoderma harzianum is a mycopara-
site that secretes hydrolytic enzymes, including chitinases
and glucanases in order to attack cell wall polymers of other
fungi [37]. This ability has been exploited in the development
of biocontrol strategies using T. harzianum against plant
pathogenic fungi, particularly Rhizoctonia solani and Fusar-
ium solani [38]. Synergistic relationship between cellulases
and hemicellulases was previously reported in the conversion
of complex carbon sources such as wheat straw [39] and corn

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

stover [40] using enzymes isolated from filamentous fungi.
The synergism was also observed in the anaerobic organism
C. cellulovorans during sugarcane bagasse degradation. In this
case, the synergistic relationship occurs in the cellulosomes.
The modular structure of cellulosomes posses a noncatalytic
protein called scaffoldin that integrates the glycosyl hydrolase
complex, links it to the cell surface, and anchors the entire
complex onto crystalline cellulose [41]. Here, scaffoldin was
not found in any of the studied complexes, suggesting that
they display a structural organization different from typical
bacterial cellulosome. However, data showing incomplete dis-
sociation (Fig. 2) and preserved BN-PAGE profile in different
protein concentrations (Fig. 1B) suggest a cohesin—dockerin
type interaction. It has been reported that cohesin and dock-
erin domains mediate a high-affinity interaction between sub-
units in cellulosomes (anaerobic bacteria) and other enzyme
complexes (anaerobic fungi and aerobic bacteria) that have
association constants higher than 10° M [41-44].

A glucosidase was found and identified as a potential scaf-
foldin in the anaerobic fungus Piromyces equi. The double
dockerin domain of the P. equi CBH Cel45A was shown to
bind to the glucosidase [45, 46]. However, none of the T.
harzianum complexes analyzed here displayed glucosidases,
which may be due to the different fungal species or even the
carbon source used, since previous data showed that differ-
ences in the composition of enzyme complexes in P. pur-
purogenum are a consequence of carbon source present in the
growth culture [17].

A SWOI, a glucoamylase, and a glycosyl-
phosphatidylinositol-anchored cell wall beta-endoglucanase
(GPI-EglC) were detected in complex [III]. The expansin-like
protein SWOI first acts in the disruption of lignocellu-
losic biomass promoting the amorphogenesis of cellulose
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microfibrils and enhancement in the efficiency of cellulolytic
activity [47,48]. Similarly, the starch-binding domain found
in glucoamylase has been proposed to disrupt the raw
starch and related oligosaccharide structure, concentrating
its catalytic domain or other glycoside hydrolase on the
polysaccharide substrate [49-52]. Concerning the GPI-EglC
found in complex [III], GPI-anchored proteins have been
repeatedly shown to play a role in the cell wall polysaccharide
remodeling. This enzyme was also found in Aspergillus fumi-
gatus, but not associated to multienzymatic complexes [53].
It is possible that the GPI-EgIC described here could attach
complex [III] to a fungal cell, which would increase the
degradation efficiency due to close contact between the
different enzymes and the plant biomass.

4 Concluding remarks

This work contributes to the understanding of plant biomass
degradation processes by aerobic filamentous fungi, particu-
larly T. harzianum. By means of BN-PAGE and MS methods,
we have disclosed the presence of multienzymatic complexes
as components of the T. harzianum secretion under growth
in the heterogeneous carbon source sugarcane bagasse. The
fungal response resulted in a singular composition of each
protein complex apparently required for the efficient and spe-
cific conversion of the biomass polymers. The results support
the existence of hydrolysis mechanisms based on multienzy-
matic complexes in T. harzianum and other aerobic filamen-
tous fungi.

We expect that the present work may contribute to open
a path for future experiments aiming at characterizing the
multienzymatic complexes in terms of stoichiometry of com-
ponents, interactions that maintain the oligomeric status, as
well as the influence of the carbon source used in the culture
medium.
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Purification, crystallization and preliminary
crystallographic studies of SPCl-chymotrypsin
complex at 2.8 A resolution

A binary complex of the Schizolobium parahyba chymotrypsin inhibitor (SPCI)
with chymotrypsin was purified by size-exclusion chromatography and crystal-
lized by the sitting-drop vapour-diffusion method with 100 mM MES-NaOH pH
5.5,20% (w/v) PEG 6000, 200 mM LiCl as precipitant and 200 mM nondetergent
sulfobetaine molecular weight 201 Da (NDSB-201) as an additive. SPCI is a
small protein with 180 amino-acid residues isolated from S. parahyba seeds and
is able to inhibit chymotrypsin at a 1:1 molar ratio by forming a stable complex.
X-ray data were collected to 2.8 A resolution from a single crystal of the SPCI-
chymotrypsin binary complex under cryogenic conditions. The crystal belongs to
space group P2,2,2;, with unit-cell parameters a = 45.28, b = 64.57, c = 169.23 A,
and the Rper,e is 0.122 for 11 254 unique reflections. A molecular-replacement
solution was found using the preliminary crystal structure of SPCI and the
structure of chymotrypsin (PDB code 4cha) independently as search models.

1. Introduction

Proteinases are crucial for a wide variety of biological processes
(Neurath, 1997) that are essential to life and their activity is of great
importance both in vivo and for therapeutic intervention (Phillips &
Fletterick, 1992). Naturally occurring canonical serine proteinase
inhibitors (PIs) are proteins that inactivate the functions of serine
proteinases by providing a reactive site, which in turn serves as a
substrate analogue for the cognate enzyme (Laskowski & Kato, 1980;
Bode & Huber, 1992). Proteinase inhibitors are found in micro-
organisms, plants and animals and play an important role in the
regulation of metabolic pathways in which proteinases are one of the
major components (Joanitti ef al., 2006). Natural inhibitors have been
classified into at least 18 different families (Laskowski & Qasim,
2000); among the most extensively studied are the Bowman-Birk and
Kunitz serine proteinase inhibitors.

Kunitz inhibitors are proteins with one or two polypeptide chains, a
molecular weight of about 6-20 kDa and one reactive site. These
inhibitors are cross-linked by two or three disulfide bonds that confer
a compact and stable tertiary structure. They have been the subject of
several studies, especially in the Graminaceae, Leguminosae and
Solanaceae (Richardson, 1977), and are mainly found in the seeds of
the Caesalpinoideae and Mimosoideae (Norioka et al., 1988).

A soybean Kunitz trypsin inhibitor (STI) has been reported to
have the potential to suppress ovarian cancer cell invasion and
peritoneal disseminated metastasis in vivo (Kobayashi et al., 2004).
STI inhibits cell invasiveness through suppression of the urokinase-
type plasminogen activator signalling cascade and its specific receptor
observed in HRA human ovarian cancer cells. In addition, STI has an
adverse effect on insect development and might serve as a transgenic
resistance factor (Shukle & Wu, 2003). Bioassays with this inhibitor
revealed that it caused a significant delay in the development of
Sitotroga cerealella (one of the major storage pests of cereals) larvae
when incorporated into the diet. These results indicated that a plant
protease inhibitor could provide antibiotic resistance toward S.
cerealella larvae.
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Schizolobium parahyba chymotrypsin inhibitor (SPCI) is a Kunitz
chymotrypsin inhibitor with a single polypeptide chain of 180 amino-
acid residues isolated from S. parahyba seeds (Teles et al., 2004). This
inhibitor suppresses the proteolytic activity of chymotrypsin through
the formation of a stable complex with a 1:1 stoichiometry and has
been characterized as a highly stable protein over a broad pH and
temperature range (Teles et al., 2005).

The secondary structure of SPCI is formed by S-strands and its
native structure is stabilized by hydrophobic forces and electrostatic
interactions (Souza et al., 1995, 2000; Teles et al, 1999, 2004).
Disulfide-bond reduction caused conformational changes in SPCI, as
evidenced by the maximum fluorescence emission shifting from 336
to 328 nm with increased intensity without alteration of the inhibitory
activity. Indeed, 1 mM dithiothreitol (DTT) did not affect the time
course of thermoinactivation of SPCI (Souza et al., 1995, 2000) at
363 K after 1 h incubation and did not interfere in the secondary-
structure content as evidenced by far-UV circular-dichroism spec-
troscopy (unpublished data). These findings suggest that disulfide
bonding plays no crucial role in maintaining either the inhibitory
function or the conformational stability of SPCI. The molecular
arrangements of SPCI at pH 7.0, as visualized by atomic force
microscopy at high resolution in nanopure water, indicated an
organization in various oligomeric states, with a predominance of
hexagonal forms (Leite ef al., 2002). In order to elucidate the three-
dimensional structure of SPCI, this inhibitor was crystallized (Teles et
al., 2007) and its structure determination is in progress.

The three-dimensional structure of an inhibitor—proteinase
complex reveals the residues and intermolecular contacts that
contribute to the specificity profile and tight association. For this
reason, the structural studies of inhibitor complexes with chymo-
trypsin are helpful not only to comprehend models of protein—protein
recognition but also to understand conformational changes during
enzyme-inhibitor interactions, aiming towards biotechnological
applications. In this work, we present the purification of the SPCI-
chymotrypsin complex, its crystallization, data collection and phasing
at 2.8 A resolution.

2. Materials and methods
2.1. Purification of SPCI and SPCl-chymotrypsin complex

SPCI was initially purified from a crude extract of triturated
S. parahyba seeds following trichloroacetic acid (TCA) precipitation
and ion-exchange chromatography (Teles et al., 2004). Proteins from
the crude extract were precipitated with 1.2%(v/v) TCA for 5 min in
an Omnimixer homogenizer at medium speed. After centrifugation at
13 000g for 30 min, the supernatant was dialyzed against water at
277 K and lyophilized. The sample (100 mg) obtained from TCA
precipitation was dissolved in 5-10 ml 50 mM acetate buffer pH 3.2.
The soluble protein fraction was applied onto a SP-Sephadex C
25-120 column (2 x 15 cm) equilibrated with 50 mM acetate buffer
pH 3.2. The inhibitor was eluted with a linear salt gradient from 0 to
1.0 M NaCl in the same buffer. Eluted samples were monitored at
280 nm and purity was confirmed by 13% SDS-PAGE (Laemmli,
1970).

The binary complex (SPCI-chymotrypsin) was obtained by mixing
SPCI with a-chymotrypsin (bovine pancreatic a-chymotrypsin type
11, thrice crystallized; Sigma-C4129, St Louis, Missouri, USA) in a 1:1
molar ratio at a concentration of 500 pM in 50 mM Tris—-HCl, 0.2 M
KCl pH 7.5 for 30 min at room temperature. The concentrations of
the proteins were determined from absorbance measurements using a
Jasco V-530 spectrophotometer (Jasco, Tokyo, Japan) and using the

following values: a-chymotrypsin (MW = 25 kDa), A3 1 em = 20.4;
SPCI (MW = 20 460 Da), A% 1 cm = 6.18 (Souza et al., 1995). The
resulting binary complex was purified from the mixture by size-
exclusion chromatography using a Sephadex G-75 (3 x 100 cm) with
a flow rate of 25 ml h™' previously equilibrated with the same buffer
as indicated above. The purified complex was dialyzed against water
and lyophilized for storage at 253 K.

2.2. Crystallization and data collection and processing

The SPCI-chymotrypsin binary complex was crystallized using the
sitting-drop vapour-diffusion method (McPherson, 1990) at 291 K
and an automatic system for crystallization using Matrix Maker and
Honeybee robots to set up 96-well crystallization plates. Initial
crystallization trials were performed using different precipitant types
from commercial screens: the sparse-matrix screen from the Joint
Center for Structural Genomics (JCSG; Page et al., 2003), the PACT
Suite for a systematic analysis of the effect of pH, anions and cations
(Newman ez al., 2005), precipitant synergy (Majeed et al., 2003),
Wizard Screens I and II (Hol ef al, 2001), SaltRx (Gilliland et al.,
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(a) Cation-exchange chromatography of SPCI on SP-Sephadex eluted with a linear
gradient (0-1.0 M) of NaCl. The arrow indicates the eluted SPCI. () Size-exclusion
chromatography of the SPCI-chymotrypsin binary complex on Sephadex G-75 with
50 mM Tris—=HCI pH 7.6. First peak, SPCI-chymotrypsin complex; second peak,
free SPCI and chymotrypsin.
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1994; Kanaujia et al., 2007), and Crystal Screen and Crystal Screen 2
from Hampton Research (Jancarik & Kim, 1991). The reservoirs
contained 80 pl solution and the drops were prepared by adding
0.2 pl reservoir solution to 0.2 pl protein solution (lyophilized protein
dissolved in Milli-Q water) at concentrations of 10 and 20 mg ml™".

After screening, optimization of the crystallization conditions was
performed by varying the pH of the buffers and the precipitant
concentration and using the Additive Screen 2 HR-430 kit (Hampton
Research). The drops were prepared by adding 0.9 pl reservoir
solution (300 ml) to 0.9 pl protein solution (14 mg ml™") and 0.2 ul
additive. The best crystals were grown in drops using a solution
consisting of 100 mM MES-NaOH pH 5.5, 20%(w/v) PEG 6000,
200 mM LiCl as precipitant and 200 mM nondetergent sulfobetaine
molecular weight 201 Da (NDSB-201) as an additive. Crystals were
soaked in reservoir solution containing 20% (v/v) glycerol as a cryo-
protectant for less than 30 s and mounted in a loop.

Diffraction data were collected on the W01B-MX2 beamline of the
Brazilian Synchrotron Light Laboratory (LNLS; Campinas, Brazil),
which is equipped with a two-crystal monochromator and a MAR
CCD detector with a square X-ray-sensitive surface of 225 x 225 mm
combined with a MAR DTB goniostat. A wavelength of 1.459 A was
used together with oscillations of 1°. Crystals were cryocooled in a
stream of nitrogen gas at 100 K in order to minimize radiation
damage. A total of 360 frames were recorded. Data processing was
performed with the HKL-2000 software package (Otwinowski &
Minor, 1997).

2.3. Molecular replacement

The Matthews coefficient (Matthews, 1968) was calculated using
45 kDa as the molecular weight of the binary complex in order to

(a) (%)

Figure 2

Coomassie-stained (13%) SDS-PAGE of SPCI and the SPCI-chymotrypsin
complex. (a) Lanes 1 and 2, SPCI (20.46 kDa). Lane 3, molecular-weight markers
from Amersham Pharmacia Biotech UK (part No. 17-0446-01): rabbit muscle
phosphorylase b (97.4 kDa), bovine serum albumin (66 kDa), egg albumin
(45 kDa), bovine erythrocyte carbonic anhydrase (29 kDa), soybean trypsin
inhibitor (20.1 kDa) and bovine milk a-lactalbumin (14.2 kDa). (b) Lanes 1 and
3, SPCI (20.46 kDa) and chymotrypsin (25 kDa) from the binary complex under
denaturing conditions; lane 2, molecular-weight markers.

indicate the number of molecules per asymmetric unit. A calculated
Matthews coefficient of 2.74 A*> Da™!is compatible with the presence
of one heterodimer of the SPCI-chymotrypsin complex in the
asymmetric unit with a solvent content of 55%. A molecular-
replacement (MR) solution was found using the partially refined
crystallographic structure of SPCI (Teles et al, 2007) and the struc-
ture of chymotrypsin (Tsukada & Blow, 1985; PDB code 4cha)
independently as a search models. This procedure was performed
using the MOLREP program (Vagin & Teplyakov, 1997) from the
CCP4 package (Collaborative Computational Project, Number 4,
1994). The first MR was carried out using the structure of chymo-
trypsin (Tsukada & Blow, 1985; PDB code 4cha) as the search model.
The solution was used in the second MR as a fixed model and the
structure of SPCI was used as the search model. In both searches, the
chymotrypsin and SPCI molecules contained all the protein atoms; all
other atoms, such as waters and other ligands, were removed.

(b

Figure 3

Crystals of the SPCI-chymotrypsin complex obtained by sitting-drop vapour
diffusion at 291 K with an average length of 400 pm in the longest dimension. (a)
Crystals obtained using 100 mM MES-NaOH pH 5.5, 20%(w/v) PEG 6000,
200 mM LiCl as precipitant. (b) Optimized crystals diffracting to 2.8 A obtained in
the same precipitant solution with the additive 200 mM NDSB-201 from the
Additive Screen 2 HR-430 kit (Hampton Research).
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Table 1
SPCI-chymotrypsin complex data-collection and processing statistics.

Values in parentheses are for the last resolution shell.

P2,2,2,
a=4528,b=6457, c=169.23

Space group R
Unit-cell parameters (A)

Mosaicity (°) 0.94
Temperature (K) 291
Wavelength (A) 1.459
Frame oscillation (°) 1
Crystal-to-detector distance (mm) 170.00
No. of frames 360

Resolution limits (A) 16.00-2.80 (2.90-2.80)

(Ilo(I)) after merging 234 (1.3)
Completeness (%) 88.3 (51.8)
Redundancy (%) 12.0 (6.0)
Runerget 0.12 (0.59)
No. of reflections 135446

No. of unique reflections 11254 (638)

T Yo 2o M (hkD) — (I(hkD) /Y0 > I(hkl), where I(hkl) is the intensity of reflection
hkl, ", is the sum over all reflections and ), is the sum over i measurements of
reflection Akl

3. Results and discussion

SPCI was purified from a crude extract by a precipitation step with
1.2%(v/v) TCA followed by ion-exchange chromatography (Fig. 1a)
as described by Teles ef al. (2004) and corresponds to a band of
approximately 21 kDa on SDS-PAGE (Fig. 2a). The SPCI-chymo-
trypsin complex was purified by size-exclusion molecular chromato-
graphy (Fig. 1b). Both proteins present in the complex are shown in
the SDS gel, which contains two bands of the expected molecular
weights for chymotrypsin (25 kDa) and SPCI (21 kDa) (Fig. 2b).

The crystallization conditions for this binary complex were
obtained using the vapour-diffusion method with a robotic system.
After two weeks, small crystals of SPCI-chymotrypsin complex were
observed in several screening conditions, but the best crystals grew in
(i) 100 mM sodium acetate—HCI pH 5.0, 20% (w/v) PEG 6000, 10 mM
ZnCl,, (ii) 100 mM MES-NaOH pH 6.0, 20%(w/v) PEG 6000,
200 mM LiCl, (iii) 100 mM bis-tris-HCI pH 5.5, 17%(w/v) PEG
10000, 100 mM ammonium acetate and (iv) 200 mM potassium
formate pH 7.3, 20%(w/v) PEG 3350. Optimization of these initial
conditions was performed using the same precipitants, varying the pH
and PEG concentration, combined with the Additive Screen 2 HR-
430 kit (Hampton Research) and the protein solution at concentra-
tion of 14 mgml~'. Improved crystals grew using 100 mM MES-
NaOH pH 5.5, 20%(w/v) PEG 6000, 200 mM LiCl as precipitant
(Fig. 3a) and 200 mM NDSB-201 as an additive (Fig. 3b). The best
and largest monocrystals (Fig. 3b) suitable for X-ray analysis were
used for data collection.

After data collection and processing, the crystals were found to
belong to space group P2,2,2;, with unit-cell parameters a = 45.28,
b = 64.57, ¢ = 169.23 A. Data were collected in the resolution range
16.00-2.80 A with an overall Riyerge 0f 0.12, a completeness of 88.3%
(11 254 unique reflections recorded) and an (I/o(I)) of 23.4. Details of
the data-collection and processing statistics are presented in Table 1.
First using the structure of the enzyme as a search model in the
molecular-replacement protocol and then fixing it and using the
inhibitor molecule in a new search resulted in rotation-function and
translation-function peaks that clearly corresponded to one binary
complex in the asymmetric unit, as corroborated by the Matthews
coefficient of 2.74 A Da~". The rotation function over o, translation
function over o, score and R factor for the first (correct solution) and
second highest peaks in the chymotrypsin search of the MR proce-

dure are 12.0 and 4.0, 16.3 and 4.7, 0.58 and 0.32, and 0.49 and 0.62,
respectively. The same data for the SPCI search yielded values of 8.0
and 4.7, 44.2 and 18.4, 0.64 and 0.48, and 0.45 and 0.54, respectively.
These data clearly represent the correct solution of the binary
complex.

At present, refinement is being performed and new crystallization
attempts are being carried out in order to improve crystal quality and
resolution.

This work was supported in part by Conselho Nacional de
Desenvolvimento Cientifico e Tecnolégico (CNPq), Coordenacéo de
Aperfeicoamento de Pessoal de Nivel Superior (CAPES), Fundacéo
de Amparo a Pesquisa do Estado de Sdo Paulo (FAPESP) and
Associacéo Brasileira de Tecnologia de Luz Sincrotron (ABTLuS).
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Abstract — The major royal jelly protein 1 (MRJP1) is the main glycoprotein in honey bee royal jelly. In brain
tissues, MRJP1 is found in intercellular spaces and associated to cytoskeleton within cells. MRJP1 must be
involved in multiple biological functions, yet there is a lack of structural information on the protein. MRJP1
was herein purified from royal jelly and characterized through electrophoresis and mass spectrometry as the
same protein found in cerebral tissue. Unfolding curves obtained by circular dichroism analyses strongly
suggest its high stability under different pHs. However, calcium ions made MRJP1 susceptible to temperature
and pH effects. In the presence of 2 mM calcium, very high stabilities were achieved at pH 6.0 and 7.0 with AG*
over 62 kJ mol '. Overall, the present results represent a valuable effort aimed at the structural
characterization of MRJP1, representing an essential step toward the determination of its roles in honey

bee neural processes.

MRJP1 / Apis mellifera / protein stability / mass spectrometry / circular dichroism

1. INTRODUCTION

The honey bee (Apis mellifera) is a social
insect that presents complex behaviors and is
able to execute multiple tasks (Page and Peng
2001; Menzel et al. 2006). It has long been
acknowledged for their crucial function in plant
pollination in natural environments as well as in
agricultural crops.

Royal jelly is produced in the cephalic glands
of both nurse and forager worker bee subcastes.

Corresponding author: S.M. Freitas,
nina@unb.br
Manuscript editor: Klaus Hartfelder

It is the main food for larvae, and is imperative
for caste differentiation from larvae to queen
(Winston 1987; Ohashi et al. 1997). This is a
case of insect polyphenism regulated by differ-
ential nourishment (Evans and Wheeler 2001;
Malecova et al. 2003). Royal jelly is fed to
honey bee larvae, but is provided to the queen
throughout its whole lifespan, and sustains its
high reproductive ability (Ohashi et al. 1997).
A large family of major royal jelly proteins
(MRIPs) is present in this secretion. MRJPs are
similar to yellow proteins from Drosophila
melanogaster and other insects as well as to
putative proteins from bacteria (Albert and
Klaudiny 2004; Drapeau et al. 2006). Little is


http://dx.doi.org/10.1007/s13592-011-0025-9

Calcium and pH effects on self-association and stability of MRJP1

known about biological functions of such a class
of proteins, but some suggestions have been
proposed like sex-specific reproductive matura-
tion (Drapeau et al. 2006) and developmental
processes in bee nervous system (Peixoto et al.
2009). They are linked to queen development by
still unclear mechanisms (Albert and Klaudiny
2004; Consortium, 2006). In addition, they are
believed to exert defensive functions against
fungi and bacteria, as assigned in the Gene
Ontology database. Finally, a structural motif of
dopachrome-conversion enzyme is apparently
present along some MRJPs sequences, as found
in some yellow proteins (Futahashi et al. 2008).

The most abundant protein in royal jelly is
MRJP1 (major royal jelly protein 1) (Scarselli et
al. 2005) that is encoded by a single gene and
composed of 413 amino acids in its processed
form (Malecova et al. 2003; Drapeau et al.
2006). It appears to be posttranslationally
modified at different extents and displays at
least eight isoforms with similar isoelectric
points (p/) when separated by isoelectric focus-
ing (Hanes and Simuth 1992). This was sug-
gested to be caused by polymorphisms with
some amino acid substitutions and/or by genetic
variability of honey bee individuals in the hive
(Schmitzova et al. 1998).

MRIP1 is a 55-57 kDa protein as determined
by gel electrophoresis, but goes down to 47 kDa
after treatment with N-glycosidase F (Ohashi et
al. 1997), in agreement to the theoretical mass
calculated for MRJP1 without the signal peptide
(19 N-terminal residues) (Schmitzova et al.
1998). Three MRJP1 hypothetical glycosylation
sites have been proposed based on its primary
structure (Ohashi et al. 1997). Another interest-
ing feature of MRIJPI is that it is present in
monomeric and oligomeric forms in royal jelly
(Simuth 2001; Tamura et al. 2009a).

Several changes at structural and proteomic
levels are observed during the ontogenetic
differentiation from nurse to forager worker
subcastes (Fahrbach and Robinson 1995;
Wolschin and Amdam 2007; Garcia et al. 2009).
Recently, we showed by two-dimensional
electrophoresis and proteome analysis that
MRIJP1 is the most abundant protein in the
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nurse brain, suffering downregulation toward
forager brain during the differentiation pro-
cess (Garcia et al. 2009). In addition, it was
immunolocalized in intercellular spaces be-
tween cells in mushrooms bodies (presumed
centers of learning and memory in the honey
bee brain), indicating that it is a secreted
protein (Garcia et al. 2009). However, MRJP1
was also detected in the cytoplasm of brain
cells of the antennal lobe, optical lobe and
mushroom body (Garcia et al. 2009; Peixoto et
al. 2009), which is an indication of the multiple
functions associated to this protein. Addition-
ally, it was deposited on the rhabdom, a
structure of the retinular cells composed of
numerous tubules, suggesting its association to
proteins of filamentous structures such as
cytoskeleton (Garcia et al. 2009). (Kucharski
et al. 1998) had previously found the mRNA
for this protein in the mushroom bodies of A.
mellifera brain, concentrated in a defined
population of Kenyon cells.

Therefore, besides the nutritional role in
royal jelly, MRJP1 is thought to have other
possible unknown functions in the neural tissue,
that possibly appeared during the evolution of
sociality (Albert et al. 1999; Consortium, 2006).
Ontological bioinformatics analysis suggested
that MRJP1 is potentially involved in develop-
mental processes in the A. mellifera nervous
system (Peixoto et al. 2009). Diverse biological
activities have been reported for MRIJP1. It
shows growth stimulation of human lympho-
cytes in a serumfree medium (Watanabe et al.
1998), enhancement of cell proliferation in rat
hepatocytes (Kamakura et al. 2001c), antifa-
tigue effect in mice (Kamakura et al. 2001b),
stimulation of TNF-«x release by mouse macro-
phages, and possible roles in cytokine-induced
activation of genes important for immune
response of honey bees and humans (Simuth et
al. 2004; Majtan et al. 2000).

Despite the knowledge gathered about
MRJP1, there is still a lack of structural
information on such intriguing protein. In the
present work, MRJP1 was isolated from royal
jelly, compared to its honey bee brain coun-
terpart by mass spectrometry, and character-
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ized regarding its structural features by dy-
namic light scattering and circular dichroism
spectroscopy.

2. MATERIALS AND METHODS
2.1. Royal jelly fractionation

About 250 mg of commercial royal jelly (Apivita,
Rio Claro, Brazil) were homogenized in 1.2 mL of
50 mM Tris—=HCl pH 7.5 (buffer A) containing
10 mM ethylenediaminetetraacetic acid (EDTA) and
a cocktail of proteases inhibitors (cOmplete Mini,
Roche, Mannheim, Germany). The extract was stirred
for 2 min in vortex and centrifuged at 16,000 g for
30 min at room temperature. The soluble material
(~10 pg/uL proteins) was submitted to anion-
exchange chromatography using a Mono-Q® HR
10/10 column (Pharmacia, Uppsala, Sweden) coupled
to a FPLC system. The column (8 mL) was
equilibrated with buffer A under a 1.5 mL/min flow.
Elution was performed using a 0—1 M NaCl gradient
in buffer A: 0—10 min, buffer A; 10-60 min, 0-0.2 M
NaCl; 60-90 min, 0.2-0.5 M NaCl; 90-95 min, 0.5—
1 M NaCl; 95-100 min, 1 M NaCl. All solutions
were filtered using 0.22 pum pores and degassed
before use. The chromatographic run was conducted
at room temperature, and accompanied by optical
absorption at 280 nm. Protein quantification was
performed according to Bradford (1976). Collected
fractions were analyzed by SDS-PAGE, and those of
interest were pooled, dialyzed against distilled water
at 4°C and lyophilized.

2.2. Extraction of honey bee brains

Nurse honey bees (4. mellifera) were acquired
from Vereda Rosa Apiaries (Brasilia, Brazil). Bees
were anesthetized with chloroform, and brains were
dissected and thoroughly washed in cold TBS
(20 mM Tris—HCI pH 7.5, 150 mM NaCl) and then
in lysis buffer (7 M urea, 2 M thiourea, 85 mM
dithiothreitol (DTT), 2.5% (v/v) Triton X-100, 0.5%
immobilized pH gradient (IPG) buffer pH 4-7)
containing a cocktail of protease inhibitors (cOmplete
Mini, Roche). Honey bee brain extracts were pre-
pared out of ten pooled through homogenization

G.C.N. Cruz et al.

using a Sample Grinding Kit (GE Healthcare,
Uppsala, Sweden) into 200 pL of lysis buffer in ice;
immediately immersed in liquid nitrogen and stored
at —20°C. Before use, brain extract was centrifuged
by 16,000 g, 15 min at room temperature. Protein
quantification of the supernatant was performed using
2-D Quant Kit (GE Healthcare).

2.3. SDS-PAGE

Sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) was carried out at 30 mA
constant current at 10% T polyacrylamide, 1.5 mM
thick gel, connected to a cooling bath using a TE-
2000 (Tecnal, Piracicaba, Brazil) apparatus. Proteins
in gel were silver stained according to Blum et al.
(1987). Phosphorylase b (97 kDa), bovine serum
albumin (66 kDa), egg albumin (45 kDa), carbonic
anydrase (30 kDa) and trypsin inhibitor (20.1 kDa)
were used as molecular weight markers.

2.4. Two-dimensional electrophoresis

Two-dimensional electrophoresis (2-DE) was per-
formed using an Ettan IPGphor 3 system (GE
Healthcare) for the first dimension and a Protean II
system (BioRad, Hercules, CA, USA) for the second
one, both at 20°C. Proteins were separated by
isoelectric focusing (IEF) in 18 cm IPG strips (GE
Healthcare), previously rehydrated for 6 h in 350 uL
lysis buffer containing 10% isopropanol (Garcia et al.
2009). Samples containing 50 pg brain extract
protein or 10 pg purified MRJP1 were separated in
4-7 pH range under the following conditions:
rehydration for 6 h, 30 V for 6 h, 500 V for 1 h,
1,000 V (gradient) for 1 h and 8,000 V (gradient) for
3 h and 8,000 V for 1 h and 40 min (28,630 total Vh).
Before the second-dimension step, the IPG gel strips
were subjected to reduction and alkylation. Thus,
strips were soaked for 20 min in a solution containing
6 M urea, 30% (v/v) glycerol, 2% (w/v) SDS and
125 mM DTT and for additional 20 min in the same
buffer containing 300 mM acrylamide instead of
DTT. SDS-PAGE was performed on 10% T poly-
acrylamide gels, 1.0 mM thick, connected to a
cooling bath using the same molecular weight
markers and running conditions as described for the
SDS-PAGE. Proteins were monitored using a mass
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spectrometry (MS) compatible silver staining proce-
dure (Blum et al. 1987).

2.5. In situ digestion

Bands or spots of interest were excised from gel
and distained in a freshly prepared 15 mM potassium
ferricyanide, 50 mM sodium thiosulfate solution for
10 min (Gharahdaghi et al. 1999). Gel pieces were
rinsed two to three times in Milli-Q water (Millipore,
Billerica, MA, USA) to stop the reaction; washed
three times in water and acetonitrile alternately,
10 min each; and then vacuum dried using a Speed
Vac system (Savant, Farmingdale, NY, USA). Sam-
ples were subjected to in situ reduction and alkyl-
ation. Reduction of disulfide bonds was performed by
incubating gel pieces in 100 mM ammonium bicar-
bonate solution with 10 mM DTT for 1 h at 56°C.
After removing this solution, cysteine residues were
alkylated in 100 mM ammonium bicarbonate solu-
tion with 55 mM iodoacetamide for 45 min at room
temperature in the dark. A new washing cycle
water/acetonitrile was carried out before drying.
Gel slices were then rehydrated in 50 mM ammo-
nium bicarbonate, 5 mM calcium chloride solution
containing sequencing grade modified trypsin
(Promega, Madison, WI, USA) at 12.5 ng/uL and
incubated at 37°C overnight. Peptides were
extracted twice with 66% (v/v) acetonitrile, 0.1%
(v/v) trifluoroacetic acid solution by sonication,
desalted and concentrated using ZipTips C18 (Millipore,
Bedford, MA, USA).

2.6. Protein identification

Tryptic digests eluted from the gels were mixed in
a matrix solution (10 pug/ul x-cyano-4-hydroxycin-
namic acid) prepared in 50% (v/v) acetonitrile, 0.1%
(v/v) trifluoroacetic acid. Each sample was spotted
onto the sample plate, and was allowed to dry before
matrix-assisted laser desorption/ionization—time of
flight (MALDI-TOF) MS analysis. The spectra were
collected using an Autoflex II MALDI-TOF/TOF
mass spectrometer (Bruker Daltonics, Bremen, Ger-
many) in delayed extraction and reflector modes.
External calibration was performed using a peptide
standard kit (Bruker Daltonics). Known trypsin
autolysis and keratin peaks (842.50 and 1475.77,
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respectively) were used for the internal calibration.
Peptide masses (MH") were recorded in 750 to
3,000 Da range. The peptides mass spectra were
generated using the software FlexControl v. 2.4
(Bruker Daltonics). The software FlexAnalysis v.
2.4 (Bruker Daltonics) was used to acquire and
process the peak lists that were employed for
database search using BioTools v. 2.0 (Bruker
Daltonics) linked to Mascot (http://www.matrixs
cience.com/) (Perkins et al. 1999) against the NCBI
protein database (National Center for Biotechnology
Information, Bethesda, USA). Monoisotopic masses
of tryptic peptides were used to identify the proteins
by Peptide Mass Fingerprinting (PMF). Error toler-
ance for peptide mass was lower than 100 ppm and
no restrictions were imposed on protein molecular
mass or phylogenetic lineage. Further search param-
eters were methionine oxidation as variable modifi-
cation and propionamide cysteine (acrylamide
alkylation) or carbamidomethyl cysteine (iodoaceta-
mide alkylation) as fixed modification. Missed
cleavages sites were set up to 1. Hits were considered
significant if the protein score exceeded the threshold
score calculated by Mascot software assuming P-
value <0.05.

Tandem mass spectra (MS/MS) were also acquired
using Autoflex II MALDI-TOF/TOF mass spectrom-
eter (Bruker Daltonics). Parental ions were selected
within 2% parent mass error, and spectra accumulated
from 400 laser shots. Fragmentation was then
performed using a boost of 150% in detector gain
and of 20% in laser power after parental spectrum
selection. Further processing of the MS/MS spectra
were performed using FlexAnalysis v. 2.4. All MS/
MS data from each individual spot were merged into
a single file using BioTools v. 2.0 before search. MS/
MS datasets were searched against the protein
sequence database using the following parameters:
only tryptic peptides with up to one missed cleavage
site were allowed; mass tolerances of 100 ppm for
MS and 0.5 Da for MS/MS fragment ions; propiona-
mide cysteine as fixed modification and oxidized
methionine as variable modification.

2.7. Dynamic light scattering analysis

Dynamic light scattering (DLS) provides informa-
tion about the size, distribution and homogeneity of
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macromolecules in solution, and can be used to
monitor protein aggregation. The light scattering
measurements by DLS is used to calculate the
hydrodynamic radius, which is defined as the radius
of a spherical particle with the same diffusion
coefficient as the macromolecule of interest. DLS
assays were carried out through a laser wavelength of
800 nm, using a DynaPro-LSD model (Wyatt
Technology Corporation, Santa Barbara, CA, USA)
molecular-sizing instrument equipped with a Peltier
system for temperature control, reaching 60°C.
Solutions of MRJP1 were centrifuged at 15,000 g
for 20 min at 4°C, and the supernatant filtered
through a 0.22 pm filter (Millipore) and added to
the cuvette. The hydrodynamic parameters were
measured at different pHs, temperatures, and concen-
trations of protein.

The measured intensity of scattered light from
each sample was normalized considering the
buffer scattering contribution. Polydispersity pa-
rameter (Pd), averaged hydrodynamic radius (Rz),
averaged hydrodynamic diameter (Dy), molecular
weight, sum of squares (SOS) were determined
from the intensity correlation function using the
cumulants method (Frisken 2001; Hassan and
Kulshreshtha 2006) and using the Dynamics V.6
software.

2.8. Circular dichroism spectroscopy

Circular Dichroism (CD) assays were carried
out using Jasco J-815 spectropolarimeter (Jasco,
Tokyo, Japan) equipped with a Peltier type
temperature controller and thermostatized cuvette
cell linked to a thermostatic bath. Far-UV spectra
were recorded using 0.1 or 0.2 cm pathlength
quartz cuvettes. MRJP1 (2.5 puM or 5 pM) was
analyzed in different buffer conditions: 2 mM
sodium citrate pH 3.0, 2 mM sodium acetate
pH 4.0, 5.0 or 6.0, 2 mM Hepes pH 7.0 or 8.0,
2 mM CHES pH 9.0. Four consecutive measure-
ments were accumulated and the mean spectra
recorded. Eventual errors due to buffer or instru-
ment effects were discarded by the subtraction of
the baseline spectrum from each protein spectrum.
Thermal denaturation assays were performed rais-
ing the temperature at 0.5°C/min, from 20°C to
95°C, unless specified otherwise. The observed
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ellipticities were converted into molar ellipticity
([0]) based on molecular mass per residue of
113 Da. Protein structure was tracked by changes
in [0] at 218 nm, where the maximal signal
intensity was verified in all conditions at 25°C.

The unfolded protein fraction (fy), the equilibrium
constant (Keq) and the Gibbs free energy (AG>)
were calculated using the following equations (Pace
et al. 1997):

Jo=0N=2)/0N=0) (1)

Keq = [UJ/IN] = fu/(1 = fu) (2)

AG = —RTInK,, (3)

where yy and y; represent the amount of y protein
present in native and unfolded state, respectively. [U]
and [N] denote the protein concentration in unfolded
and native state, respectively; R, the universal gas
constant (8.314 J K~ mol™" or 1.987 cal K™ mol ™)
and 7, the temperature in Kelvin (K). The melting
temperature (7m) where the unfolding occurs was
calculated from the AG versus temperature plot.
Enthalpy (AHm) and entropy (ASm) parameters were
calculated from van’t Hoff plot, Eq. 5:

AG = AH — TAS (4)

RinKey = —AH(1/T) + AS (5)

Secondary structure content were estimated from the
CD curves adjustments (Béhm 1997) using the CDNN
deconvolution software (Version 2.1, Bioinformatik.
biochemtech.uni-halle.de/cdnn) considering the data-
base that resulted on total sum of secondary structures

closest to 100%.

3. RESULTS
3.1. Purification of the MRJP1

Royal jelly crude extract was fractionated by
anion-exchange chromatography (Figure 1). Two
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Figure 1. Separation of royal jelly proteins by anion-exchange FPLC. Soluble fraction of royal jelly was
submitted to chromatography. Retained proteins were eluted by a NaCl gradient in 50 mM Tris—HCI pH 7.5
buffer. Elution was accompanied by absorbance at 280 nm. The main peaks were collected as indicated (1-6).
Inset—SDS-PAGE of royal jelly protein fractions. Royal jelly soluble fraction (RJ), 5 pg, the unbound material
(UB), 5 ng, and the eluted fractions 1-6, 2 ug, were separated in a 10% polyacrylamide gel. Molecular weight

markers are represented on the left side.

main proteins were collected in the fractions
represented by peaks 1 and 6, respectively. These
proteins were eluted with buffer containing 40—
60 mM and 300400 mM NaCl, respectively. No
visible contaminants were present in these
fractions as showed in silver stained SDS-
PAGE (Figure 1, inset). The main protein in
fraction associated with peak 1 was identified as
Major Royal Jelly Protein 2 (MRJP2), and the
one associated with peak 6 as Major Royal Jelly
Protein 1 (MRJP1) by PMF via MALDI-TOF
MS with searches against the NCBI nonredun-
dant protein database using Mascot software
(Table I). Additional analysis of MRJP1 by 2-
DE revealed nine main isoforms (Figure 2) from
pl 4.7 to 5.2 (Table II). The protein spots were

identified by PMF as MRIP1 from A. mellifera
with high scores and sequence coverage
(Table II).

3.2. Comparison between royal jelly
and brain MRJP1s

Nurse honey bee brain proteome was ana-
lyzed by 2-DE (Figure 3) to check the over-
lapping between royal jelly MRJP1 (Figure 2)
and brain MRJP1. Previous report had identified
the MRJP1 in honey bee brain (Garcia et al.
2009), which was confirmed herein by PMF
resulting in a high score of 148, with 19
matched peptides and 43% sequence coverage.
MRIJP1 isoforms from both royal jelly and brain
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Table 1. Mass spectrometric identification of proteins separated by anion exchange chromatography.

Peak Identified Organism/Protein Score Matched  Coverage  Mr (kDa)
protein ID mascot  peptides (%) (Theor./Obs.)
1 Major royal jelly  Apis mellifera/gi|58585108 117 9 23 51.041/51.3
protein 2
6 Major royal jelly  Apis mellifera/gi|58585098 167 13 39 48.855/56.0

protein 1

were localized on coinciding areas in their
respective 2-DE gels (Figures 2 and 3).
Similarity between MRJPls from the two
sources was evaluated comparing MS spectra
from royal jelly isoform 6 and a central isoform
from brain (Figure 4). Almost all tryptic
peptides that matched peptide masses in data-
base searches were actually found in the spectra
from both isoforms under MS analysis (Figure 4).
Few differences could be detected between
peptide masses generated from the MRIP1
primary sequence and peptide masses recorded

by MS. The ion at m/z 1614.8 was more intense
in the spectrum from the brain isoform, which
corresponds to the ion at m/z 1630.8 minus a
methionine oxidation, only present in the royal
jelly isoform spectrum. Isotope overlaps of ions
were found at m/z 1631.7 and 1630.8 from brain
and royal jelly isoforms respectively. The ion at
m/z 1746.7 is more abundant in the brain
spectrum while its methionine oxidized counter-
part at m/z 1762.7 is richer in the royal jelly
isoform spectrum. Considering these results,
above mentioned ions (m/z 1614.8, 1630.8,

p!

kDa

97—

66—

123 9
45678
45—

30—

20—

Figure 2. 2-DE of peak 6 fraction. An amount of 10 pg of protein was separated by immobilized pH gradient
(4-7) in the first dimension and 10% polyacrylamide SDS-PAGE, in the second one. Proteins were silver
stained. Arrows indicate protein spots that were identified by PMF as shown in Table II. Molecular weight

markers are represented on the left side.
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Table II. Mass spectrometric identification of proteins separated by two-dimensional electrophoresis.

Spot Identified Organism/Protein Score  Matched Coverage p/ (Theor/  (Theor./
protein ID mascot peptides (%) Obs.) Obs.)

1 Major royal jelly Apis mellifera/gi|58585098 111 11 37 5.10/4.72  48.855/56.1
Protein 1

2 Major royal jelly Apis mellifera/gi|58585098 155 16 46 5.10/4.77 48.855/56.1
Protein 1

3 Major royal jelly Apis mellifera/gi|58585098 151 16 48 5.10/4.82 48.855/56.1
Protein 1

4 Major royal jelly Apis mellifera/gi|58585098 126 14 43 5.10/4.88 48.855/55.6
Protein 1

5 Major royal jelly Apis mellifera/gi|58585098 141 15 42 5.10/4.95 48.855/55.0
Protein 1

6  Major royal jelly Apis mellifera/gi|58585098 163 17 44 5.10/5.00 48.855/54.5
Protein 1

7 Major royal jelly Apis mellifera/gi|58585098 142 14 42 5.10/5.05 48.855/54.0
Protein 1

8  Major royal jelly Apis mellifera/gi|58585098 145 16 50 5.10/5.12  48.855/54.0
Protein 1

9  Major royal jelly Apis mellifera/gi|58585098 90 9 31 5.10/5.20 48.855/54.0
Protein 1

4 o 7 1746.7 and 1762.7) were submitted to MS/

KDa = MS analysis. Their sequence and modifica-

o tions (methionine oxidation) could then be

confirmed by searches over the NCBI data-

66— base. The ions at m/z 1746.7 and 1614.8 were

45—

30—

20—

Figure 3.2-DE of total protein extract from nurse
bee brains. 50 pg of protein was separated by
immobilized pH gradient (4—7) in the first dimension
and 10% polyacrylamide SDS-PAGE, in the second
one. Proteins were silver stained. 4rrow indicates the
MRIJP1 spot that was identified by PMF and
compared to the royal jelly MRJP1. Molecular weight
markers are represented on the left side.

identified as the MRIJP1 peptides Met388 -
Arg401 (MVNNDFNFDDVNEFR) and 1le402 -
Arg415 (IMNANVNELILNTR), respectively.
Their putatively modified counter-parts at m/z
1762.7 and 1630.8 showed the same sequences
above, but oxidations in methionines. A missed
cleavage after Lys96 resulted in m/z 2075.1 in
the brain sample. This peptide had one more
lysine residue than the ion at m/z 1946.9,
present in both spectra. The peak at m/z
2264.3 in brain represented the m/z 2335.1
without the alkylation at Cys329. Another
missed cleavage after Lys38 generated m/z
2501.1 in the royal jelly MRJP1, which could
correspond to a larger peptide constituted by
the peptides at m/z 1122.5 and 1397.5.

Other superimposed MRJP1 isoforms from
brain and royal jelly were also compared in
terms of MS spectra of tryptic digests, similarly
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Figure 4. MALDI-TOF mass spectra of tryptic digests from spots of brain and royal jelly MRJP1s. Protein spot
isoform 6 in Figure 2 and protein spot indicated by an arrow in Figure 3 were submitted to identification by
MALDI-TOF MS analysis. Both proteins were identified as major royal jelly protein 1 from Apis mellifera.
Only m/z values of peptides matched to database are indicated in the spectra. *Molecular ions matching to

peptides containing oxidized methionine.

presenting high numbers of ion peak with
identical masses and intensities (data not
shown). These data suggest that the MRJP1
purified from royal jelly is the same protein as
the one found in bee brain.

3.3. Conformational state and stability
of MRJP1

The purified MRJP1 presented a polydisperse
profile (25-30% Pd) as evaluated by DLS. The
sample showed averaged hydrodynamic diame-
ter (Dy) of 13.4 nm for pH 7.0, which allowed
inferring a pentameric structure for MRJP1
(with ~290 kDa) at 1 uM, 3 puM (data not
shown) and 10 uM (Figure 5). However, a
hexameric state of MRJP1 was found at pH 8.0
and pH 9.0, with Dy=14.3 nm (~340 kDa). The
main peak at pH 6.0 also evidenced the
pentameric formation (Figure 5). As expected,
some aggregation (about 2.5% mass) was
observed for 25 uM MRJPI at pH 7.0 (data
not shown).

Physicochemical and structural character-
ization of MRIJP1 was carried out by using
thermal denaturation, evaluated by Far-UV
circular dichroism spectroscopy. Thermal sta-
bility of the protein at pH 7.0 was assessed
upon raising the temperature from 20 to 95°C
(Figure 6). The thermostability was assumed
considering a curve decline in molar ellipticity
along with the increase of temperature. The
secondary structure content of MRJP1 at
pH 7.0 calculated from the CD spectrum at
20°C was: 9.6% «-helix, 38.3% antiparallel
and parallel 3-sheets and 20% {3-turn. The CD
spectra in temperature ranging from 20 to 95°C
show a gradual, slight increase of the dichroic
signal (downward), suggesting that the protein
gains structure as a function of temperature
(Figure 6). A little decrease was observed in
terms of «-helix content (from 9.6% to 9.1%)
and -sheet (from 38.3% to 37.2%), and a
discrete increase in P-turn (from 20.0% to
21.6%) and random structures (from 36.0% to
36.7%) (Figure 6, inset).
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Figure 5. Analysis of the MRJP1 size distribution by DLS. 10 uM of MRJP1 was used for all conditions.
Protein was diluted in 10 mM sodium acetate pH 6.0, 10 mM HEPES pH 7.0 or pH 8.0, 10 mM CHES pH 9.0,
as indicated. Inset graphic—Light scattering profile of MRJP1 in absence—and presence—of 2 mM CacCl, in

10 mM HEPES pH 7.0.

The thermostability of MRJP1 was also
observed either in presence of 200 and
400 mM sodium chloride or 0.5, 1.0 and 1.5
M guanidine, as evidenced by no significant
changes on the molar ellipticity as function of
the temperature (data not shown). A reduction
in the dichroic signal was observed when
adding 400 mM sodium chloride or 1.5 M
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guanidine at 20°C, but no indicative of full
protein denaturation (data not shown). The
denaturation was only achieved when 2 mM
calcium chloride was added to the buffer at
pH 4.0, pH 5.0 (data not shown), pH 6.0
(Figure 7c and d) or pH 7.0 (Figure 7d), but
not at pH 3.0 (Figure 7a), pH 8.0 (Figure 7b) or
pH 9.0 (not shown).
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Figure 6. Far-UV CD spectra of MRJP1 as a function of temperature. Protein (5 uM) was solubilized in 2 mM
HEPES pH 7.0. The arrow indicates the increase in molar ellipticity as a function of the increase of
temperature. The secondary structure contents estimated from these spectra are presented in the inset as follows:
a o-helix; b 3-sheet; ¢ 3-turn; and d other content as a function of the temperature.
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DLS analyses showed that MRJP1 appears as
an aggregate at pH 4.0 or pH 5.0, in spite of
showing typical denaturation curves in CD
analyses, when in the presence of 2 mM CaCl,
(data not shown). Thus, no thermodynamic
parameters characterizing the structural stability
of the protein could be calculated for these
conditions.

Protein stability is defined by measure-
ments of thermodynamic parameters, and the
reversibility of the unfolding reaction is
essential for such experiments (Pace et al.
1997). Indeed, the degree of irreversibility for
a protein increases as a function of its
exposition time to unfolding conditions. In
the case of MRIJP1, the thermal unfolding
took approximately 3 h, a drastic condition
that promoted the protein aggregation and
turned the thermal unfolding reaction irrevers-
ible (data not shown). In spite of that, we
estimated the thermodynamic parameters from
the normalized CD data at pH 6.0 and 7.0.
However, such thermodynamic parameters do
not correspond to the real stability of MRJP1,
once its thermal unfolding was an irreversible
process. The melting temperature of unfolding
(Tm) was higher at pH 6.0 (87.34°C) than at
pH 7.0 (82.80°C). The Gibbs free energy
(AG*®) calculated for pH 6.0 and 7.0 were
68.262 kJ mol ' and 62.943 kJ mol !, respec-
tively, which suggests a high stability for
MRIJPI1 in these conditions. This can also be
depicted by the higher value of enthalpy change
(AHm above 387 kJ mol ") estimated for these
two conditions. The entropy change (ASm) was
low for the tested conditions, indicating the
predominant contribution of enthalpy change to
the AG* of the protein. In general, the much
higher value of AHm reflects a higher AG™
given by the Gibbs-Helmholtz relationship or
likewise by Eq. 4 (see Section 2).

The CD spectra of MRJP1 in the presence of
2 mM calcium chloride were very similar for
pH 4.0, pH 5.0, pH 6.0 and pH 7.0 at 25°C
(data not shown). Moreover, 2 mM CaCl, did
not cause significant change in the molecule as
indicated by DLS profile at pH 7.0 and 25°C
(Figure 5, inset), suggesting that calcium itself
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does not promote considerable structure alter-
ation in MRJP1 at room temperature.

4. DISCUSSION

Major Royal Jelly Protein 1 (MRJP1) is an
acidic protein and the most abundant compo-
nent of royal jelly, representing 48% of total
water soluble protein (Simuth et al. 2004;
Scarselli et al. 2005). Due to abundance in
royal jelly, the purification was performed from
that material. A single purification step using
anion exchange FPLC chromatography was
required to purify MRJPs. Two of the main
fractions presented single bands in silver stain-
ing under SDS-PAGE (Figure 1, inset) indicat-
ing the co-isolation of two polypeptides with
different masses by our new single step purifi-
cation procedure, MRJP1 and MRJP2 (Table I).
Ordinary isolation methods of MRJPs led to
protein precipitates and aggregates designated
as water-insoluble proteins (Chen and Chen
1995) and previous MRJP1 purification meth-
ods were multi-step and time consuming
(Kamakura et al. 2001a; Simuth 2001). An
earlier attempt to purify and characterize MRJPs
was carried out by low resolution chromato-
graphic and electrophoretic methods, which led
to obtaining a mixture of MRJPs (Hanes and
Simuth 1992). The MRJP1 purification herein
was confirmed by SDS-PAGE, 2DE and MS
analyses (Figure 1, inset; 2 and 4). As MRJP1 is
the principal royal jelly protein, we focused on
its characterization in this work, whereas
MRJP2 will be treated elsewhere after further
characterization.

Hanes and Simuth (1992) had found eight
isoforms from p/ 4.5 to 5.0 for the major royal
jelly protein (which was further classified as
MRJP1 later) by isoelectric focusing. In this
work, we could observe nine different isoforms
of MRJP1 by 2-DE (Figure 2; Table II). This
multiplicity of isoforms is probably due to
posttranslational modifications (PTMs) in the
protein, as different degrees of protein glyco-
sylation (Ohashi et al. 1997) or maybe to the
genetic variability among the bees in the hive
(Schmitzova et al. 1998). Phosphorylation is
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Figure 7. Fitted heat-induced unfolding curves of MRJP1. a CD spectra of MRJP1 in 2 mM sodium citrate
pH 3.0 containing 2 mM CaCl,. b CD spectra of MRJP1 in 2 mM HEPES pH 8.0 containing 2 mM CaCl,. ¢
CD spectra of MRJP1 in 2 mM sodium acetate pH 6.0 containing 2 mM CaCl,. d Normalized data for the
denaturing conditions (pH 6.0 and 7.0 with 2 mM CaCl,); fraction of unfolded protein (fy;) as a function of
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disregarded as 2-DE analysis showed that
MRIJP1 isoforms are glycoproteins, but not
phosphoproteins (Furusawa et al. 2008).

Despite the existence of a single gene coding
for MRJP1 in the honey bee genome (Consortium
2006; Drapeau et al. 2006), the expressed gene
products can only be assessed at the proteomic
level. Alternative splicing of a gene transcript
may result in distinct protein species. PTMs
can also provide protein diversity. Additional-
ly, the mRNA abundance is not always
correlated to protein levels (Gygi et al. 1999;
Chen et al. 2002).

In a previous work, we showed the presence
of MRJP1 in the honey bee brain both by 2-DE
of the brain protcome and by immunocyto-
chemistry of brain tissue (Garcia et al. 2009).
Comparing the MRIJP1s purified from royal

jelly and brain tissue by 2-DE (Figures 2 and 3)
and MS of tryptic digests (Figure 4), a great
similarity was observed considering the mass
peaks of MRIJP1 peptides from both sources.
Two of the peptides presenting methionine
oxidation, m/z 1630.8 and 1762.7, appeared
more intense in the spectrum of royal jelly
MRIJP1, whereas the unmodified components
(m/z 1614.8 and 1746.7) showed to be more
intense in the brain sample. Those ions were
then selected and actually confirmed by frag-
mentation and MS/MS sequencing as MRJP1
peptides, both oxidized and non-modified.
Methionine oxidation is a spontaneous process
occurring in proteins when exposed to reactive
oxygen species (Vogt 1995). Once the cerebral
MRIJP1 is found in the brain cells (Garcia et al.
2009; Peixoto et al. 2009), it would be less
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susceptible to oxidation reactions than royal
jelly MRIJPI. Royal jelly presents a certain
antioxidative activity (Nagai et al. 2001, 2006),
and its collection and storage often occurs
carefully (Kamakura et al. 2001a; Furusawa et
al. 2008) because of its commercial use.
However, its constituent proteins are exposed
for longer to the air than those enclosed in a
tissue, so that they may undergo greater
oxidative modifications.

Two low intense peaks (m/z 2075.1 and
2264.3) were found only in the brain MRJP1
spot and another one (m/z 2501.1) was verified
only in the spectrum of the secreted protein.
However, these peaks are probably derived
from processes normally occurring during the
experiments, like missed cleavages at lysines or
alkylation of cysteines. Altogether, data from
relative mobility of protein in gels (SDS-PAGE
and 2-DE), protein identification by PMF and
comparison of the tryptic digests by MS, lead us
to propose that the MRJP1 purified from royal
jelly is the same glycoprotein present in honey
bee brain.

DLS demonstrated the structural self-
assembling of MRJP1 in solution, in agreement
with previous reports (Kimura et al. 1995, 1996,
2003; Tamura et al. 2009a, b). The predomi-
nance of pentamers (~290 kDa) was evidenced
at pH 6.0 and pH 7.0 (Figure 5), which are in
agreement with recent works of Tamura et al.
(2009a, b). However, herein we also show that
MRIJP1 predominantly forms hexamers
(~340 kDa) at pH 8.0 and pH 9.0 (Figure 5),
indicating a pH-dependence on the MRIJP1
oligomerization process.

Actually, a 350 kDa bioactive glycoprotein
(later named apisin) was isolated from royal
jelly (Yonekura et al. 1992; Kimura et al. 1995)
as a heterocomplex composed by two distinct
subunits (Kimura et al. 1996). One of them
showed the N-terminal sequence Asn-Ile-Leu-
Arg-Gly identical to that of MRJP1, while the
other one presented the N-terminal sequence of
apisimin (Lys-Thr-Ser-Ile-Ser), a peptide char-
acterized 6 year later (Bilikova et al. 2002). A
tryptic peptide from apisin showed an identical
sequence to the region GInl67-Lys182 of
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MRIJP1 (Kimura et al. 2003). Recently, it was
revealed that MRJP1 forms an hetero-
oligomeric complex with apisimin, which was
suggested to serve as a subunit-joining protein
within the MRJP1 oligomer (Tamura et al.
2009a).

About 2.5% of MRJIP1 appeared as aggregate
at concentrations as high as 25 uM in pH 7.0
(data not shown). It is well known that high
concentrations of protein may lead to self-
association of the native state. To date, there is
little available information about the physico-
chemical or structural characterization of
MRIJP1. In this work we analyzed some
structural features of this protein, important for
the nourishment of honey bee larvae and
probably possessing an unknown function into
the neural tissue of the insect. CD analyses
showed the secondary structure content of
MRIJP1 predominantly formed by [3-sheets
(38.3% parallel and antiparallel). Protein stabil-
ity can be indirectly evaluated by the Gibbs
energy change estimated from the transition
curves of native to the unfolded state (Pace
1990; Pace et al. 1997; Teles et al. 2005). The
thermal denaturation curves analyzed from Far-
UV CD measurements strongly indicated the
MRIP1 as a thermally stable protein (Figure 6).
The conformational changes could be verified
by analyzing its secondary structure content
throughout the temperature range of 20 to 95°C
(Figure 6, inset), even so this was not consid-
ered a denaturation process. However, in order
to estimate the structural stability of the MRJP1,
we searched for conditions in which the
denaturation process could occur. Changing the
ionic strength of the solution with sodium
chloride or disturbing the protein environment
with a low concentration of guanidine hydro-
chloride, significant structural changes were not
observed as indicated by low variations on the
Far-UV CD spectra (data not shown). In a
recent work, we had identified MRIJP1 as a
calmodulin-binding protein (CaMBP) (Calabria
et al. 2008). Calmodulin interacts with target
proteins under regulation of calcium (Rhoads
and Friedberg 1997). Considering this feature
we analyzed the effect of the calcium ion on
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MRIJP1 structural stability. The MRJP1 dena-
turation process was followed after the addi-
tion of 2 mM CaCl, to the protein solution at
pH 4.0, pH 5.0 (data not shown), pH 6.0
(Figure 7c and d) and pH 7.0 (Figure 7d). The
thermodynamic parameters obtained at pH 6.0
and pH 7.0 indicate a remarkable stability of
MRIJP1 in which 7m occurs at temperatures
above 82.8°C, in agreement with most meso-
philic and thermophilic globular proteins
(Kumar et al. 2000, 2001), human lysozyme,
parvalbumin, RNase T1, thioredoxin and
whale myoglobin (Robertson and Murphy
1997).

The high stability of MRJP1 was also verified
by the enthalpy change (>387 kJ mol ") and the
Gibbs free energy (>62 kJ mol '), indicating that
MRIJP1 is well packed by many non-covalent
interactions. The AG®® is very high and quite
dependent on the AHm values. The value
attributed to the entropy is associated with the
increase of conformational freedom in the poly-
peptide chain and with the hydration of groups
that become exposed on unfolded state.

DLS analyses also revealed the tendency of
MRJP1 to aggregate at pH 4.0 and pH 5.0
(close to its p/ values between 4.7 and 5.2), in
spite of a transition curve obtained from an
unfolding process in presence of calcium as
seen in CD experiments. However, unfolding
assays devoided of aggregation should be
developed in order to gather further concluding
data about the high stability of MRJP1 in pHs
close to p/ values.

Analyses of CD spectra of MRJP1 reveal a
pH-dependence of its thermal denaturation with
the maximum stability (~68 kJ mol ') coincid-
ing with pH 6.0. CD spectra of MRJP1 at
pH 4.0-7.0 revealed a typical two-state transi-
tion from native to unfolded states (see
Figure 7c and d for pH 6.0 and 7.0). However,
the thermal unfolding of MRIJP1 was an
irreversible process, as indicated by CD rescan-
ning under protein sample cooling (40°C) after
its complete thermal unfolding (95°C) (data not
shown). Thermodynamic measurements require
the unfolding reaction to reach the equilibrium
and to be reversible (Pace et al. 1997). Hence,
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present CD data collection was performed
taking into account a slow increase in temper-
ature (0.5°C/min), allowing the equilibrium to
be achieved. On the other hand, it is known that
protein solubility drastically decreases at high
temperatures, resulting in aggregation due to
hydrophobic amino acid residues exposure. The
longer a protein is submitted to high tempera-
ture conditions, greater its aggregation is,
preventing the refolding process. As considered
by Pace et al. (1997), reversibility of thermal
unfolding barely occurs due to the above
mentioned effect. Therefore, thermodynamic
parameter estimated herein could not corre-
spond the real values of MRJP1 stability.

The electrostatic interactions, the chemical
basis and the mechanistic origin that would
explain the pH-dependence on MRIJP1 self-
association and stability could be elucidated
from the three-dimensional structure of the
protein, which has not been solved so far.

No pattern of protein denaturation could be
verified on the CD spectra at pH 3.0 (Figure 7a),
pH 8.0 (Figure 7b) or pH 9.0 (not shown)
conditions, even in the presence of calcium ions.
Calcium form ionic interactions with the side
chains of aspartate and glutamate residues
(Marsden et al. 1990; Handford et al. 1991),
which can modify interactions in the protein, and
consequently, its conformational stability. These
residues are largely protonated at pH 3.0 and the
protein interactions with calcium would be
hampered, keeping the protein conformation
closest to the native state. In alkaline conditions,
as well as pH 3.0, it was verified a gain in
structure by MRJP1 when raising the tempera-
ture (Figure 7a and b). This fact was also
observed for other pH conditions before the
occurrence of denaturation process. Possibly the
protein unfolding at extreme pHs would take
place at higher temperatures not assessed by the
present techniques.

In conclusion, the purification of both
MRIJP1 and MRIJP2 was concomitantly
achieved through a simple, fast and single step
method. Purified MRJP1 was obtained in
oligomeric states, and showed to be a thermally
stable protein. Upon heating, calcium ions



266

probably caused conformational changes on
MRJP1 that make it susceptible to temperature
and pH effects. The present work represents an
effort on the structural characterization of
MRIJP1. The MRIJP1 gene transcription
(Kucharski et al. 1998) and expression in the
honey bee brain (Garcia et al. 2009; Peixoto et
al. 2009) reinforce the hypothesis of a protein
possessing novel functions besides the nutri-
tional role. The physicochemical and structural
data of MRJP1 will certainly lead to better
comprehension of its functions in honey bee
neural processes in the future.
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Effet du calcium et dépendance au pH sur I’autoas-
sociation et la stabilité structurelle de la protéine
majeure 1 de la gelée royale d’Apis mellifera.

MRJP1 / Apis mellifera / stabilité de la protéine /
spectrométrie de masse / dichroisme circulaire

Zusammenfassung — Bedeutung des Kalzium
Effekts und der pH-Abhingigkeit fiir die Selb-
stassoziation und Strukturstabilitit des Apis melli-
fera Gelée royale Proteins 1 (major royal jelly
protein 1). Die Hauptproteine in Gelée royale (Major
royal jelly proteins, MRJPs) der Honigbiene sind eine
Nahrungsquelle fiir Larven und von Bedeutung fiir

G.C.N. Cruz et al.

deren Differenzierung in Koniginnen. MRJPs weisen
Sequenzdhnlichkeit mit den Yellow Proteinen von
Drosophila melanogaster und anderen Insekten,
sowie mit bakteriellen Proteinen auf. Uber die
biologische Funktion von MRJPs ist wenig bekannt,
einige Untersuchungen deuten aber auf eine Rolle in
der geschlechtsspezifischen reproduktiven Reifung
und in Entwicklungsprozessen des Nervensystems
hin. MRJP1 ist das Hauptprotein in Gelée royale. Es
ist ein 5557 kDa Glykoprotein, das im Driisensekt in
monomerer oder oligomerer Form vertreten sein
kann. Im Gehirn kommt MRJP1 in Interzellularrdu-
men und in Verbindung mit dem Zytoskelett vor und
ist dort wahrend der Entwicklung und wéhrend des

Ubergangs von der Stockbiene zur Sammlerin
differentiell exprimiert. MRJP1 konnte demzufolge
in verschiedenen biologischen Vorgidngen eine Rolle
spielen, wenngleich seine Bedeutung im Nervenge-
webe noch unklar ist und nur wenige Strukturinfor-
mationen iber dieses Protein vorliegen. MRJP1
wurde aus Gelée royale mittels einer neuen, schnellen
Einschrittmethode chromatographisch aufgereinigt
(Abb. 1, Table I). Neun verschiedene MRJP1 Isofor-
men konnten mittels zweidimensionaler Elektrophor-
ese aufgetrennt werden (Abb. 2, Table II). Durch die
Kopplung einer zweidimensionalen Elektrophorese
mit Massenspektrometrieanalyse konnten wir proteo-
misch zeigen, dass MRJP1 des Nervengewebes mit
dem entsprechenden Protein aus Gelée royale iden-
tisch ist (Abb. 3 und 4). Mittels Dynamischer
Lichtverteilung (Dynamic Light Scattering, DLS)
wurden die oligomeren Formen von MRJP1 ermittelt.
Eine pentamere Form war bei pH-Werten von 6,0 und
7,0 zu finden, wahrend eine hexamere bei pH-Werten
von 8,0 und 9,0 auftrat (Abb. 5). Anhand von
Zirkuldrdichroismus(CD)-Spektren konnten wir zei-
gen, dass MRJP1 ein sehr stabiles Protein ist (Abb.
6). Eine B-Faltenstruktur war mit 38,3% die liberwie-
gende Proteinstruktur in MRJP1 (Einsatz in Abb. 6).
Entfaltungskurven, die mittels CD-Spektrenanalyse
bei unterschiedlichen Temperaturen aufgenommen
wurden, deuten ebenfalls auf hohe Stabilitdt bei
unterschiedlichen pH-Werten hin. Die Zugabe von
Kalziumionen fiihrte jedoch zu Konformationsander-
ungen, die MRJP1 fiir Temperatur- und pH-Effekte
anfillig mach-ten (Abb. 7). In der Gegenwart von
2 mM Kalzium lag die maximale Stabilitit bei pH
6,0, mit einem Im—Wert tber 87°C, AHm iiber
394 kI mol ' und AG® iiber 68 kJ mol '. Hohe
Tm—Werte von iiber 82°C, AH,, iiber 387 kJ mol—1
und AG® iiber 62 kJ mol—1 wurden auch bei pH 7,0
gefunden. Der Nach-weis der Expression des
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MRIJP1-Gens im Gehirn der Honigbiene deutet
darauf hin, das dieses Protein eine Rolle spielen
konnte, die iiber die der Nah-rungsfunktion hinaus-
geht. Die Ergebnisse dieser Studie stellen einen
Ansatz zur Struktur-Funktions- Charakterisierung
von MRJP1 dar, und derartige physikochemische
Daten koénnen zu einem besseren Verstindnis der
Funktionen dieses Proteins bei-tragen.

MRJP1 / Apis mellifera | Proteinstabilitit / Mas-
senspektrometrie / Zirkulirdichroismus
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