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RESUMO GERAL

Os metabdlitos secundarios sdao compostos que nao sao necessarios para a
sobrevivéncia do organismo, mas que apresentam-se relacionados com a interagao
do organismo com o seu ambiente. O presente trabalho estudou compostos do
metabolismo secundario através do estudo quimico e biolégico dos extratos e
fracbes Simaba maiana Casar. e a envolvimento dos genes candidatos (TPS10,
TPS14, CYP76C3 e CYP71B31) no metabolismo de monoterpendides em
Arabidopsis thaliana. Os extratos das raizes e caule de Simaba maiana foram
testadas em ensaios de atividade antioxidante, moluscicida, inibicdo da
linfoproliferacao, inibigdo da producao de NO, anti-Leishmania amazonensis e anti-
Trypanosoma cruzi. Os quatro genes candidatos (CYP76C3, CYP71B31, TPS10 e
TPS14) foram selecionados com o CYPedia, que calcula a co-expressao entre os
genes de Arabidopsis com base no Affymetrix ATH1 microarray. Os extratos e
fracbes de Simaba maiana mostraram uma baixa atividade antioxidante pelo método
do DPPH, baixas concentragcbes de fendis totais avaliados pelo método de Folin-
Ciocalteu, entretanto, uma boa atividade antioxidante pelo método de TBARS,
usando trés agentes de danos oxidativos (AAPH, FeSO, e H;0,). Os extratos
mostraram atividade moluscicida e citotéxica na concentracdo de 100 mg/mL. O
extrato bruto do caule ndo foi ativo para as atividades anti-Leishmania e anti-
Trypanosoma. Este extrato nao inibiu a producdo de NO, mas apresentou uma alta
porcentagem da inibicdo da linfoproliferagcao. O alcaléide furoquinolinico esquiamina
e a furanocumarina felopterina foram isolados da fragcao cloroférmica. Os genes
candidatos mostraram um similar padrdao de expressdo nos estames, mais
especificamente na parte superior dos filamentos. Na expressdao heteréloga
transitoriamente expressa em folhas de Nicotiana benthamiana, nos volateis de
TPS10 e TPS14 (sozinho) foram encontrados os enantibmeros R-(-)-linalol e S-(+)-
linalol. No tampao de extracdo de discos de folhas, verificou-se que CYP76C3
converte linalol em E-8-hidroxi-linalol e E-8-oxo-linalol, e CYP71B31 em 1,2-epoxi-
linalol. A analise do extrato metandlico dos discos foliares incubados em S-(+)-linalol
mostrou a utilizagcdo deste substrato por P450s convertendo para lilac alcool para
ambos os P450s. Analises de flores em plantas mutantes de Arabidopsis thaliana
mostraram pequenas diferencas, em que analises com extratos de flores frescas em
UPLC-MS/MS no modo MRM, foi encontrado um composto com a mesma assinatura
que linalol, no entanto, com tempo de retencao diferente e pode ser uma indicagao
de forma ligada do linalol.

Palavras-chave: Citotoxicidade. Dano Oxidativo. Moluscicida. Flores. Terpeno
Sintases.



GENERAL ABSTRACT

Secondary metabolites are compounds that are not necessary for the survival of the
organism, but which are to be related to the organism's interaction with its
environment. This work studied compounds of secondary metabolism through the
study of chemical and biological extracts and fractions Simaba Maiana Casar. and
the involvement of candidate genes (TPS10, TPS14, and CYP71B31 CYP76C3) in
the metabolism of monoterpenes in Arabidopsis thaliana. The extracts from roots and
stems of Simaba Maiana were tested in antioxidant activity, molluscicide, inhibition of
lymphocyte proliferation, inhibition of NO production, anti-Leishmania amazonensis
and anti-Trypanosoma cruzi. The four candidate genes (CYP76C3, CYP71B31,
TPS10 and TPS14) were selected with the CYPedia, which calculates the co-
expression between genes based on the Arabidopsis Affymetrix ATH1 microarray.
The extracts and fractions Simaba Maiana showed a lower antioxidant activity by
DPPH method, low concentrations of total phenols measured by Folin-Ciocalteu,
however, a good antioxidant activity by TBARS method, using three agents of
oxidative damage (AAPH, FeSO4 and H,0;). The extract showed cytotoxic activity
and molluscicidal concentration of 100 mg/mL. The crude extract of the stem was not
active for leishmanicidal and trypanocidal. This extract did not inhibit NO production,
but showed a high percentage of inhibition of lymphoproliferation. The skimmianine
furoquinoline alkaloid and pellopterin furanocoumarin were isolated from chloroform
fraction. The candidate genes showed a similar pattern of expression of the stamen,
more specifically the top of the filaments. Heterologous expression in transiently
expressed in leaves of Nicotiana benthamiana, in the volatiles of TPS10 TPS14
(alone) were found enantiomers R-(-)-linalool and S-(+)-linalool. In the extraction
buffer leaf discs were found that CYP76C3 converts linalool to E-8-hydroxy-linalool
and E-8-oxo-linalool, and CYP71B31 in 1,2-epoxy-linalool. The analysis of the
methanol extract of the discs incubated in S-(+)-linalool showed the use of this
substrate by P450s converting to lilac alcohol for both P450s. Analysis of flowers of
Arabidopsis mutants showed minor differences, analyzes with extracts of fresh
flowers in UPLC-MS/MS MRM mode, has been found a compound having the same
signature as linalool, however with different retention time and may be is an
indication of linalool bound.

Keywords: Cytotoxicity. Oxidative Damage. Molluscicide. Flowers. Terpene
Synthases.
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RESUMO

No Brasil € comum o uso de planta medicinais nativas para o tratamento de
doencgas. Os extratos de plantas sdo uma matriz complexa contendo centenas de
metabdlitos. Uma eficiente triagem dos extratos pode ser realizado através de um
controle biolégico e quimico realizado simultaneamente. O objetivo deste trabalho é
o estudo quimico e biolégico dos extratos e fragdes Simaba maiana Casar. Os
extratos das raizes e caule foram testadas em ensaios antioxidante, moluscicida,
inibicdo da linfoproliferagdo, inibicdo da producao de NO, anti-Leishmania
amazonensis e anti-Trypanosoma cruzi. Os extratos e fragdes apresentaram uma
baixa atividade antioxidante pelo método do DPPH, baixas concentracdes de fenodis
totais avaliados pelo método de Folin-Ciocalteu, entretanto, uma boa atividade
antioxidante pelo método de TBARS, usando trés agentes de danos oxidativos
(AAPH, FeSO4 e H,0,). Os extratos apresentaram atividade moluscicida e citotéxica
na concentragdo de 100 mg/mL. O extrato bruto do caule ndo foi ativo para as
atividades anti-Leishmania e anti-Trypanosoma. Este extrato n&o inibiu a produgao
de NO, mas apresentou uma alta porcentagem da inibicdo da linfoproliferagdo. O
alcaldide furoquinolinico e a furanocumarina felopterina foram isolados da fragao
cloroférmica.

Palavras-chave: Citotoxicidade. Dano Oxidativo. Moluscicida.



ABSTRAT

In Brazil is common the use of native medicinal plants to treatment of diseases. Plant
extracts are a complex matrix containing hundreds of metabolites. An efficient
screening of the extracts can be achieved by biological and chemical monitoring
performed simultaneously. The objective of this project is the chemical bioactivity of
extracts and fractions of Simaba maiana Casar. The roots and stem extracts were
tested in assays antioxidant, molluscicide, inhibition of lymphoproliferation, inhibition
of NO production, anti-Leishmania amazonensis and anti-Trypanosoma cruzi. The
extracts and fractions showed a low antioxidant activity by DPPH method, low
concentrations of total phenols measured by Folin-Ciocalteu, however, a good
antioxidant activity by TBARS method, using three agents (AAPH, FeSO4 and H;05)
that induce damage oxidation. The extracts showed molluscicidal and cytotoxic
activity in concentration of 100 mg/mL. The crude extract of the stem was not active
in testing leishmanicidal and trypanocidal. This extract did not inhibit NO production,
but have a high percentage inhibition of lymphoproliferation. The skimmianine
furoquinoline alkaloid and pellopterin furanocoumarin were isolated from chloroform
fraction.

Key-words: Cytotoxicity, damage oxidation, molluscicidal.
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1 INTRODUGAO

O Homem ocupa um lugar especial na natureza pela sua enorme capacidade
de sobreviver, adaptar-se e, principalmente, pela possibilidade de usar para sua

conveniéncia o ambiente que o cerca e a diversidade bioldgica nele contida.

A diversidade bioldgica ou biodiversidade pode ser definida como a variedade
e a variabilidade existentes entre organismos vivos e as complexidades ecoldgicas
nas quais elas ocorrem (GUERRA e NODARI, 2004).

Na diversidade biolégica, encontram-se o0s recursos genéticos, que
compreendem as espécies de plantas, animais e microrganismos, todos esses
componentes interagindo entre si e nos sistemas bioldgicos. Esta biodiversidade
exerce influéncia ao nivel de todos os componentes de um agroecossistema
(LABRADOR MORENO e ALTIERI, 1994).

Os recursos genéticos de forma geral, segundo Valois et al. (2001), possuem
interesse socio-econdmico real e potencial visando a utilizagdo em programas de
melhoramento genético, biotecnologia e outras ciéncias afins. Dessa forma, os
recursos genéticos podem ser considerados como um reservatorio no qual podem
ser encontradas solugdes para as diversas alteragdes ambientais pelas quais o
mundo estd passando; além de funcionar como matéria prima para o

desenvolvimento da humanidade.

O Brasil é o pais de maior biodiversidade do planeta que, associada a uma
rica diversidade étnica e cultural que detém um valioso conhecimento tradicional
associado ao uso de plantas medicinais, tem o potencial necessario para
desenvolvimento de pesquisas com resultados em tecnologias e terapéuticas
apropriadas (BRASIL, 2006). Os produtos da biodiversidade podem fornecer uma
ampla gama de produtos de importancia econdmica (GUERRA e NODARI, 2004),
entretanto tamanha a magnitude da biodiversidade brasileira que muito pouco foi

investigado.

A utilizacdo de plantas medicinais nativas no tratamento de enfermidades é
uma pratica exploratéria e largamente difundida no Brasil. A maioria das espécies
tem sido utilizada de forma extrativista e o crescimento da populagdo humana, com

a ocupacao de areas naturais, vém aumentando a pressao destrutiva sobre esta
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flora (ROSA e FERREIRA, 2001). No entanto, inumeras plantas que sao usadas em
preparacgdes fitoterapicas carecem de um maior controle de qualidade, uma vez que
a literatura cientifica indica que muitas destas podem apresentar substancias toxicas

ou composicao quimica variavel (CAPASSO et al., 2000).

Considerando o metabolismo secundario, os vegetais produzem uma gama
de substdncias (e.g., alcaldides, flavondides, terpenos) que, além de
desempenharem funcgdes fisioldgicas, resultam em interacbes entre plantas e
animais. Estas substancias quimicas séo de grande importancia na adaptacao das
espécies e na organizacdo de comunidades vegetais (SILVA, 2004). Os metabdlitos
secundarios sao o resultado da especializagao celular e suas manifestagdes durante
certas fases do desenvolvimento do organismo produtor se devem a expressao
diferencial dos genes (GOTTLIEB et al., 1996).

Todas as plantas produzem metabdlitos secundarios, que variam em
qualidade e quantidade de espécie para espécie, até mesmo na quantidade dos
metabdlitos de um local de ocorréncia ou ciclo de cultivo para outro, pois muitos
deles tém sua sintese desencadeada por eventuais vicissitudes as quais as plantas
estdo expostas (e.g., estresse hidrico). Essa variagcdo de compostos nas plantas
pode estar relacionada a fatores genéticos, ecoldgicos e fisiologicos (BROWN
JUNIOR, 1988).

Os extratos vegetais constituem uma matriz bem complexa contendo
centenas de metabdlitos, que diferem em seus parametros fisico e
espectroscopicos. Por isso uma eficiente deteccdo e rapida caracterizagdo tém
papel fundamental na pesquisa de produtos naturais biologicamente ativos. Muitas
vezes as propriedades das plantas sao relatadas pela populagdo, as quais sao
confirmadas em sua maioria nos estudos cientificos, comprovando a importancia da
pesquisa etnofarmacoldgica (NOLDIN, 2005). Uma triagem eficiente dos extratos é
alcancada através do monitoramento bioldogico e quimico realizados

concomitantemente.

A analise organica instrumental tem permitido avangos significativos do
conhecimento em areas da quimica, bioquimica e farmacologia, a nivel académico e
tecnolégico. O desenvolvimento de novos equipamentos, de sistemas de programas
de gerenciamento de dados e a expansao das possibilidades de aplicagdo de

técnicas analiticas tem subsidiado o uso da analise organica instrumental na area
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biotecnolégica, com reflexos diretos e imediatos sobre a qualidade da informagao

gerada.

A utilizacdo cada vez mais acentuada de produtos como farmacos,
agroquimicos, cosmeticos, corantes e muitos outros, requerem uma completa
investigacdo da seguranca e eficacia, uma vez que tem crescido o numero de
evidéncias acerca da associacao entre a exposi¢cao a determinados agente quimicos
e uma serie de doengas e alteragbes metabdlicas prejudiciais a saude humana
(RIBEIRO et al., 2003; VARANDA, 2006). Embora a medicina moderna esteja bem
desenvolvida na maior parte do mundo, a OMS reconhece que grande parte da
populagdo dos paises em desenvolvimento depende da medicina tradicional para
sua atencgao primaria, tendo em vista que 80% desta populagao utilizam praticas
tradicionais nos seus cuidados basicos de saude e 85% destes utilizam plantas ou

preparagdes destas com a mesma finalidade (BRASIL, 2006).

As plantas medicinais vém sendo utilizadas por um publico cada vez maior e
vem recebendo incentivo da Organizacdo Mundial da Saude (OMS), que
recomendou aos paises membros que desenvolvessem pesquisas visando o uso da
flora com propdsitos terapéuticos (CASTRO et al., 2004). Em 2006, foram aprovados
documentos de suma importancia que norteiam aspectos de toda cadeia produtiva
dos fitoterapicos no pais, bem como seu uso como terapéutica oficial, dentre os
quais, se destacam a Politica Nacional de Plantas Medicinais e Fitoterapicos
(BRASIL, 2006). No ambito da Fitoterapia essa politica tem por objetivo garantir a
populagao brasileira 0 acesso ao uso racional das plantas medicinais, promovendo o
uso da biodiversidade, o desenvolvimento da cadeia produtiva e a sustentabilidade

da industria nacional.

Esse grande crescimento do uso das plantas medicinais é devido a estudos
biolégicos e quimicos que comprovem a eficacia das plantas utilizadas. Assim, a
importancia das plantas medicinais relaciona-se a sua contribuigdo como fonte
natural de farmacos e por proporcionar grandes chances de obter-se uma molécula
protétipo (com mecanismo de acao inovador) devido a diversidade de constituintes
presentes nestas (YUNES et al., 2001).

De acordo com Rosa (2000), o progresso da fitoterapia e a obtencao de

fitofarmacos dependem do acesso facilitado a plantas produtoras de substancias
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biologicamente ativas, mas tendo cautela na utilizagcdo desses, pois muitos deles

necessitam de estudos mais detalhados sobre seus efeitos.

Normalmente sd&o poucos os produtos de origem vegetal que possuem
atividade farmacoldgica que foram isolados de extratos de plantas, mais escassos
ainda sao os estudos in vivo e in vitro de extratos derivados de plantas do Brasil,
considerando a enorme biodiversidade oferecida pela nossa flora (KELLOFF et al.,
2000).

Na regiao Nordeste, existe um predominio de caatingas, associadas a
carrascos e mata de altitude (matas de brejo), além de areas de cerrado e de campo
rupestre, mata atlantica e vegetagao costeira, entre outras. Este cenario ocupa 18 %
do territério nacional (1.558.196 km2), onde vivem mais de 49 milhdes de habitantes,
dos quais, 27,2 milhdes habitam a area rural (IBGE, 2012). A importancia de se
estudar esses agroecossistemas, visa nao somente o conhecimento de seu perfil
quimico e a descoberta de novas substancias uteis ao homem, mas também a sua
preservacao (PINTO et al., 2002; GUARIM NETO e MORAIS, 2003).

Diante do exposto, o interesse em estudar a Simaba maiana Casar. é
fundamentado pelo o uso em grande escala por parte da populagdo nordestina

dessa espécie para fins medicinais.
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2 CARACTERIZAGAO BOTANICA

Com distribuicdo pantropical, a familia Simaroubaceae familia de plantas
(ordem Sapindales, subclasse Rosidae, classe Magnoliopsida), compreende 32
géneros, onde os representantes sdo lenhosos, arbustos ou arvores cujas folhas

alternas compostas ou inteiras, com ou sem espinhos. (JOLY, 1998).

De acordo com Saraiva et al. (2011), a familia Simaroubaceae esta
relacionada botanicamente com Rutaceae, Meliaceae e Burseraceae, porém dentro
desse grupo, ela encontra-se mais proxima a familia Rutaceae no que se refere a
composi¢ao quimica, anatomia da madeira, auséncia de vasos condutores de resina

na casca do caule e presenca de estames livres em suas flores.

As espécies da familia Simaroubaceae sao conhecidas por suas propriedades
medicinais, onde sao utilizadas tradicionalmente para tratamento da malaria, anti-
helminticos, antitumorais, obesidade, disturbios gastrointestinais, antiinflamatéria,
antineoplasica e antiespasmaodica (TOMA et al., 2002; MUHAMMAD et al., 2004)

Os constituintes quimicos comuns encontrados em espécies do género
Simaba sao quassindides (i.e., triterpenos) e alcaldides, que provavelmente sao
responsaveis pela atividade antineoplasica, antimalarica, citotoxica, antipirética,
antilllcera, estimulante do sistema nervoso central, antiinflamatéria, estimulante da
propulsdo intestinal e antiespasmoédica (CABRAL et al.,, 1993; GRUPTA, 1995;
MARCELLO et al.,, 2002a e b; MORETTI et al.,, 1994; POLONSKY et al., 1998;
SARAIVA, 2004; OZEKI et al., 1998; WANI et al., 1978).

A Simaba maiana Casar. é conhecida na regiao Nordeste, mais precisamente
no semi-arido baiano, como “pau-pra-tudo®, “pra tudo“ ou “para tudo®; sendo

utilizada, pela populagdo, como solugéo para todos os males segundo a tradigéo.
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3 SUBSTANCIAS FENOLICAS E ATIVIDADE ANTIOXIDANTE

As substancias fendlicas sdo originados do metabolismo secundario das
plantas, sendo essenciais para o seu crescimento e reproducdo, contribuirem na
pigmentacdo, podem se formar em condicdes de estresse (e.g., infecgdes,
ferimentos, radiagdes UV), atuam como agente antipatogénico e em alimentos, séo
responsaveis pela cor, adstringéncia, aroma e estabilidade oxidativa (NACZK e
SHAHIDI, 2004).

As substancias fendlicas sdo largamente distribuidos na natureza e sao
encontrados em todo reino vegetal. Alguns grupos podem estar localizados em uma
s6 espécie. Quimicamente, os fendlicos sado definidos como compostos que
possuem anel aromatico com um ou mais substituintes hidroxilicos, incluindo outros
grupos funcionais (LEE et al., 2005). Existem cerca de cinco mil fendis, que estao
divididos em flavondides (antocianinas, flavondis e seus derivados) e acidos
fendlicos (acidos benzéico, cinamico e seus derivados) e cumarinas (KING e
YOUNG, 1999; NACZK e SHAHIDI, 2004).

Figura 01 Exemplo de algumas substancias fendlicas.
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Fonte: Autor, 2012.
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Os fendlicos englobam desde moléculas simples até moléculas com alto grau
de polimerizagcdo. Devido as suas estruturas quimicas heterogéneas, podem ser
encontrados nas formas livres ou conjugados, podendo estar ligados a uma grande
variedade de compostos naturais como a glicose, xilose e ramnose, por meio e
ligacdes glicosidicas, o que aumenta ainda mais a sua variedade (BRAVO, 1998;
PICCIN, 2004). A sintese das substancias fenodlicas pode ocorrer através de duas
rotas biossintéticas: pela via do acido chiquimico, a partir de carboidratos, da qual se
originam os fenilpropandides; ou pela via do acetato-malonato que inicia com acetil-
coenzima A e malonil-coenzima A e produz fendlicos simples, dos quais se originam
os flavondides e seus derivados (CARVALHO et al., 2004). Na familia dos fendlicas
pouco distribuidos na natureza, encontra-se um numero bem reduzido, embora com
certa frequéncia que sado os fendis simples, o pirocatecol, a hidroquinona e o
resorcinol. Pertencem ainda a esta familia os aldeidos derivados dos &cidos
benzdicos, que sao constituintes dos 6leos essenciais, como a vanilina (SOARES,
2002).

Os antioxidantes podem ser divididos de acordo com a atividade enzimatica
em duas classes: antioxidantes com atividade e sem essa atividade. Na primeira,
estdo os compostos capazes de bloquear a iniciagdo da oxidagcdo, ou seja, as
enzimas que removem as espécies reativas ao oxigénio. Na segunda classe, estao
moléculas que interagem com as espécies radicalares e sdo consumidas durante a
reacao. Nesta classificacao, incluem-se os antioxidantes naturais e sintéticos como
as substancias fendlicas (MOREIRA e MANCINI-FILHO, 2004). Esses compostos
encontram-se largamente em plantas e formam um grupo muito diversificado de

fitoquimicos derivados de fenilalanina e tirosina (figura 02).

Figura 02 Estruturas da fenilanina (esquerda) e L-tirosina (direita).

H
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Fonte: Autor, 2012.
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De acordo com seu modo de acgao, os antioxidantes, podem ser classificados
em primarios e secundarios. Os primarios atuam interrompendo a cadeia da reagao
através da doacao de elétrons ou hidrogénio aos radicais livres, convertendo-os em
produtos termodinamicamente estaveis e/ou reagindo com os radicais livres,
formando o complexo lipidio-antioxidante que pode reagir com outro radical livre. Os
antioxidantes secundarios atuam retardando a etapa de iniciagdo da autoxidagao
(SHAHIDI, et al., 1992), por diferentes mecanismos que incluem complexagao de
metais, sequestro de oxigénio, decomposicao de hidroperdxidos para formar espécie
nao radical, absor¢cao da radiacéo ultravioleta ou desativagao de oxigénio singleto
(ADEGOKE et al., 1998).

Os antioxidantes fendlicos interagem, preferencialmente, com o radical peroxil
por ser este mais prevalente na etapa da autoxidagéo e por possuir menor energia
do que outros radicais, fato que favorece a abstracdo do seu hidrogénio (BRANCO,
2011; DECKER, 1998). O radical fenoxil resultante, embora relativamente estavel,
pode interferir na reacdo de propagacao ao reagir com um radical peroxil, via
interacdo entre radicais. O composto formado, por acdo da luz ultravioleta e
temperaturas elevadas, podera originar novos radicais, comprometendo a eficiéncia
do antioxidante, que é determinada pelos grupos funcionais presentes e pela
posicao que ocupam no anel aromatico, bem como, pelo tamanho da cadeia desses
grupos (SHAHIDI et al., 1992).

Este mecanismo de agdo dos antioxidantes, presentes em extratos de
plantas, possui um papel importante na redugdo da oxidacao lipidica em tecidos,
vegetal e animal, pois quando incorporado na alimentagdo humana nao conserva
apenas a qualidade do alimento, mas também reduz o risco de desenvolvimento de

patologias.

Os produtos naturais sao utilizados no controle e tratamento de diversas
doencgas cronicas e na prevengao de inumeras patologias associadas ao aumento
de metabdlitos oxi-redutores chamados de radicais livres (CALABRESE et al., 2007).
Os radicais livres sdo favorecidos em sua sintese por varios fatores, dentre eles, a
poluicdo ambiental, a radiagao ultravioleta, infravermelho e ionizante, a ma nutrigao
e o exercicio fisico (ARAUJO et al., 2006; SCHRODER e KRUTMANN, 2005).

Alguns estudos sugerem que o aumento exacerbado de radicais livres,

espécies reativas de oxigénio (EROs) e as espécies reativas ao nitrogénio (ERNs)
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com consequente reducdo dos niveis antioxidantes gera um quadro organico
conhecido como estresse oxidativo (SMOLKA, et al., 2000; JI, 1995). Muitas
evidencias tem apontado os radicais livres e outros oxidantes como os grandes
vildes pelo envelhecimento e pelas doengcas degenerativas associadas ao
envelhecimento, como cancer, doengas cardiovasculares, catarata, declinio da
atividade do sistema imune e disfungbes cerebrais; uma vez que o disturbio entre a
formagdo e a remocdo de EROs e ERNs sido associadas a esse processos
patolégicos (ATOUI et al., 2005, HERMES-LIMA e STOREY, 1998; PAWLAK et al.,
1998).

Os radicais livres formam-se em condigbes fisioldgicas em proporgoes
controladas pelos mecanismos defensivos celulares. O estresse oxidativo ocorre
quando ha falta de um equilibrio dinAmico entre a produgcdo de oxidantes e a

concentracao de defesas antioxidantes, levando a danos celulares.

Dentre as ERNs incluem-se o 6xido nitrico, 6xido nitroso, acido nitroso,
nitritos, nitratos e peroxidonitritos. O O, envolvido no processo respiratorio, em
certas condigdes no organismo, pode ser transformado em anion superoéxido, radical
hidroxil, oxigénio singleto e peroxido de hidrogénio. Todas essas variagdes estao,
muitas vezes, associadas a circunstancias patologicas, incluindo reacgdes
inflamatorias. Entretanto, também podem estar relacionadas a processos

fisiolégicos, como a resposta imune.

Estas formas de oxigénio sao altamente prejudiciais para os constituintes
celulares, incluindo o DNA, os lipidios, acidos graxos e proteinas (ALVES et al.,
2010; STORZ et al., 1987; WOLFF et al., 1986). O oxigénio atmosférico é o principal
agente responsavel pela deterioragdo de materiais organicos e alimentos expostos
ao ar. Diversas classes de moléculas sdo susceptiveis ao ataque de O, e acabam
formando hidroperdxidos. Tais hidroperdxidos contribuem para a deterioragcdo e

disfungao em células e membranas celulares (LARSON, 1988).
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4 ALCALOIDES

Sao compostos nitrogenados, biologicamente ativos, encontrados em plantas
(com maior ocorréncia em angiospermas), animais marinhos e fungos. Os alcaldides
que possuem um atomo de nitrogénio em um anel heterociclico sdo considerados
como alcalodides verdadeiros e sao classificados segundo o sistema anelar presente
na molécula (HENRIQUES et al., 2004).

A presenca de alcaldides esta relacionada a uma gama de atividades
biolégicas como antimalarica, antitumoral, antiviral, tratamento do mal de Alzheimer,
dentre outros (CARDOSO-LOPES et al.,, 2010; HENRIQUES et al., 2004). Os
alcaloides tropanicos atropina e escopolamina s&o utilizados para diminuicido de
colicas provocadas por calculo renal, espasmos brénquicos, gastro-intestinais e

como anestésicos locais (BACCHI, 2004).

O alcaldide mais conhecido € a cocaina, encontrada, por exemplo, em
Erythrxylon coca Lam. Var. Ipadu Plowman, que ocorre no oeste da Amazénia,
sendo cultivada e utilizada por grupos nativos do Peru, Brasil e Coldbmbia (BACCHlI,
2004). A cocaina pode ser absorvida por todas as membranas e mucosas, aplicada
localmente atua como anestésico local e € um estimulante potente do sistema

nervoso central.
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5 Cumarinas

As cumarinas sdo compostos amplamente encontradas em plantas, fungos e
bactérias. Dentre as familias mais citadas na literatura pelo conteudo de cumarinas
estdo: Apiaceae, Asteraceae, Fabaceae, Oleaceae, Moraceae e Thyneleaceae
(KUSTER e ROCHA, 2004).

As cumarinas tém a sua origem biossintética no acido p-hidroxi-cinamico (p-
cumarico) (ALBACI et al., 2008). Esses compostos possuem grupos di-hidroxilados
em posicao orto, como a escopolentina, e sdo poderosos inibidores da peroxidagao
lipidica, além de eliminarem o anion radical superdoxido e quelarem os ions ferro.
Sao compostos que absorvem fortemente a energia da regiao do ultravioleta (UV) e

sao altamente reativas sob incidéncia de luz (300-400 nm).

As furanocumarinas dos frutos de Ammi visnaga (L.) Lam. (Apiaceae), planta
encontrada nos paises do mar Mediterraneo sao as mais conhecidas sob o ponto de
vista medicinal, sendo a quelina, o principal representante com agao vasodilatadora
e broncodilatadora (KUSTER e ROCHA, 2004). Devido a essa atividade
vasodilatadora, essas furanocumarinas tém sido utilizadas no tratamento da
impoténcia masculina. Elas estdo ainda relacionadas com o tratamento de doengas
cutaneas (e.g., psoriase) associado a exposi¢ao a radiacao ultravioleta, de maneira
a induzir a pigmentacdo da pele. Entretanto, as furanocumarinas, como a grande
maioria das cumarinas, ao absorver um féton, formam um estado tripleto excitado,
que pode reagir com moléculas como bases pirimidicas ou com oxigénio no estado
fundamental, formando o oxigénio singleto ou radicais toxicos (e.g., radicais
superoéxido e hidroxi) que sao potencialmente causadores de mutacdes em DNA,

polimeros e lipidios.
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6 DOENCAS NEGLIGENCIADAS

Doencgas negligenciadas sdo doengas que nao so prevalecem em condi¢cdes
de pobreza, mas também contribuem para a manutencdo do quadro de
desigualdade, ja que representam forte entrave ao desenvolvimento dos paises
(e.g., dengue, doenga de Chagas, esquistossomose, hanseniase, leishmaniose,
malaria e tuberculose) (BRASIL, 2010a). Segundo dados da Organizagdao Mundial
de Saude, mais de um bilhdo de pessoas estdo infectadas com uma ou mais
doencgas negligenciadas (BRASIL, 2010a). A cada dia, cerca de trés mil pessoas
morrem no mundo vitimas destas doengas. Um dos motivos para esse numero
elevado de oObitos é a falta de ferramentas adequadas para o diagnédstico e

tratamento destas doencas.

Dentre as doengas mais negligenciadas esta a esquistossomose. De etiologia
infecciosa parasitaria, € causada por um trematédeo do género Schistosoma que
vive na corrente sanguinea do hospedeiro definitivo, o homem. E a mais grave forma
de parasitose por organismo multicelular, matando centenas de milhares de pessoas
por ano em todo o mundo. A transmissao da doenca depende da existéncia de
hospedeiros intermediarios, os caramujos. No Brasil, as trés espécies envolvidas na
transmissao da doenga sao Biomphalaria glabrata, Biomphalaria straminea e

Biomphalaria tenagophila, por ordem de importancia (BRASIL, 2005).

A busca por um controle quimico malacoldgico sintético e/ou extratos vegetais
€ constante. Os produtos ideais devem ser eficazes em baixas concentracoes, ter
baixo custo, ndo ser toxico ao homem, aos outros animais e plantas, além de ser de

facil manipulacao.

Além do tratamento dos pacientes infectados e de medidas educacionais
voltadas para a populagédo, uma forma de evitar a transmissdo da esquistossomose
€ através do controle do vetor caramujo. Hoje, apenas a niclosamida encontra-se
disponivel comercialmente para uso em programas de controle, mas possui alto
preco, custo operacional dispendioso e provoca danos ao ambiente (BRASIL,
2010b).

Outro grande problema de saude publica € a doenga de Chagas ou

Tripanossomiase Americana. A patologia € uma das consequéncias da infecgao
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humana produzida pelo protozoario flagelado Trypanosoma cruzi. O T. cruzi
apresenta um ciclo de vida complexo e de varias fases, com diferentes estagios de
desenvolvimento em diferentes hospedeiros. Esse protozoario apresenta-se sob as
formas flagelada (epimastigota e tripomastigota) e a aflagelada (amastigota). As
formas habituais de transmissdo para o homem sao: vetorial, através do contato do
homem suscetivel com as excretas contaminadas dos triatomineos (i.e. barbeiros ou
chupdes); transfusional, transplacentaria (congénita) e, mais recentemente, a
transmissao pela via oral, pela ingestdo de alimentos contaminados pelo T. cruzi
(BRASIL, 2005). O parasita invade diferentes células hospedeiras que parasitadas
se rompem, causando inflamacédo nos tecidos, o figado e o bagco aumentam de

volume, e o coragéao sofre dilatagao global (ALBARICI, 2006).

O T. cruzi infecta quase 150 espécies de 24 familias de mamiferos
domésticos e selvagens, incluindo os seres humanos. De acordo com a Organizagao
Mundial de Saude, a prevaléncia da doencga de Chagas é de 13 milhdes de casos. A
incidéncia anual € 200 mil casos em quinze paises latino-americanos. No Brasil, os
dados disponiveis (1995) indicam a infecgdo pelo T. cruzi em 4,2% da populagao
rural e 1,3% do total da populagdo do pais (BRENER e ANDRADE, 2000). As
condigdes precarias de habitacdo favorecem a disseminagao da doencga, sobretudo

em areas rurais.

Os farmacos mais usados no tratamento da tripanossomiase sdao compostos
nitro-heterociclicos nitrofuranos como nifurtimox e benznidazol, derivados
nitroimidazélicos comercializados pela Bayer e Roche, respectivamente. Sao
medicamentos utilizados na fase aguda, sem muitos resultados na fase crénica e
com sérios efeitos colaterais (MARQUES, 2006).

As leishmanioses, por sua vez, representam um conjunto de doengas com
importante espectro clinico e diversidade epidemioldgica, causadas por protozoarios
do género Leishmania. O protozoario € transmitido ao homem e outros mamiferos
por insetos vetores conhecidos como flebotomineos. O aumento elevado na taxa de
co-infecgdo em pacientes HIV positivos e o desenvolvimento de resisténcia dos
parasitos as drogas existentes tem aumentado a importancia desta doenca na saude
publica (LEANDRO e CAMPINO, 2003). De modo geral, essas enfermidades se
dividem em tegumentares, menos graves, que atacam a pele e as mucosas, e

viscerais, que atacam os orgaos internos, podendo levar a morte se nao tratadas. A
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Organizagdo Mundial da Saude estima que 350 milhdes de pessoas estejam
expostas ao risco, com registro aproximado de dois milhdes de novos casos das

diferentes formas clinicas ao ano (BRASIL, 2007).

O tratamento da doenca conta com doses diarias de injecbes de antiménio
pentavalente (como o antimoniato de meglumina e o estibogluconato de sédio ou
anfotericina B) durante 20-30 dias (MARQUES, 2006).
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7 IMUNOMODULADORES

Os organismos, diante do problema de destruir invasores infecciosos ou
componentes proprios desregulados e conservar suas células normais intactas,
desenvolveram um conjunto de mecanismos sensoriais e efetores mediados por
receptores que sao descritos como inatos e adaptativos. De acordo com Krensky et
al. (2005) a imunidade natural (ou inata) ndo requer exposi¢cao pregressa e tem
relativamente pouca especificidade, mas reage amplamente aos estimulos. A
imunidade adaptativa (ou adquirida) é especifica para cada antigeno, depende da
exposicao ou estimulagado por um antigeno e pode ser muito especifica. Os efetores
principais da imunidade inata sadao os granulocitos, complemento,
monadcitos/macrofagos, células natural killer, mastocitos e basdfilos; e os da

adquirida, os linfocitos B e T.

O impacto dos componentes do sistema imunolégico € enorme e as doencgas
imunoldgicas estdo aumentando em proporgdes epidémicas, existindo abordagens
inovadoras e agressivas no desenvolvimento de novos tratamentos. Entre essas
doencgas sao encontrados um grupo de disturbios auto-imunes como, por exemplo,
artrite reumatdide, diabetes melito tipo I, lupus eritematoso sistémico e esclerose
multipla; tumores sdlidos e neoplasias malignas hematoldgicas; doengas infecciosas;

asma e varios disturbios alérgicos (KRENSKY et al., 2005).

Imunomoduladores sao farmacos que podem alterar (exacerbar ou reduzir) a
resposta imune, modificando o curso das doencas. Dentre os imunomoduladores
estdo os imunobioldgicos (biolégicos), que podem ser definidos como: produtos
biolégicos derivados de seres vivos (e.g., humanos, animais, vegetais ou de
microrganismos) que podem ser utilizados na cura, prevencao e tratamento de
doencas em seres humanos. Ja as proteinas imunomoduladoras provocam uma
alteracao da resposta bioldgica do organismo a um determinado estado patoldgico.
Para Krensky et al. (2005), o grande segredo da imunomodulagao é indugado e a
manutencdo da tolerancia imune, ou estado ativo da impossibilidade de reacao

antigeno-especifica.

Assim, o objetivo desse trabalho foi o estudo fitoquimico e da atividade

antioxidante, citotoxica, moluscicida, inibitéria da produgédo de éxido nitrico, inibitoria
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de linfoproliferagdo, anti-Leishmania amazonensis e anti-Tripanosoma cruzi dos

extratos, fracbes de Simaba maiana Casar.
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8 MATERIAL E METODOS

8.1 Instrumentagao e procedimentos gerais

Para cromatografia em camada delgada (CCD), utilizou-se como fase
estacionaria silica gel 60 G com Fas4 ($=0,2 mm, Merck Kieselgel) em folhas de
aluminio, empregando-se como revelador solugdo de sulfato de cérico em acido
sulfurico concentrado e camara de radiagao ultravioleta nos comprimentos de onda
254 e 360 nm.

As separacdes cromatograficas em coluna aberta foram realizadas utilizando-
se gel de silica 60 (70-230 e 230-400 mesh-ASTM, Merck), Sephadex LH-20 (300-
1200 mm).

As separagdes por cromatografia liquida de alta eficiéncia (CLAE) em
condigdes semi-preparativas foram realizadas em aparelho Shimadzu, VP series,
equipado com detector UV/VIS Shimadzu SPDV-20AV, operando em comprimento
de onda de 254, 300 e 400 nm, uma bomba LC-20AP e um um injetor manual
Rheodyne 7125 (Cotati, USA) com "loop" de 2 mL. Utilizou-se como fase
estacionaria uma coluna RP-18 Shim-Pack PREP-ODS (H) (250 x 20 mm, 5 um),
utilizando-se bomba ternaria Shimadzu LC-20AD. Para as analises analiticas, foi
utlizado aparelho Shimadzu, VP series, equipado com um detector UV-VIS SPD-
10AV, operando em comprimento de onda de 300 nm, forno CTO 10AC VP, uma
bomba LC-6AD e um injetor manual Rheodyne 7125 (Cotati, USA), com "loop" de 2
ML, utilizando-se como fase estacionaria uma coluna analitica Shim-pack C-18 (150

X 4,6 mm, 5 um).

Os espectros de RMN "H e *C (1D e 2D) foram obtidos em espectrémetro
Bruker Avance (400 MHz para 'H e 100 MHz para '*C), utilizando-se CDCl; e MeOD

como solventes e TMS como padrao interno.

Os espectros |V foram registrados em espectrdmetro da marca Varian 660-

IR/FT-IR Spectrometer, através da técnica de ATR.

Nos ensaios realizados na Fiocruz foi utilizado espectrofotdbmetro SpectraMax
190, Molecular Devices, Sunnyvale, CA, EUA. Os ensaios realizados no Laboratério

de Farmacologia Antiviral e Celular da Universidade Federal de Alagoas foram
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realizados em espectrofotdbmetro de microplaca Thermo Scientific — Multiskan
Spectrum, e o ensaios realizados no Laboratério de Pesquisa em Bioquimica e
Quimica de Produtos Naturais da Universidade Federal de Sergipe, em

espectrofotometro UV BEL photonics,1105.

8.2 Solventes
Foram utilizados solventes (hexano, cloroférmio, acetato de etila, metanol e
agua) todos comerciais destilados no laboratério de Pesquisa em Recursos Naturais

da Universidade Federal de Alagoas.

Os solventes utilizados nos testes biolégicos foram de grau analitico e os
utilizados para as analises em CLAE com grau de alto grau de pureza . A agua
utilizada no preparo das solucgdes foi purificada em um sistema MILLI-Q (Millipore
Corporation). Os solventes deuterados CDCl;, CD3OD, da marca Aldrich foram

utilizados para preparacédo das substancias destinadas a analise de RMN 'H e >C.

8.3 Preparagao do extrato alcodlico

As raizes e caule da Simaba maiana Casar. (SMC) foram coletadas fora do
periodo da floragcdo no municipio de Itaguacu da Bahia, Bahia, Brasil. A planta foi
identificada comparativamente com um exemplar que esta registrado no Herbario da
Universidade Federal de Sergipe sob n° 0461. A segunda coleta ocorreu no
Povoado de Taquara, municipio de Morro de Chapéu (S11.555150°/W41.278312°),
Bahia, Brasil. Um espécime esta em fase de caracterizagao botanica no Herbario da
Universidade Federal do Recdncavo da Bahia sob a responsabilidade da bidloga

MSc. Simone Fiuza da Conceigao.

O material vegetal coletado foi colocado em estufa (modelo MA-037) a 37°C,
com renovagao e circulagao de ar por 48 horas até a completa desidratacdo. Depois
de seco o material vegetal (casca do caule, caule, casca da raiz ou raiz), foi reduzido
a po foi extraido com etanol por percolagao durante 72 h por 3 dias para cada parte
da planta. O solvente foi removido por destilagdo a pressao reduzida com o uso de

evaporador rotativo (BUCHI).
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Esquema 01 Obtenc¢ao do extrato bruto da casca de Simaba maiana Casar.

SMC caule
(6590 g)

Extracéo etanol (72 h 3x)

Residuo Extrato etandlico
(207,70 g)

Descarte

Quantificacédo de fendis totais

Fonte: Autor, 2012.
Testes bioldgicos

Esquema 02 Obtengao do extrato bruto da casca do caule de Simaba maiana Casar.

SMC casca do
caule
(1000 g)

Extracéo etanol (72 h 3x)

Residuo Extrato etandlico
(132,27 g)

Descarte Quantificagédo de fendis totais

Testes bioldgicos

Fonte: Autor, 2012. - Atividade antioxidante (DPPH e TBARS)



Esquema 03 Obtenc¢ao do extrato bruto da raiz de Simaba maiana Casar.

SMC raiz
(1300 g)
Extracéo etanol (72 h 3x)
i Extrato
Residuo etandlico
(39,77 9)

Descarte Quantificacdo de fendis totais

Fonte: Autor, 2012. Testes bioldgicos

- Atividade antioxidante (DPPH e TBARS)

Esquema 04 Obtenc¢ao do extrato bruto da casca da raiz de Simaba maiana Casar.

SMC casca da
raiz
(600 g)

Extracéo etanol (72 h 3x)

, Extrato
Residuo etandlico

(28,26 g)
Descarte

Quantificacdo de fendis totais

Fonte: Autor, 2012.
Testes bioldgicos

- Atividade antioxidante (DPPH e TBARS)

41
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8.4 Procedimentos cromatograficos com o extrato vegetal

O extrato vegetal foi submetido a um método sistematico de estudo que

consistiu em:

a) Processo de particao liquido-liquido, com solventes de polaridade

crescente, visando a obtengao de fragdes do extrato bruto.

b) Ensaios bioldgicos visando a localizagdo do principio ativo e selegao

do extrato com atividade bioldgica.

c) Cromatografia em coluna aberta, que dependendo da natureza do
extrato ou fracdo, foi usada com diferentes eluentes e/ou suportes,

seguida de cromatografia em camada delgada.
d) Cromatografia de exclusdo (SEPHADEX LH 20).
e) Filtragcao das fragdes obtidas com silica ativada .
f) Purificacdo em CLAE.

g) Caracterizagao estrutural dos compostos isolados.

8.4.1 Processo de partigao liquido-liquido

O extrato foi suspenso em uma solugdo MeOH/H,O (3:2) e submetido a
extragdo sucessiva com hexano (n-CeHis), cloroférmio (CHCI3), acetato de etila
(AcOET) e n-butanol (C4H100). O extrato etandlico e suas fases particionadas foram
submetidos a determinacao de fendis totais e avaliagao da atividade antioxidante in
vitro, moluscicida, citotdxica, avaliacdo da atividade inibitéria da produgédo de 6xido
nitrico, atividade inibitéria de linfoproliferacdo, atividade anti-Leishmania

amazonensis e anti- Tripanosoma cruzi.
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8.4.2 Isolamento dos compostos da fragcdo CHCI;

A fragdo CHCI; do caule de Simaba maiana Casar. (17,55 g) foi submetida a
fracionamento a vacuo em gel de silica (350 g) e eluida com CHCI;:MeOH,

fornecendo seis fragdes (Tabela 01).

Tabela 01 Fragoes obtidas do fracionamento em gel de silica da fragdo em CHCI;
(17,55 g) do caule de Simaba maiana Casar.

Fragoes Eluicao Massa; Rendimento
la CHCI; 100% 6,77 g; 38,58%
lla CHClI3:MeOH 5% 1,95 ¢g; 11,11%
llla CHClI3:MeOH 15 % 2,06 g; 11,74%
IVa CHClI3:MeOH 30 % 0,33 g; 1,88%
Va CHCl3:MeOH 50 % 0,32 g; 1,82%
Via MeOH 100 % 0,68 g; 3,87%

Fonte: Autor, 2012.

A fracao la (1 g) foi submetida a cromatografia de exclusdo em Sephadex LH-
20 em metanol. Foram obtidas 66 fracdes, que foram analisadas por CCD e
reveladas em sulfato cérico. As amostras de 38-47 (0,363 g) foram reunidas. A
purificacdo foi realizada por cromatografia liquida de alta eficiéncia (CLAE) com
comprimento de onda de 254, 300 e 400 nm. Utilizou-se como fase estacionaria uma
coluna semi-preparativa de fase reversa. O sistema de solventes utilizado consistiu
em uma mistura de agua:metanol (isocratico de 50%), com fluxo de 10 mL/min,

sendo o tempo total de analise de 30 min.

As 10 fragbes recolhidas foram posteriormente analisadas por CLAE, com
comprimento de onda de 300 nm, utilizando-se como fase estacionaria uma coluna
analitica de fase reversa. O sistema de solventes utilizado consistiu em uma mistura
de agua:metanol (sistema isocratico, com 60% de B) com fluxo de 1 mL/min, forno
temperatura de 30 °C, sendo o tempo total de analise de 30 min. As fragdes

semelhantes foram reunidas e concentradas em evaporador rotativo a 35 °C.
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Quatro fragdes foram consideradas como puras ou semi-puras. As fracdes
FC100.7a e FC100.7 apresentaram o0 mesmo tempo de retengao, foram reunidas e
denominadas FC2010 (27,8 mg). Apds a evaporacgao do solvente, foi formado um
sélido amorfo de cor amarela que foi encaminhado para analise de RMN 'H e *C
(1D e 2D). As fragdes FC100.5 (15 mg), FC100.6 (10 mg) se apresentaram como
puras em seus respectivos cromatogramas e apos evaporagao do solvente, como a
anterior, formaram um solido amorfo de cor amarela que foi encaminhado para
analise de IV e RMN 'H e "°C.

A fragéo (CHCI; 100% - tabela 01) (5,5 g) foi submetida a uma filtragdo em

silica (30 g), onde foram obtidas cinco fragdes (Tabela 02).

Tabela 02 Fragoes obtidas do fracionamento em gel de silica da fragao em CHCI; 100%
(5,5 g) proveniente da fragao em CHCI; (17,55 g) do caule de Simaba maiana Casar.

Fragoes Eluicao Massa; Rendimento
Ib CHCI; 100% 2,00 g; 36,36%
lIb CHCI3:AcOET 2% 0,53 g; 9,64%
b CHCI3:AcOET 5 % 0,44 g; 8%
Vb CHCI3:AcOET 30 % 0,37 g; 6,72%
Vb CHCI3:AcOET 50 % 0,16 g; 2,91%

Fonte: Autor, 2012.

A fracao lIb (CHCI;) foi selecionada para purificagdo em CLAE. Para cada
purificacdo foram utilizadas 170 mg de amostra. A purificacdo em CLAE foi realizada
com comprimento de onda de 300 nm. Utilizou-se como fase estacionaria uma
coluna semi-preparativa de fase reversa. O sistema de solventes utilizado consistiu
em uma mistura de agua:metanol (gradiente de 50% em B por 10 min, 60% por 10
min € 100% por 10 min), com fluxo de 10 mL/min, sendo o tempo total de analise de
30 min.

As 10 fragbes recolhidas para cada repeticdo, foram posteriormente
analisadas por CLAE, em um aparelho Shimadzu, CBM-20A, equipado com um
detector UV-VIS SPD-20AV, operando em comprimento de onda (I) de 300 nm, uma
bomba LC-6AD e um injetor manual Rheodyne 7125 (Cotati, USA), com "loop" de 2

ML. Utilizou-se como fase estacionaria uma coluna analitica de fase reversa Shim-
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pack C-18 (250 x 4 mm, 5 um). O sistema de solventes utilizado consistiu em uma
mistura de agua:metanol (sistema isocratico com 60% de B) com fluxo de 1 mL/min,
forno com temperatura de 30 °C, sendo o tempo total de analise de 30 min. Foram
selecionadas trés fragcbes FCO1 (18 mg), FC02 (9 mg) e FC0O3 (10 mg) com
aproximadamente o0 mesmo tempo de retencdo, que apos serem concentradas em
evaporador rotativo a 35 °C, apresentaram-se como cristais associado a um sdlido
amorfo de cor branca. O sélido que foi encaminhado para analise de IV e RMN 'H e
3C (1D e 2D).
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Esquema 5 Fluxograma completo da particao liquido-liquido, fracionamento e

isolamento dos compostos do extrato do caule de

Simaba maiana Casar.

SMC caule
(6590 g)
Extragdo etanol (72 h 3x)
Quantificagao de fendis totais
Tesfes biologicos
- Atividade antioxidante (DPPH e TBARS)
] Extrato - Citotoxica
Residuo etandlico - Moluscicida
- Inibigao da produgao de NO
(207,70 g) - Inibigao da linfoproliferagao
Descarte - Anti-Leishmania amazonensis
- Anti-Tripanosoma cruzi
Suspensdo em MeOH:H,0
(3:2) (197,46 g)
Extragdo hexano (5x 600 mL)
Extrato Extrato em
hidrometandlico hexano
(18,45 qg)
CHCI3 (56X 600 mL) Quantificacéo de fenois totais
Testes biologicos
- Atividade antioxidante (DPPH)
- Moluscicida
Quantificagéo de fendis totais - ~
‘Testes biologicos Extrat Extrato

- Atividade antioxidante (DPPH Xtrato em . .

e TBARS) cloroférmio hidrometandlico

- Moluscicida 19.90

- ) (19909 )
Filtracdo em silica |
(17,55 g) e ™ AcOET (5x 600 mL)
6 fracdes
~ - Extrat
Xtrato em
I ACOET " Extrtato, |'
larometanolico
Teste bioldgico (43,70 9)

- Atividadeantioxidante (TBARS) CHCI, 100%

(6,77 @)

Quantificagéo de fenois totais

Testes bioldgicos

Butanol (3x 300 mL)

- Atividade anfioxidante (DPPH

e TBARS)
- Moluscicida

Continua...

~

Extrato em Extrato
butanol hidrometandlico
(41,55 g) (29,85 q)

Quantificagéo de fenois totais
Testes bioldgicos

- Atividade antioxidante (DPPH)

- Moluscicida
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CHCI3; 100%

Filtracdo em silica 6.77
5.5 0) (6,77 9)
Sephadex LH 20 (1g)

CLAE C18

: FracGes 38-47

5 Fracbes (0,363 g)
CLAE C18
3x
CHCI3/AcOET2% %
(0,17g) FC2010, FC100.5 e FC100.6

CLAE C18

Isolamento das
substéncias:
FCR1, FCR02 e FCR3

Fonte: Autor, 2012.
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8.5 Quantificagao de fendéis totais — Método de Folin-Ciocalteu (FCR)

Os ensaios foram realizados no Laboratério de Bioquimica e Pesquisa em
Quimica de Produtos Naturais da Universidade Federal de Sergipe, em Sé&o

Cristévao-Sergipe, Brasil.

A determinacao do teor de fendis totais presentes nas amostras dos extratos
da espécie estudada foi feita por meio de espectroscopia na regidao do visivel
utilizando o método de Folin—Ciocalteu com modificagdes (SOUSA et al., 2007). Os
extratos (10 mg) foram solubilizados em metanol formando um volume final de 10
mL. Uma aliquota de 7,5 mL desta solugao foi transferida para um baldo volumétrico
de 50 mL; esta segunda solugao teve seu volume acertado novamente com metanol.
Uma aliquota de 100 pL desta ultima solugao foi agitada com 500 pL do reagente de
Folin-Ciocalteu e 6 mL de agua destilada por 1 min; passado este tempo 2 mL de
Na,CO3; a 20% foram adicionados a mistura e agitada por 30 s. Finalmente, a
solucao teve seu volume acertado para 5 mL com agua destilada. Apds 2 horas, a
absorvéancia das amostras foi medida a 750 nm utilizando-se cubetas de vidro, tendo

como “branco” o metanol e todos os reagentes.

O teor de F.T. (fendis totais) foi determinado por interpolagdo da absorvancia
das amostras contra uma curva de calibracdo construida com padrdes de acido
galico (20 a 380 ug/mL) e expressos como mg de EAG (equivalentes de acido
galico) por g de extrato. A Equagao da curva de calibragdo do acido galico foi C
=0,001A — 0,0194, onde C é a concentragcado do acido galico, A é a absorvancia a
750 nm e o coeficiente de correlacdgo R = 0,9918. Todas as analises foram

realizadas em triplicata.

8.6 Atividade antioxidante

Os ensaios foram realizados no Laboratério de Bioquimica e Pesquisa em
Quimica de Produtos Naturais da Universidade Federal de Sergipe, em Sé&o

Cristévao-Sergipe, Brasil.
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8.6.1 Ensaio quantitativo da atividade antioxidante — Método do radical DPPH (2,2
difenil-1-picril hidrazila)

Analise quantitativa da atividade antioxidante foi realizada segundo
metodologia encontrada na literatura (Brand-Williams et al., 1995, Sanchez-Moreno
et al., 1998 e Thomazzi et al., 2010), com algumas modificagdes, monitorando-se a
descoloracao do radical livre DPPH (2,2-difenil-1-picril-hidrazila) pela transferéncia
de elétrons das amostras, através da medida do decréscimo das absorvancias de
solugcbes de diferentes concentragbes. As medidas foram realizadas em
espectrofotbmetro, com o comprimento de onda de 515 nm e tendo como
substancias de referéncia (controles positivos), BHT (butil-hidroxitolueno) e acido

galico.

8.6.1.2 Curva de calibracdo do DPPH

Foram preparados 75 mL de solugdo estoque de DPPH em metanol na
concentracdo de 40 upg/mL, mantida sob refrigeracdo e protegida da luz. As
concentragdes foram de 1, 5, 10, 15, 20, 25, 30 e 35 ug/mL. A curva de calibragao
foi construida a partir dos valores da absorvancia a 515 nm com todas as solugdes,
medidas em cubetas de vidro com percurso optico de 1 cm e tendo como branco o
metanol. A equacgao da curva de calibracido do DPPH foi C=110,547-0,02804A, onde
C corresponde a concentragdo do DPPH no meio, A é a absorvancia medida no

comprimento de onda de 515 nm e o coeficiente de correlagcdo R=0,9983.

8.6.1.3 Leitura das medidas de absorvancia nas amostras

As solugdes estoque dos extratos de Simaba maiana Casar. € dos controles
positivos (500 ug/mL) em metanol foram diluidas nas concentragbées de 5, 10, 15,
20, 25 e 30 ug/mL. As medidas de absorvancia das misturas foram feitas em 515
nm, no tempo 1, 5 e 10 min e depois, a cada 10 min até completar 60 min (Sousa et
al., 2007). A mistura metanol e solugdo metandlica extrato foi utilizada como branco.
A partir da equacéo da curva de calibracdo e dos valores de absorvancia no tempo
de 60 min para cada concentracao testada foram determinados os percentuais de
DPPH remanescentes, calculado de acordo com Brand-Willians et al. (1995),
conforme a equacgao: %DPPHgrem = [DPPH]/[DPPH]1, x 100, onde [DPPH] Tt
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corresponde a concentracdo de DPPH no meio, ap6s a reagdo com extrato e
[DPPH]1, a concentragdo inicial de DPPH. A quantidade de antioxidante necessaria
para decrescer a concentragdo inicial de DPPH em 50% (IEsp), foi calculada
plotando 0 %DPPH rem no tempo de 60 min em oposicédo as concentragdes do
extrato. Os resultados foram expressos em pg/mL tdesvio-padrao. As absorvancias
em todas as concentragdes testadas no tempo de 60 min foram convertidas em
percentual de inibicdo (IP) determinada pela equacao: IP={[Abscontrole=(AbSamostra=
AbSpranco)]X100}/AbScontrole, €M que AbScontrole € @ absorvancia inicial da solugao
metandlica de DPPH e Absamostra € @ absorvancia da mistura reacional (DPPH +

amostra). Os resultados seréo expressos em % de inibigao.

8.6.2 Ensaio de Substancias Reativas ao Acido Tiobarbitdrico (TBARS)

O ensaio TBARS foi estimado pela quantificacdo da peroxidacao lipidica
induzida por geradores de radicais livres em gema de ovo usada como substrato rico

em lipideos.

A gema do ovo foi homogeneizada 1% (v/v) em PBS (tampao fosfato) (pH
7,4). 1 uL do homogenato foi acrescido de 100 uL dos extratos ou controles positivos
em diferentes concentragdes (5, 50, 100, 150 e 200 pg/mL) (SILVA, 2007). Para a
indugdo da peroxidacgao lipidica foram adicionados 100 pyL da solugdo do agente
indutor separadamente, AAPH (2,2’-azobis(2-amidinopropano)) (0,17 M), H20,
(peroxido de hidrogénio) (0,4 M) ou FeSO, (sulfato ferroso) (0,17 M). Foram
utilizados como antioxidante de referéncia (controles positivos), TROLOX (6-Hidroxi-
2,5,7,8-tetrametilchroman-2-acido carboxilico) e acido galico. A etapa reacional
ocorreu por 30 min a 37°C. Apds o aquecimento 500 pyL das amostras foram
centrifugados com 500 uL de TCA a 15% (acido tricloroacético) por 2000 g por 10
min. Uma aliquota de 500 uL do sobrenadante foi misturado com 500 yL de TBA
(acido tiobarbiturico) (0,67%) e aquecido a 95 °C por 30 min. Apds o aquecimento as
absorvancias das amostras foram mensuradas em espectrofotdmetro a 532 nm. Os

resultados foram expressos em % da atividade antioxidante.
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8.7 Teste de citotoxicidade

Os ensaios foram realizados por Dra. Roberta Costa Ferreira no Laboratério
de Farmacologia Antiviral e Celular da Universidade Federal de Alagoas, em

Maceid-Alagoas, Brasil.

Para avaliar a citotoxicidade do extrato bruto de Simaba maiana Casar. foi
utilizado o método dedeterminacédo da viabilidade celular por exclusdo do Azul de
Trypan (MASTERS, 2000; FRESHNEY, 2005).

As células (cérnea de ovinos) da garrafa de cultivo foram “dispersadas” com
tripsina-EDTA, centrifugadas, contadas e a concentragdo ajustada para 1x10°
cels/mL. A seguir foi depositado 100 pL da suspensao celular (1x10* células) em
cada poco de uma microplaca de 96 pogos que foi incubada por 24 horas a 37° C
em estufa com atmosfera umida com 5% de CO,, para formagdo da monocamada
celular. Apos este periodo, o meio foi substituido por 200 uyL de meio novo puro
(controle) ou contendo o extrato nas concentragdes (10, 50 e 100 ug/mL) e a placa
foi novamente incubada. Apds incubacgao de 48 horas, o meio foi desprezado, lavado
com PBS (tampéao fosfato) e as células foram “dispersas” com tripsina-EDTA (50
ML/pocgo). Apds 5 minutos em estufa, a tripsina foi inativada com 100 uL de MEM
(meio de cultivo) + 10% de SFB (Soro Fetal Bovino) e acrescentou-se uma aliquota
de 150 pl de Azul de Trypan (0,4%, Sigma- T 8154). Ap6s 10 minutos, as células
foram contadas em Céamara de Neubauer (100 células por pocgo). A viabilidade

celular representa o percentual de células ndo coradas.

8.8 Avaliacao da atividade moluscicida

Os ensaios foram realizados por MSc. Cenira Monteiro e a quimica Maria
Beatriz de Oliveira Farias no Laboratério de Bioensaios do Laboratério de Pesquisa
em Recursos Naturais da Universidade Federal de Alagoas, em Maceio-Alagoas,

Brasil.

Nos ensaios bioldgicos foram utilizados caramujos da espécie Biomphalaria
glabrata Say (Gastropoda, Planorbidae) criados em laboratério e descendentes de
exemplares, nao infectados por trematddeos, originarios da regiao do Barreiro de
Cima, zona periférica de Belo Horizonte, Minas Gerais, Brasil. Essa populagao

caracteriza-se por possuir 5% de exemplares albinos (SANTOS, 2005).
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Os caramujos foram mantidos em aquarios de vidro, a temperatura ambiente,
sistema de agua corrente e desclorada durante 8 horas, com uma mistura de terra,
areia e carbonato de calcio. Como alimento recebiam alfaces frescas (Lactuca

sativa).

O ensaio consistiu na imersao do caramujo adulto da espécie B. glabrata em
uma solucdo aquosa dos extratos e fragdes de SMC, nas concentracdes
apropriadas, e observagao por 96 horas, seguindo o protocolo da Organizagao
Mundial de Saude (OMS, 1994).

No teste preliminar, foram utilizados 3 caramujos por concentragdo em
duplicata. No bioensaio apurado, foram utilizados 5 caramujos por copo, mantendo
sempre a relacdo de 25 mL de solugcdo por caramujo, em que cada concentragao

(variando de 100 pg/mL a 5 ug/mL) foi testada em triplicata.

O extrato e fragdes que apresentaram atividade moluscicida (minima de 40%

a 100 pg/mL) foram utilizados nos ensaios apurados.

Paralelamente, foram realizados testes de controle branco, negativo e
positivo, respectivamente, com agua desclorada, DMSO (dimetil-sulfoxido) (0,1%) e

niclosamida a 3mg/mL.

A morte dos caramujos foi considerada pela auséncia de contragdes
musculares, descoloracao, liberacdo de hemolinfa e deterioracdo dos tecidos do
corpo. As desovas foram examinadas e contadas com o auxilio de um microscépio
estereoscopico, sendo consideradas mortas quando suas ceélulas tornavam-se

opacas ou desagregavam-se.

8.9 Avaliacido da atividade inibitéria da producdo de Oxido Nitrico (NO)

O bioensaio foi realizado pelo grupo da professora Dra. Milena Botelho
Pereira Soares no Laboratério de Engenharia Tecidual e Imunofarmacologia do
Centro de Pesquisas Gongalo Moniz da Fundagado Osvaldo Cruz (FIOCRUZ), em

Salvador-Bahia, Brasil.

Para avaliar o efeito do extrato bruto do caule de Simaba maiana Casar.
quanto a Inibicdo da producdo de oxido nitrico, foram utilizados macréfagos do

exsudato peritoneal de camundongos injetados com tioglicolato a 3% em salina (i.p.-
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intraperitoneal). Uma lavagem peritoneal, com meio de cultura DMEM (Minimum
Essencial Médium Eagle modificado - Sigma) suplementado com 50 pg/mL de

gentamicina, foi realizada apds um periodo de 4-5 dias da injegcao do tioglicolato.

As células do exsudato peritoneal permaneceram incubadas em placas de
cultura de 96 pocos (2x10° células/poco) durante duas horas em estufa Umida a
37°C e 5% de CO.. Ao final, os pogos foram lavados com meio DMEM para remogéao
das células nao-aderentes. As células aderentes foram estimuladas com LPS
(lipopolisacarideo — Sigma, EUA, lipopolysaccharides 0111:B4) (500 ng/mL ) e IFN-y
(interferon) (5 ng/mL) em meio DMEM completo, na presenga ou ndao do extrato
bruto do caule de Simaba maiana Casar. (100 pg/mL). O controle negativo consistiu
de células aderidas, DMEM completo, LPS (500 ng/mL) e IFN-y (5 ng/mL), e o
positivo apenas de células aderidas e DMEM completo. Apds 24 horas, 50 yL do
sobrenadante de cada pocgo foram coletados e transferidos para placas de 96 pogos
para avaliagdo da quantidade de nitrito através do método de Griess (DING et al.,
1988).

A reagao de Griess consiste na adicdo de 50 pyL do sobrenadante/pogo com
um volume igual do reagente de Griess (solugdo de sulfanilamida 1% e
dihidrocloreto naftiletileno diamina — NEED — 0,1% em H3PO4 a 0,3 M). A leitura das
placas foi feita imediatamente em espectrofotdmetro, e em comprimento de onda de
570nm.

8.10 Atividade inibitoria de linfoproliferagcao — Técnica da timidina tritiada

Os ensaios foram realizados pelo grupo da professora Dra. Milena Botelho
Pereira Soares no Laboratério de Engenharia Tecidual e Imunofarmacologia do
Centro de Pesquisas Gongalo Moniz da Fundagado Osvaldo Cruz (FIOCRUZ), em

Salvador-Bahia, Brasil.

Para avaliar a atividade inibitéria da linfoproliferacdo do extrato bruto do caule
de SMC, as células totais de bago de camundongo (BALB/c) foram cultivadas em
meio DMEM completo em placas de 96 pogos (4x10° por poco), na presencga ou nao
do extrato bruto do caule de SMC (100 ug/mL), e estimuladas com o mitdégeno

concavalina A (Con A — 1 ug/mL, Sigma Chemical Co., St Louis, MO, EUA) e lectina
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de origem vegetal (Canavalia ensiformis), com propriedade de estimular a ativagao

policlonal de linfécitos. Cada amostra foi testada em triplicata.

As células foram incubadas em estufa umida a 37°C em estufa com atmosfera
umida com 5% de CO,, para formagdo da monocamada celular. Apos 48 horas,
adicionou-se timidina tritiada (10 yL de H-timidina) e incubou-se novamente as
células em estufa sob as mesmas condigdes por 12 horas. Em seguida as células
foram coletadas para quantificacdo da radioatividade beta, através da comparacéao
da incorporacéao da timidina em culturas de células estimuladas com Con A somente,

ou em presenca do extrato vegetal.

8.11 Avaliacao da atividade anti-Leishmania amazonensis

Os ensaios foram realizados pelo grupo da professora Dra. Milena Botelho
Pereira Soares no Laboratério de Engenharia Tecidual e Imunofarmacologia do
Centro de Pesquisas Gongalo Moniz da Fundagado Osvaldo Cruz (FIOCRUZ), em

Salvador-Bahia, Brasil.

Para os testes, foram utilizadas formas promastigotas (i.e., flagelado
extracelular) de Leishmania amazonensis (MHOM/BR-125 Leila Strain) obtidas de
fase estacionaria de cultura axénica (i.e., live de contaminantes) em meio LIT (Liver
Infusion Tryptose) completo, enriquecido com soro bovino fetal a 10% e gentamicina
a uma concentragao final de 50 pg/mL. Os parasitas foram incubados na presenca
do extrato bruto do caule de SMC (100 pug/mL) em 96 pogos. Foram plaqueados
5x10° parasitas/poco, em volume final de 200 pL, sendo cada substancia avaliada

em triplicata.

Dois controles foram utilizados: um sem tratamento, consistindo apenas da
cultura dos parasitos em meio de cultura LIT completo, e um controle de leishmanias
tratadas com Anfotericina B a 25 ug/mL, droga com atividade leishmanicida e
tripanocida. Os parasitos foram incubados junto a droga por um periodo de 24 horas
a 26 °C. Ao final do processo foi adicionado MTT (Brometo de Sal de Tetrazolio - (3-
(4,5-Dimetiltiazol-2yl)-2,5-brometodfeniltetrazolio) Sigma Chemical Co., St. Louis
Mo.) e o material foi novamente incubado a 26°C por duas horas, apos esse periodo,
realizou-se a leitura das absorvancias em espectrofotdbmetro (Spectra Max 190,

Molecular Devices, Sunnyvale, CA, EUA) no comprimento de onda de 570 nm.
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A viabilidade dos parasitos foi avaliada com base no metabolismo do MTT,

sendo a mesma proporcional ao valor de absorvancia obtido.

8.12 Avaliacao da atividade anti-Trypanosoma cruzi

O ensaio foi realizado pelo grupo da professora Dra. Milena Botelho Pereira
Soares no Laboratério de Engenharia Tecidual e Imunofarmacologia do Centro de
Pesquisas Gongalo Moniz da Fundacédo Osvaldo Cruz (FIOCRUZ), em Salvador-

Bahia, Brasil.

Formas epimastigotas de T. cruzi (cepa Y) foram obtidas de cultura axénica
em meio de cultura LIT completo. Os parasitas foram inoculados em placas de 96
pocos em uma média de 10’ parasitas/pogo, em volume final de 200 uL. Foi
realizado um controle apenas com o parasita em meio de cultura LIT completo e

outro tratado com Anfotericina B a 25 pg/mL.

Os parasitos foram incubados por 24 horas a 26°C junto ao extrato bruto do
caule de SMC (100 pug/mL). Logo apds foi adicionado o MTT e novamente incubado
a 37 °C durante 3 horas, uma vez que o metabolismo desse sal demonstrou-se mais

intenso nessa temperatura. A leitura foi realizada a 570 nm em espectrofotémetro.

8.13 Analise estatistica
8.13.1 Atividade antioxidante

Os resultados expressos correspondem a média de trés repeticdes (n=3) +
desvio-padrao da média. Os valores encontrados foram submetidos a ANOVA
seguido pelo teste de Tukey. Todas as analises foram realizadas utilizando os

programas Microcal Origin, versao 8.0 e GraphPad Prism, versao 5.0.
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8.13.2 Teste de citotoxicidade

A viabilidade celular foi verificada da seguinte maneira:

Viabilidade celular (%) = células vivas x 100

células vivas + mortas

O valor células viaveis obtido foi calculado em relagcdo ao grupo controle
(100%). Os resultados foram avaliados e plotados em graficos. Cada experimento foi

realizado em triplicata.

Viabilidade do teste (%) = % de células vivas x 100

Viabilidade do controle (%)

8.13.3 Atividade moluscicida

As atividades moluscicidas, expressas em Concentracoes Letais (CLgy, CLso €
CL1p) foram determinadas a partir dos dados obtidos nos ensaios bioldégicos com
espécimes adultos de B. glabrata. Estas concentragcbes foram analisadas pelo

método dos probitos no Programa PROBITCF em linguagem BASIC.

8.13.4 Avaliagdo da atividade inibitéria da producdo de NO (Oxido Nitrico)

A porcentagem de inibicdo da producao de 6xido nitrico de cada amostra foi
determinada comparando os resultados obtidos com os resultados dos

sobrenadantes da cultura de células estimadas nao tratadas com drogas.

8.13.5 Avaliagao da atividade anti-Leishmania amazonensis

Os percentuais de atividade anti-L. amazonensis foram definidos comparando
os valores das absorvancias dos pogos incubados com os extratos e os valores do

controle nao tratado.
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8.13.6 Avaliagao da atividade anti-Trypanosoma cruzi

Os percentuais de atividade anti-T. cruzi foram determinados comparando os
valores das absorvancias dos pogos incubados com os extratos e o valor do controle

nao tratado.
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9 RESULTADOS E DISCUSSAO
9.1 Fitoquimica

9.1.2 Identificacdo das substancias

Os fracionamentos dos extratos de SMC realizados por técnicas
convencionais de cromatografia em coluna aberta ndo foram eficientes para o
isolamento de substancias; com isso, foi necessario o uso da cromatografia liquida

de alta eficiéncia.

Dentre as substancias isoladas FC100.5, FC100.6, FC2101, FCO01, FC02 e
FCO03 provenientes da fracdo CHCI3, ndo foi possivel chegar a identificacdo de duas
fracdes (100.5 e 100.6).

As substancias isoladas da fragcdo CHCIs/AcOET 2%, proveniente da fragdo
CHCI3, denominadas FC01, FC02 e FCO03, apos analises de RMN, apresentou os
mesmos sinais para 'H e "*C e assim, foram agrupadas e consideradas como uma

Unica substancia a FCO02.

9.1.2.1 Identificagdo do composto FC2010

A linear furanocumarina (sélido amorfo de coloracdo amarela) (Figura 06) foi
isolada da reunido das fragbes 38-47, provenientes da fragado CHCI; 100% da fragéao
cloroférmica do caule de Simaba maiana Casar. e sua estrutura foi determinada com
base nos espectros IV e RMN 'H e "*C (1D e 2D) e comparagdo com dados da
literatura (BERGENDOREFF et al., 1997; KANG et al., 2010).

Figura 06 Estrutura do composto isolado da reunidao das fragdoes 38-47, provenientes
da fragdo CHCI; do extrato do caule de Simaba maiana Casar.

Fonte: Autor, 2012.
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No espectro de RMN 'H do composto FC2010, quatro hidrogénios na regido
aromatica formaram um par de dois sistemas AB (H-3, 6 6,30, d, J=9,93 Hz e H-4, &
8,11, d, J=9,93 Hz; H-3, & 6,99, d, J=2,29 Hz e H-2’, § 7,64, d, J=2,29 Hz)

mostrando o tipico padrdo de uma furanocumarina linear.

A furanocumarina exibiu um sinal de hidrogénio relacionado a C4 que
apareceu em & 8,11, indicando a presenca de O-R em C5 (HENEKA et al., 2005 e
RAZDAN et al., 1987).

A presenca de um tripleto em & 5,60 (1H, J=7,55 Hz), de um dupleto em &
4,87 (2H, J=7,55 Hz), e dois simpletos em & 1,78 (3H) e & 1,70 (3H), sugeriu a

presenca de um grupo prenila em alguma posicgao.

O hidrogénio aromatico em & 7,60 — 7,96 (Marques, 2006) confirmou que o

composto FC2010 era substituido em C-8.

Os sinais observados no espectro de hidrogénio e carbonos (Figura 07 e 08)

foram comparados com a literatura, conforme ilustrado na Tabela 03.
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Tabela 03 Dados de RMN 'H e '™C (5, deslocamento quimico; J, Hz) para
furanocumarina.

FC2010

(400/100 MHz, CDCI3)

NIZAMUTDINOVA et al. BERGENDORFF et al. (1997)

H/C

8a

4a

3;

1u

2u

3u

4u

5u

Ome

& (ppm), J (Hz)

6,30 (1H, d, J=9,93)
8,11 (1H, d, J=9,93)

7,64 (1H, d, J=2,29)
6,99 (1H, d, J=2,29)
4,87 (2H, d, J=7,55)
5,60 (1H, t, J=7,55)
1,78 (3H, s)

1,70 (3H, s)

4,22 (3H, s)

5
(ppm)

160,58
112,80
139,42
144,36
114,65
150,83
126,92
144,39
107,61
145,14
105,08
70,39

119,88
139,65
25,82

18,08

60,79

(2008)
(250/63 MHz, CDCI3) (500/125 MHz, CDCI3)
s(pm), J(Hz)  °  s(ppm),J(Hz) °
(ppm) (ppm)
- 160,60 - 160,50

6,25 (1H,d, J=9,7) 112,70 6,24 (1H,d, J=10,0) 112,80

8,09 (1H,d, J=9,7) 139,30 8,17 (1H, d, J=10,0) 139,40

) 144,30 - 144,30
- 114,50 - 114,50
- 150,70 - 150,80
- 126,80 - 126,80
- 144,30 - 144,30
- 107,50 - 107,50

7,69 (1H, d, J=2,3) 14500 7,13 (1H,d, J=2,3) 145,10
6,96 (1H, d, J=2,3) 105,00 7,74 (1H,d, J=2,3) 105,00
4,81 (2H,d, J=7,3) 70,30 4,74 (1H,d, J=7,5) 70,40

557 (1H,t, J=7,3) 119,80 545 (1H,t, J=7,5) 119,80

- 139,50 - 139,70
1,71 (3H, s) 25,70 1,70 (3H, s) 25,80
1,67 (3H, s) 18,00 1,62 (3H, s) 18,00
4,14 (3H, s) 60,70 1,53 (3H, s) 60,70

Fonte: Autor, 2012.



Figura 07 Espectro de RMN 'H (400 MHz) do composto FC2010.
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A analise do espectro de RMN "*C (Figura 08) indicou a presenca de 17
carbonos, sendo de um de grupo metoxila, dois de grupos metila e um de grupo

metileno.

Figura 08 Espectro de RMN "*C (100 MHz) do composto FC2010.

FCR2010
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Fonte: Autor, 2012.

No experimento de COSY (Figura 09), observou-se as seguintes correlagoes:
o sinal em & 8,11 (H-4) com o sinal 6 6,30 (H-3); & 5,60 (H-2”) com o sinal 4,87 (H-
1), 61,70 (H-5") e 6 1,78 (H-2").
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Figure 09 Experimento de Cosy para o composto FC2010.
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Fonte: Autor, 2012.

Com base em todos os dados obtidos, juntamente com os dados da literatura
(Tabela 03), a substancia FC2010 foi identificada como a furanocumarina

felopterina.

A felopterina € um potente inibidor da ligacéo [°H] diazepan para o receptor
benzodiazepinico, inibe a produgcao de NO, nao é citotdxico, apresenta potencial
terapéutico para inflamagdes como arterosclerose, dentre outros (BERGENDORFF,
et al., 1997; KANG et al, 2010; NIZAMUTDINOVA et al., 2008).

9.1.2.2 Identificagcdo do composto FCR02

O alcaldide do tipo furanolinico (sdélido de coloragao branca) (Figura 10) foi
isolado da fragdo CHCI3/AcOET2%, proveniente da filtragdo em silica da fragédo
CHCI3100% da fragéo cloroférmica do caule de Simaba maiana Casar. A sua
estrutura foi determinada com base nos espectros de IV e RMN 'H e *C (1D e 2D) e
comparag¢ao com dados da literatura (PAULINI et al., 1998; MARQUES, 2006).
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Figura 10 Estrutura do composto isolado da fragdo CHCI;/AcOET2%, proveniente da
fragao CHCI; do extrato do caule de Simaba maiana Casar.

Fonte: Autor, 2012.

No espectro de RMN "H do composto FCR02 (Figura 11), observou-se sinais
de 4 hidrogénios, sendo dois deles referentes a hidrogénios aromaticos, e dois
hidrogénios referentes ao anel furanico, além de trés sinais de hidrogénios
caracteristicos de grupos metoxila. Assim, os hidrogénios em 0 4,02, 6 4,11 e 6 4,42
estdo substituidos nos carbonos da metoxilas nas posicoes C7, C8 e C4

respectivamente.

O sinal em & 8,01 (1H, d, J=9,25 Hz), foi atribuido ao H-5, que acopla com
uma constante em orto de J=9,25 Hz, com o hidrogénio H-6 (& 7,22, 1H, d, J=9,25
Hz). Os sinais em & 7,57 (1H, d, J=2,7 Hz) e & 7,03 (1H, d, J=2,7 Hz) foram
atribuidos aos hidrogénios H-2' e H-3’ respectivamente, pertencentes ao anel

furanico (Tabela 04).

Figura 11 Espectro de RMN 'H (400 MHz) do composto FCR02.

Fonte: Autor, 2012.
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Tabela 04 Dados de RMN 'H e *C (5, deslocamento quimico; J, Hz) para o alcaléide
furanolinico.

FCRO02

(400/100 MHz, CDCI3)

Paulini, et al. (1998)
(400/100 MHz, CDCI3)

Marques (2006)
(200/50 MHz, CDCI3)

H/C

7-

2
3
4
5a
5
6
7
8
8a
o
3
4-OCH3
OCH3;
8-OCHj;

6 (ppm), J (Hz)

8,01 (1H, d, J=9,25)

7,22 (1H, d, j=9,25)

7,57 (1H, d, J=2,7)
7,03 (1H, d, J=2,7)
4,42 (3H,s)
4,02 (3H, s)
4,11 (3H, s)

5 (ppm)
160,40
114,90
156,70
102,10
118,30
111,90
142,10
141,60
152,30
143,00
104,4
58,90
56,90
61,60

S (ppm)

7,99 (1H, d, J=9,0)
7,21 (1H, d, J=9,0)

7,56 (1H, d, J=3,0)
7,02 (1H, d, J=3,0)
4,41 (3H, s)
4,09 (3H, s)
4,01 (3H, s)

S (ppm)
152,19
114,88
157,26
102,05
118,14
112,15
142,03
141,39
152,19
143,02
104,62
58,99

56,82

61,66

S (ppm)

8,00 (1H, d, J=9,4)
7,22 (1H, d, J=9,4)

7,58 (1H, d, J=2,8)
7,05 (1H, d, J=2,8)
4,44 (3H, s)
4,11 (3H, s)
4,04 (3H, s)

S (ppm)
162,19
114,95
167,22
102,08
118,13
112,23
142,13
141,51
152,18
143,03
104,61
58,99

56,87

61,66

Fonte: Autor, 2012.

Assim, com base nos dados obtidos e com comparagdo com os dados da

literatura, a substancia FCRO02 foi

esquimianina.

identificado como o alcaldide furanolinico

O alcaldide esquimianina esta relacionado com atividade anti-colinesterasica,

possui efeito citotoxico, demonstrou uma potente atividade imunomoduladora frente
a Leishmania braziliensis (CARDOSO-LOPES et al., 2008; JANSEN et al., 2006;

SANTQOS, 2011).

9.2 Atividades biolégicas in vitro e in vivo

9.2.1 Avaliagdo da atividade antioxidante -
quantificacao de fendis totais — Método de Folin-Ciocalteu

Método do

radical

DDPH e

Os testes in vitro foram realizados através do método de doseamento

fotocolorimétrico do radical DPPH (de cor violeta) em um processo guiado pela

reducao e descoloragcédo do DPPH em solugao metandlica na presenca das amostras

(extratos, fracbes ou controles). A avaliagdo da reducao dos radicais DPPH pela

transferéncia de elétron proveniente da substancia que foi analisada. Durante o

tempo reacional (60 min), o descoloramento foi quantificado com leitura em

espectofotdmetro com o comprimento de onda de 515 nm.
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Os resultados da avaliagcdo quantitativa da atividade antioxidante (IP) do
extrato da casca da raiz, caule e suas fragbes em hexano, cloroférmio (CHCIs),
acetato de etila (AcOET), butanol, metanol/agua e dos controles positivos acido
galico e butil-hidroxitolueno (BHT) na concentragdo de 30 pg/mL no tempo de 60
min, determinada no ensaio com o radical livre DPPH (2,2-difenil-1-picril-hidrazila),

estao apresentados na Tabela 05.

Tabela 05 Atividade antioxidante da Simaba maiana Casar. (SMC) determinada
através da reducdo do radical livre DPPH e concentragdao de fenodis totais (F.T.)
determinada pelo Método de Folin-Ciocalteu

AMOSTRAS IP(%)* IC s F.T em mg EAG**/g extrato
SMC Casca da Raiz 46,74 36,13+1,70¢ 45,20+2,65"8
SMC Raiz 47,09 37,43+4,76¢ 41,87+5,698
SMC Casca do Caule 83,19 21,04+0,67bc 59,70+2,128
SMC Caule 28,33 46,37+5,66¢ 33,20+1,4178
Fracdo Hexanica 11,04 65,56+5,8° 20,87+0,58%
Fragdo CHCI; 44,94 35,74+3,26¢ 37,7046,36"8
Fracdo AcOET 46,24 32,86+2,51 46,53+5,03"8
Fragéo Butandlica 46,78 32,13+0,24* 49,20+8,49%8
Fragdo Hidrometandlica 24,80 42,953+2,71¢ 44,53+3,79"8
Acido Galico 96,24 6,81+0,112° X
BHT 96,21 2,62+0,362 X

Fonte: Autor, 2012.

IP e 0 IC50(30 pg/mL) do extrato foi calculado com o tempo de 60 minutos em ftriplicata.

**\/alores expressos em mg Equivalentes de Acido Galico (EAG)/g de extrato + desvio-padrao.
Valores indicados com a letra sao diferentes estatisticamente pelo teste de Tukey a p< 0,05.

SMC (Simaba maiana Casar.), BHT (Butil-hidroxitolueno), F.T. (Fendis Totais), Método de Folin-
Ciocalteu (FCR), IP (Atividade Antioxidante), IC50 (Concentracdo do Radical DPPH em 50%) e EAG
(Equivalentes em Acido Galico). As fracdes foram obtidas do extrato bruto do caule de SMC.

A fragdo em butanol, extrato SMC casca da raiz, fragdo AcOET e CHCI3 que
apresentaram maior atividade redutora do radical, com IP 46,78%, 46,74%, 46,24%
e 44,94% respectivamente, demonstrando que os extratos apresentaram um fraco
potencial redox-protetor uma vez que os valores de IP sdo inferiores a 50% e

quando comparados ao controle positivo acido galico com IP 96,24% e BHT 96,21%.

A quantidade de extrato necessaria para decrescer a concentragao do radical
DPPH em 50% (ICsp) (Tabela 1), variou entre 65,56+5,8 pg/mL (fragdo em hexano
do caule) e 21,04+0,67 pg/mL (extrato bruto da casca do caule). Ao se comparar 0s
valores das amostras com os encontrados para as substancias de referéncia acido
galico (6,8+0,11 ug/mL) e BHT (2,3+0,36 pug/mL), pode-se observar que os extratos

e fracbes de SMC avaliadas apresentaram uma fraca atividade, uma vez que quanto
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maior redug¢ao de DPPH por extrato ou fragao, menor sera o seu ICsp € maior a sua
atividade antioxidante (SOUSA et al., 2007).

Os resultados obtidos na determinagao dos fendis totais (FT) pelo método de
Folin-Ciocalteu, expressos como mg de EAG por g de extrato sdo apresentados na
Tabela 1. As concentragbes de FT encontradas (caule 59,70+2,12 a 20,87+0,58
mg/EAG/g de extrato) sdo consideradas baixas quando comparadas a dados de
outras espécies na literatura (SOUSA et al., 2007; KAHKONEN et al., 1999).

O comportamento da descoloragao do DPPH com os extratos, fracbes e com
os controles positivos (acido galico e BHT) na concentragdao de 30 ug/mL esta
descrito no grafico 01, através da curva dose resposta relativa ao decréscimo da
porcentagem remanescente de DPPH em fungao do tempo (min). Observou-se que
todos os extratos e fracbes apresentaram reagao lenta, atingindo somente cerca de
30% de consumo do DPPH no tempo de 50 minutos. Esses valores estao inferiores
aos encontrados com os dados de Souza et al. (2007) e Argolo et al. (2004) que

apresentam valores inferiores a 50%.

Grafico 01 Descoloragao da solugdo do DPPH com os extratos, fragcoes de Simaba
maiana Casar. e controles positivos (acido galico e BHT) determinada

espectrofotometricamente em 515 nm em solugido metandlica de DPPH de
concentragao 30 ug/mL.

100

90 -8~ SMC Caule bruto

80 -~ SMC Casca da Raiz bruto
70 - Fragéo CHCl;

60

-9~ Fracédo Acoet
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40 =8- Fragao Hidrometandlica
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Fonte: Autor, 2012.

A avaliacdo da capacidade redutora de radicais DPPH mostrou que os
extratos e fracbes de SMC apresentaram fraca atividade antioxidante, sendo as
fracdo em butanol, o extrato SMC da casca da raiz e as fragdes em AcOET e CHCI;

de maior atividade. Esse mecanismo de reduc¢ado de radicais livres como o DPPH
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envolve doacdo de hidrogénio. Baseado em dados da literatura é possivel inferir;
que a atividade antioxidante de extratos polares é dada pela presencga de substancia
com hidroxilas (HARBONE e WILLIAMS, 2001; MENSOR et al., 2001).

O extrato e fragbdes apresentaram a maior concentracdo de compostos
fendlicos, foram os que obtiveram os melhores valores de IP. Alguns estudos
(EINBOND et al., 2004; BANERJEEET et al., 2005; CHOI et al., 2006) relatam que
muitas atividades biologicas, assim como a antioxidante, sdo consequéncias do alto
teor de compostos fendlicos. Dessa forma, a concentracdo de compostos fendlicos
das amostras supracitadas esta relacionada aos melhores efeitos destas na

capacidade de sequestrar os radicais DPPH.

9.2.2 Ensaio TBARS (Substancias Reativas ao Acido Tiobarbiturico)

A peroxidacao lipidica (ou reacao de lipoperoxidacao) consiste no ataque das
ERMOs (espécies reativas do metabolismo do oxigénio) a lipideos de membranas. A
reacao € iniciada com a retirada de um hidrogénio do acido graxo poliinsaturado
(LH) da membrana plasmatica, pela agdo da OH" ou pelo radical alcoxila (LOe),
formando-se o radical lipidico (L¢) (UCHIDA, 2000). Ao final da reagao, varios
subprodutos sdo formados. Esses compostos sdo geralmente aldeidos, como o
malondialdeido (MDA), que é considerado o principal causador de danos oxidativos
ao organismo (URSO e CLARKSON, 2003; UCHIDA, 2000).

A lipoperoxidacdo pode ser também catalizada por ions Fe** e Fe* na
conversao dos hidroperoxidos lipidicos (LOOH) a radicais LO+ e LOO-. Esses sao
altamente reativos e inicializam uma nova cadeia de rea¢gdes, denominadas reagdes
de ramificagdo, que podem ser rapidas ou lentas, o que depende da valéncia do

ferro.

A diminuicdo da oxidacao lipidica por radicais livres induzidos por trés
geradores (AAPH, FeSO,4 e H,0,) foi avaliada pelos niveis de redugao na formagao
de TBARS.

As diferentes concentragdes dos extratos brutos de SMC apresentaram
comportamento bastante diferenciado. O SMCCR (casca da raiz) na concentragao
de 50 pyg/mL reduziu o maior nivel de formacéo de TBARS em mais de 75% (Grafico

2). Ainda nessa concentragao, o SMCR (raiz) apresentou cerca de 65% de reducgao.
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Os dois extratos brutos obtiveram resultados, para essa concentragcéo, de inibigao
do dano oxidativo por H,O, maior que os controles positivos acido galico (64,86%) e
TROLOX (45,53%).

Na concentracado de 200 ug/mL, o extrato SMCCC (casca do caule) reduziu a
formacao de TBARS em maior quantidade (75,47%), seguido pelo SMCR (69,02%)
e SMCCR (63,62%), que os valores mais elevados das substancias de referéncia
(Grafico 02).

Grafico 02 Comportamento dos extratos brutos de Simaba maiana Casar. e dos
controles positivos Acido Galico e TROLOX frente ao agente indutor de dano
oxidativo H,0O,*.
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Fonte: Autor, 2012.

*Os valores sao significativos a p<0,05. SMCR bruto (raiz), SMCC bruto (caule), SMCCR bruto (casca
da raiz) e SMCCC bruto (casca do caule).

Para as fragcbes provenientes do extrato bruto do caule de SMC, pode-se
observar uma maior atividade antioxidante da fragdo CHCI; 100%, apresentando
valor de inibicdo da formacdo de substancias reativas em torno de 89,40% na

concentracao de 150 ug/mL (Grafico 03).
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Grafico 03 Comportamento das fragées de Simaba maiana Casar. e dos controles
positivos Acido Galico e TROLOX frente ao agente indutor de dano oxidativo H,0,*.
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Fonte: Autor, 2012.

*Os valores sao significativos a p<0,05. SMCC AcOET (fragao AcOET do caule), SMCC CHCI;
(fracdo CHCIl3do caule) e SMCC CHCI3100% (fragdo CHCI3; 100% do caule).

As fragdes ACOET e CHCI; apresentaram resultados semelhantes para as
concentragdes de 150 e 200 ug/mL. Os valores de SMC apresentaram-se superiores
aos dos controles acido galico e TROLOX, exceto nas concentracées de 5 pg/mL
onde este ultimo (62,79%) foi superior ao SMCC AcOET (42,83%) e 50 pg/mL, onde
o TROLOX (64,86%) foi superior a SMCC AcOET (60,50%).

O AAPH é um azo composto capaz de gerar radicais livres a 37°C, onde
esses radicais levam a lipoperoxidagdo da membrana. A inducdo pelo AAPH,
apresenta como caracteristica a geracao de um carbono central radicalar que reage
com oxigénio para formar um radical peroxil (BUDNI et al., 2007). Frente ao azo
composto, os extratos brutos de SMC casca do caule (SMCCC) e raiz (SMCR)
apresentaram na concentragdo de 200 yg/mL valores respectivamente de 81,13% e
81,82%. Mais uma vez os valores da atividade antioxidante dos extratos de SMC
foram superiores aos dos controles acido galico (50,31%) e TROLOX (60,38%)
(Grafico 04).
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Grafico 04 Comportamento dos extratos brutos de Simaba maiana Casar. e dos
controles positivos Acido Galico e TROLOX frente ao agente indutor de dano
oxidativo AAPH*.
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Fonte: Autor, 2012.
*Os valores sao significativos a p<0,05. SMCCC (casca do caule), SMCC (caule) e SMCR (raiz).

Para as concentracées acima de 100 ug/mL, os extratos SMCC e SMCCR
apresentaram valores de inibicdo de TBARS de cerca de 70% quando comparados
aos controles (Grafico 05). Entretanto, sob o efeito de FeSO, como agente indutor
do dano oxidativo em relaggo ao AAPH e Hy;O, os controles apresentaram
comportamento diferenciado superando os extratos de SMC em protecao contra os

danos.

Quando sais de ferro sdo adicionados a meio de cultura celular, podem reagir
com oxigénio e formar radical anion superéxido que ainda podera sofrer dismutagao
a peroxido de hidrogénio, podendo iniciar a peroxidacao lipidica. O mesmo pode
ocorrer com a inibicdo de H,O, levando diretamente a oxidacdo de lipideos e
proteinas, pela agcdo de seus subprodutos como o radical hidroxila (BUDNI et al.,
2007; HALLIWELL e GUTTERIDGE, 2000).
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Grafico 05 Comportamento dos extratos brutos de Simaba maiana Casar. e dos
controles positivos Acido Galico e TROLOX frente ao agente indutor de dano
oxidativo FeSO,.
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Fonte: Autor, 2012.

*Os valores sao significativos a p<0,05. SMCC (caule), SMCCC (casca do caule), SMCR (raiz) e
SMCCR (casca da raiz).

A fraggo SMCC CHCI; 100% apresentou atividade pré-oxidante na
concentracdo de 5 uyg/mL (Grafico 06), sendo que a partir do momento que os
valores de concentracdo foram aumentando, a fracdo passou a ter efeito
antioxidante moderado, ja que passou a inibir a formag¢ao de TBARS em 60,50% na

concentracao de 200 ug/mL.

As fragbes AcCOET e CHCI; apresentaram atividade antioxidante de 85,42% e
79,31% bem préximas do valor encontrado para o TROLOX (94,41%).
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Grafico 06 Comportamento das fragdes de Simaba maiana Casar. e dos controles
positivos Acido Galico e TROLOX frente ao agente indutor de dano oxidativo FeSO,*.
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100% (fracdo CHCI3; 100% proveniente da fracdo cloroférmica do caule) e SMCC AcOET (fracao
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Outros experimentos com fragdes e material isolado devem ser realizados
para que esses resultados sejam confirmados e assim poder esclarecer a acao da
Simaba maiana Casar. frente aos agentes causadores de danos causados em

lipideos.

9.2.3 Teste de Citotoxicidade

Citotoxicidade ¢ um termo muito abrangente que, em linhas gerais, significa,
morte celular induzida. Os testes de citotoxicidade consistem em colocar o material
direta ou indiretamente em contato com uma cultura de células de mamiferos,
verificando-se as alteragdes celulares por diferentes mecanismos, entre os quais a
incorporagao de corantes vitais ou a inibicdo da formagao de colbénias celulares
(ROGERO et al., 2000). Ainda de acordo com Rogero et al. (2003), o parametro
mais utilizado para avaliar a toxicidade é a viabilidade celular, que pode ser
evidenciada com auxilio de corantes vitais (e.g., vermelho neutro) soluveis em agua
e que passam através da membrana celular, concentrando-se nos lisossomos,
fixando-se por ligagdes eletrostaticas hidrofébicas em sitios anidbnicos na matriz

lisossomal. Muitas substancias danificam as membranas resultando no decréscimo
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de captura e ligacdo do vermelho neutro. Portanto € possivel distinguir entre células
vivas e danificadas ou mortas, pela medida de intensidade de cor da cultura celular
(CIAPETTI et al., 1996).

O teste de viabilidade celular (células epiteliais de cérnea ovina) foi realizado
de modo a racionalizar a pesquisa com fitofarmacos, direcionando a busca de
substancias naturais mais ativos e com menor toxicidade ou ainda, com a
possibilidade de apresentar risco-beneficio maior que as drogas disponiveis no

mercado farmacéutico atual.

Os extratos brutos de SMC foram testados em trés diferentes concentracdes
10, 50 e 100 pg/mL. Nesta ultima, todos os extratos apresentaram 100% de
toxicidade celular (Tabela 06). Na concentragao intermediaria (50 pg/mL), o extrato
da casca da raiz ainda apresenta-se muito toxica com 100% das células nao viaveis.
Entretanto, os extratos da raiz (22,19%), caule (19,24%) e casca do caule (9,42%)
apresentaram porcentagem de citotoxicidade moderada. Ja na concentragcéo de 10
pMg/mL os valores foram baixos e variaram entre 15,30% (extrato bruto da casca da

raiz) e 3,80% (extrato bruto da casca do caule).

Tabela 06 Toxicidade celular (cérnea ovina) de extratos brutos de
Simaba maiana Casar. em porcentagem (%).

TOXICIDADE (%)

EXTRATOS 10 pg/mL 50 pg/mL 100 pg/mL
SMC Casca da Raiz 15,30 100 100

SMC Raiz 10,61 22,19 100

SMC Caule 10,41 19,24 100
SMC Casca do Caule 3,80 9,42 100

Fonte: Autor, 2012.

Segundo Jansen et al. (2006) o alcaldide esquimianina também isolado no
presente trabalho apresentou atividade citotoxica. Provavelmente, esse alcalbide
esteja relacionado com esse resultado, ou ainda, pode estar correlacionado com
outras substancias presentes nos extratos, como os quassindides (grupo de
substancias quase que exclusivo das espécies de Simaroubaceae), que apresentam
atividade citotoxica (ALMEIDA, et. al., 2007).
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9.2.4 Atividade Moluscicida

O ensaio para avaliagao da atividade moluscicida, utilizados neste trabalho,
constitui uma importante alternativa para o controle do vetor dos parasitas da
esquistossomose, por ser um teste rapido, barato e eficiente, uma vez que é
recomendado pela OMS (MARSTON e HOSTETTMANN, 1985; HOSTETTMANN,
1989).

Segundo Hostettmann et al. (1980), os extratos sdo considerados bioativos
em caramujos adultos quando a CLgy (concentracdo letal a 90% da populacao
estudada) for inferior a 400 pg/mL, porém, segundo a OMS, a atividade é
considerada significante quando a CLg for inferior a 100 pg/mL (WHO, 1965 e WHO,
1983). Assim, os extratos da SMC ao apresentarem porcentagem de mortalidade a
100 pg/mL de 100% (dados nao apresentados) foram submetidos ao tratamento

estatistico para a obtengéo de ClLgy CLsg € CL+o (Tabela 07).

Tabela 07 Atividade moluscicida dos extratos brutos de
Simaba maiana Casar. em concentragoes letais (CLo, CLsp
e CLgo).*

AMOSTRAS  CLio (ug/mL) Clso (ug/mL)  Cleo (ug/mL)

casca da raiz 28,90 43,69 66,06
raiz 9,19 26,3 77,66
casca do caule 26,78 35,98 48,33
caule 8,71 25,24 84,36

Fonte: Autor, 2012.

*O tempo de exposigao foi de 24 horas e o de observagao 96 horas,
com leitura e troca de agua a cada 24 horas, além da remogao dos
exemplares mortos.

Dentre os valores de CLgy dos extratos brutos testados frente ao B. glabrata, o
extrato bruto da casca do caule (48,33 pg/mL), seguido pelo extrato bruto da casca
da raiz (66,06 pg/mL) foram os mais eficientes. Leyton et al. (2005), encontraram
valores de Clso (66,46 — 83,17 ug/mL) e CLgo (149,90 — 220,90 pg/mL) mais
elevados que os apresentados por este estudo, o que indica um bom efeito dos

extratos de SCM para esse uso.

Em decorréncia dos efeitos encontrados pelo extrato bruto do caule de SMC,
foram testadas as suas fragcbes em hexano, CHCI3;, AcOET, n-butanol e agua/MeOH

frente ao B. glabrata adulto (Tabela 08).
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Tabela 08 Atividade moluscicida das fragoes do extrato do
caule de Simaba maiana Casar. em porcentagem (%) de
mortalidade.*

AMOSTRAS Mort. (%) 50 yg/mL  Mort. (%) 100 pg/mL

hexanica 16,6 83,3
cloroférmica 16,6 66,6
acetato de etila 16,6 66,6
butandlica 0,0 66,6

hidrometandlica 0,0 33,3

Fonte: Autor, 2012.

*O tempo de exposigao foi de 24 horas e o de observagao 96 horas,
com leitura e troca de agua a cada 24 horas, além da remogao dos
exemplares mortos.

A metodologia preconizada pela OMS (WHO, 1965) considera que o extrato
pode ser classificado como inativo, se levar de 0 a 30% de mortalidade,
parcialmente ativo se levar de 40 a 60% de mortalidade e ativo se levar de 70 a
100% de mortalidade aos caramujos. Conforme tabela 4, a fragdo hexénica do caule
apresentou o maior efeito moluscicida. Este resultado esta de acordo com Pereira e
Souza (1974), que indicaram uma maior eficiéncia para o extrato hexanico em

Anacardium occidentale como moluscicida.

O uso de moluscicidas requer o entendimento sobre 0 mecanismo de agao
dessas substancias nos moluscos (SINGH et al.,, 1999). A elucidacido desse
processo necessita de estudos que revelem os detalhes referentes ao perfil
fitoquimico do vegetal e a resposta fisiolégica do molusco frente aos constituintes
quimicos (CANTANHEDE et al., 2010).

9.2.5 Avaliacdo Inibitéria de Linfoproliferagdo e de Inibicdo de Oxido Nitrico

O 6xido nitrico (NO) é um radical livre gasoso produzido endogenamente por
varios mamiferos que possui uma gama de fungdes, como a atuagdo em muitos

processos fisiolégicos entre eles, a regulagdo do sistema imune.

O extrato bruto do caule de SMC (100 pg/mL) nado apresentou inibigao
significativa do radical NO (23,99%) em macréfagos induzidos por

lipopolissacarideos (Tabela 05).
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Tabela 05 Percentual de inibigao da linfoproliferagao e da
inibicao de 6xido nitrico (NO) pelo extrato bruto do caule de
Simaba maiana Casar.*

INIBICAO (%)
Linfoproliferagéo Inibicao de NO

SMC Caule 98,94 23,99

EXTRATO (100 pg/mL)

Fonte: Autor, 2012.

*Inibicao da Linfo. Con A — Fragc&o com inibicdo = 80% foi considerada ativa.

Ao se avaliar o potencial anti-Leishmanina e imunomodulador dos extratos de
Campsiandra laurifolia Benth., Chagas et al. (2010) também observaram baixos
indices para a inibicao de NO em macrofagos ativados, ja que os percentuais

variaram de 14% (extrato aquoso) a 23% (extrato hidroalcodlico da casca).

Kang et al. (2010) estudaram furanocumarinas (inclusive a felopterina)
presentes no extrato etandlico de Angelica dahurica e detectaram o decréscimo nos
niveis de NO quando mensurados pelo Reagente do Griess, 0 mesmo utilizado no
presente trabalho. Compostos inibidores de NO geralmente apresentam potencial
imunomodulador (COSTA, 2004). Entretanto, o0 mesmo extrato de SMC (100 pg/mL)
ao ser submetido a ensaios de linfoproliferagdo por estimulagcdo com antigeno e de
reagcdes mistas linfocitarias, apresentou 98,94% de atividade, resultado bastante
significativo. Resultado semelhante foi encontrado por Chagas et al. (2010) para a
linfoproliferagéo no extrato aquoso com 86%, em menor escala no extrato a frio da
folha (38,5%), extrato a quente da folha (32,6%) e extrato hidroalcodlico da casca
(32,6%) quando avaliados na concentragéo de 100 uyg/mL, a mesma utilizada neste

estudo.

A inibicdo da linfoproliferagao celular em C. laurifolia estudada por Chagas et
al. (2010) parece estar associada a uma atividade anti-inflamatdria, ja que a redugao
do crescimento celular implica em diminui¢cao de receptores soluveis produzidos por
estas células e de proteases que convertem precursores inativos em ativos
(PUNZON et al., 2003). Assim, como os resultados encontrados no extrato bruto do
caule de Simaba maiana Casar. sdo semelhantes aos supracitados, um “screening”
da atividade anti-inflamatéria deve ser realizado para uma melhor investigacdo dos

efeitos encontrados.
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Deve-se considerar ainda a possibilidade de uma acdo inespecifica de
substancias presentes no extrato, uma vez que algumas moléculas podem estar
agindo de forma a impedir que o mitdgeno utlizado (concovalina A) ligue-se as
moléculas que levariam a estimulagao dos linfocitos, e nao por um mecanismo direto
de inibicao de ativacao linfocitaria (COSTA, 2004). Assim, para se confirmar o efeito
supressor, o extrato bruto do caule e as suas fragcbes devem ser submetidos a
ensaios de linfoproliferagdo por estimulagcdo com antigeno e de reagdes mistas

linfocitarias, nas quais podera ser observada a existéncia de atividade.

9.2.6 Avaliacdo da Atividade anti-Leishmania amazonensis e anti-Trypanosoma
cruzi

Entre as estratégias utilizadas na busca de novas drogas eficazes contra a L.
amazonensis e T. cruzi esta a triagem de moléculas que atuam em alvos

importantes da biologia das espécies envolvidas no processo de transmissao.

O extrato bruto do caule de SMC (100 pg/mL) nao foi ativo no que confere as

atividades leishmanicida e tripanocida (Tabela 06).

Tabela 06 Extrato bruto do caule de Simaba maiana Casar. frente
Leishmania amazonensis e Trypanosoma cruzi

INIBICAO
L. amazonensis T. cruzi

EXTRATO (100 pg/mL)

SMC Caule inativo inativo

Fonte: Autor, 2012.

Para inibicdo da Leishmania amazonensis, fragbes foram considerados ativos e
Trypanosoma cruzi

Ali et al. (2002) evidenciaram a inatividade do extrato etandlico de folhas e
frutos de Ziziphus spinachristi frente a frente a T. cruzi e T. brucei rhodesiense.
Segundo Rosas et al. (2007) as atividades tripanocidas dos diferentes extrato e
fracbes de Ampelozizyphus amazonicus (Rhamnaceae) é devido a presenca
acentuada de triterpenos pentaciclicos, que é uma classe eficaz contra T. cruzi.
Schinor et al. (2007) ao testar a viabilidade de extratos e compostos isolados de

Chresta scapigera encontrou terpenos e alguns flavondides ativos contra L.
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amazonensis e dois flavondides ativos contra T. cruzi. Resultado semelhante foi
encontrado por Santos et al. (2011), que para a atividade anti-L. braziliensis o
alcaldide esquimianina diminuiu a producado de NO, sendo uma potencial substancia

imunomoduladora .

Com isso, o isolamento de outros compostos provenientes dos extratos de
SMC deve ser realizado, de modo que se possa confirmar ou ndo o resultado

encontrado.
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CONCLUSOES

O desenvolvimento desse trabalho levou a obtencédo de informagdes relevantes

sobre diversos aspectos envolvidos:

O

Foram isolados dois compostos (alcaldéide esquimianina e a cumarina

felopterina) provenientes da fragao cloroférmica do extrato do caule de SMC;

Os extratos e fragdes de SMC apresentaram uma fraca atividade antioxidante

pelo método de reducdo do radical livre DPPH;

Foram determinadas baixas concentracdes de fenois totais pelo método de

Folin-Ciocalteu;

Para os testes de TBARS, outros experimentos precisam ser realizados com
fracbes e compostos isolados para que seja esclarecida a agdao da SMC

frente aos danos causados pelos agentes indutores de danos oxidativos;

Os extratos brutos apresentaram atividade citotoxica na concentragao de 100

Mg/mL;

Extratos e fracbes de SMC podem ser considerados bioativos frente ao

invertebrado B. glabrata;

O extrato bruto do caule inibiu a linfoproliferagao, entretanto nao foi eficiente
ao inibir o radical 6xido nitrico. De forma que outros testes devem ser

realizados de modo a se confirmar o seu efeito imunosupressor

O extrato bruto do caule nao foi ativo no que se refere as atividades

leishmanicida e tripanocida;

Existe a necessidade de estudos complementares de purificagdo dos extratos
para isolamento e identificagcdo de compostos que possam ser responsaveis

pela atividades encontradas.
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Apéndice A2 Composto isolado FC2010 — Furanocumarina Felopterina —Espectro de RMN - Dept 135°.
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Apéndice A3 Composto isolado FC2010 — Furanocumarina Felopterina —Espectros de RMN — HSQC.
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Apéndice A4 Composto isolado FC2010 — Furanocumarina Felopterina —Espectros de RMN — HMBC.
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Apéndice A5 Composto isolado FC2010 — Furanocumarina Felopterina —Espectros de RMN — NOESY.
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Apéndice B Composto isolado — FC02 — Alcaléide Furoquinolinico Esquimianina
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Apéndice B3 Composto isolado FCR02 — Alcaldide furoquinolinico Esquimianina - Espectro de RMN COSY.
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Apéndice B4 Composto isolado FCR02 — Alcaléide furoquinolinico Esquimianina - Espectro de RMN HSQC.
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Apéndice B5 Composto isolado FCR02 — Alcaloide furoquinolinico Esquimianina - Espectro de RMN HMBC.
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Apéndice B6 Composto isolado FCR02 — Alcaloide furoquinolinico Esquimianina - Espectro de RMN NOESY.
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Functional analysis of cytochromes P450 involved in the biosynthesis of
monoterpenoids in Arabidopsis thaliana
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ABSTRACT

Isoprenoids constitute a diverse group of natural products, and its pathway generates
the primary and secondary metabolism in plants. All isoprenoids are synthesized via
the two universal C5 precursors, by the action of terpene synthases (TPSs), which
can be produced by two routes: the mevalonate (MVA) pathway and the
methylerythritol phosphate (MEP) pathway. The TPS cyclization reaction may
constitute the terminal step in a plant secondary metabolism pathway, but
sometimes, it is common that some further modifications occur through the action of
cytochrome P450. The Arabidopsis flowers emit a complex blend of volatile
compounds that have a role as in attracting pollinators and in plant defense against
herbivores. In this work, the aim was to determine the function of candidate P450s
potentially involved in monoterpenoids metabolism. The four genes candidates
(CYP76C3, CYP71B31, TPS10 and TPS14) were selected with the CYPedia, which
calculates co-expression between Arabidopsis genes based on Affymetrix ATH1
microarray. The candidate genes showed a very similar expression pattern in the
stamens and more specifically in the upper part of the filaments. In the heterologous
expression transiently expressed in Nicotiana benthamiana leaves, in volatiles of
TPS10 and TPS14 (alone) were found R-(-)-linalool and S-(+)-linalool enantiomer. In
the buffer of leaf discs extraction was found that CYP76C3 converts linalool into E-8-
hydroxy-linalool and E-8-oxo-linalool and CYP71B31 into 1,2-epoxy-linalool. The
analysis of methanol extracts leaf discs incubated in S-(+)-linalool showed the use of
this substrate by P450s converting to lilac alcohol by the both P450. Analyses of
flowers in mutants plants showed minor differences. The analyses with fresh flowers
extracts in UPLC-MS/MS in MRM mode, was found a compound with the same
signature that linalool, however, have different retention time and may be a form of
linalool bound.

Key-words: Linalool. Flowers. Terpene synthase and P450



RESUMO

Isoprendides constituem um diverso grupo de produtos naturais e a sua via, gera os
metabdlitos primarios e secundarios em plantas. Todos os isoprenodides sao
sintetizados via dois universais precursores C5, que pela agao das terpeno sintases
(TPSs), podem ser produzidos por duas rotas: via do mevalonato (MVA) e via do
metil-eritritol fosfato (MEP). A reacdo de ciclizagdo das TPS podem constituir o
passo terminal na via do metabolismo secundario em plantas, mas, algumas vezes,
€ comum ainda, a sua modificacdo que ocorre pela acdo do citocromo P450. As
flores de Arabidopsis emitem uma complexa mistura de compostos volateis que tem
um papel na atracdo de polinizadores e na defesa de plantas contra herbivoros.
Neste trabalho, o objetivo foi determinar a funcdo dos genes candidatos
potencialmente envolvidos no metabolismo de monoterpendides. Os quatro genes
candidatos (CYP76C3, CYP71B31, TPS10 e TPS14) foram selecionados com o
CYPedia, que calcula a co-expressao entre os genes de Arabidopsis com base no
Affymetrix ATH1 microarray. Os genes candidatos mostraram um similar padréo de
expressao nos estames, mais especificamente na parte superior dos filamentos. Na
expressdo heterdloga transitoriamente expressa em folhas de Nicotiana
benthamiana, nos volateis de TPS10 e TPS14 (sozinho) foram encontrados os
enantidbmeros R-(-)-linalol e S-(+)- linalol. No tamp&o de extracdo de discos de
folhas, verificou-se que CYP76C3 converte linalol em E-8-hidroxi-linalol e E-8-oxo-
linalol, e CYP71B31 em 1,2-epoxi-linalol. A analise do extrato metandlico dos discos
foliares incubados em S-(+)-linalol mostrou a utilizacdo deste substrato pelos P450s
convertendo para lilac alcool por ambos P450s. Analises de flores em plantas
mutantes mostrou pequenas diferencas. Nas analises com extratos de flores frescas
em UPLC-MS/MS no modo MRM, foi encontrado um composto com a mesma
assinatura que linalol, no entanto, com tempo de retencao diferente e pode ser uma
forma ligada do linalol.

Palavras-chave: Linalol. Flores. Terpeno sintases e P450.
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1 INTRODUCTION

Metabolism consist of a complex biochemical network of biosynthetic
pathways and is a series of reactions in organisms that are catalyzed by enzymes
(NUGROHO and VERPOORTE, 2002). Rational engineering of complicated
metabolic pathways involved in the production of plants secondary metabolites has
been hampered by our knowledge of the biosynthetic pathways and their regulatory
mechanisms leading to the formation of the desired compounds, e.g. terpenes
(OKSMAN-CALDENTEY et al.,, 2007). Plants are excellent organic chemists in
nature and constantly respond to environmental changes by adjusting their capacity
to produce natural products. The secondary metabolites are compounds with a
restricted occurrence in taxonomic groups, that are not necessary for a cell
(organism) to live, but play a role in the interaction of the cell (organism) with its
environment, ensuring the survival of the organism in its ecosystem (VERPOORTE,
2000).

Isoprenoids (terpenes) constitute one of the most diverse groups of natural
products, and its pathway generates both primary (sterols, carotenoids, hormones
and chlorophylls) and secondary metabolites (monoterpenes, sesquiterpenes and
triterpenes) that are of great importance to plant growth and survival. All isoprenoids
are synthesized via the two universal C5 (IPP and DMAPP) precursors, by the action
of terpene synthases (TPSs), which can be produced by two routes: the mevalonate
(MVA) pathway and the methylerythritol phosphate (MEP) pathway. Although a TPS
cyclization reaction may occasionally constitute the terminal step in a plant
secondary metabolism pathway, it is common that some further modifications occur
through the action of cytochrome P450 (KIRBY and KEASLING, 2009).

The monoterpenes are Cqo compounds that offer significant advantages, such
as herbicides, pesticides, antimicrobial agents, dietary anticarcinogens, flavoring
agents, perfumes and pollinator attraction (CARTER et al., 2003; MAHMOUD and
CROTEAU, 2002; UNSICKER et al., 2009). The availability of appropriate molecular
tools and the economic importance of monoterpenes have prompted an interest in
engineering this pathway in plants. In this work, the aim was to determine the

function of candidate P450s potentially involved in monoterpenoids metabolism.
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2 CYTOCHROMES P450 (CYP, P450)
2.1 Nomenclature and origin

The Cytochromes P450s (CYPs) are membrane-bound hemoproteins, form
one of the largest classes of enzymes, which possess high complexity, and were
discovered about 60 years ago. They are involved in different biosynthetic and
xenobiotic pathways in organisms of all kingdoms. P450s became one of the most

intensively investigated biochemical systems.

The terminology P450 is not based on enzymatical function but from their
character as hemeproteins and describes originally the spectral properties that
display a typical absorption peak at 450 nm of the reduced carbon monoxide-bound
form (OMURA and SATO, 1964;BERNHARDT, 2006). Thus, the name Pigment
absorbing at 450 nm (P450).

P450 genes are also named CYP for cytochrome P450 for all organisms
according to their peptidic sequence similarities, gene organization and phylogeny.
The classification of P450s is established in chronological order of submission to a
nomenclature committee (See http://drnelson.uthsc.edu/Nomenclature.html). The
individual enzymes are classified into families (proteins with more than 40%
sequence identity) and subfamilies (more than 55%) (Figure 01). The sequence

conservation among P450s of different families can be less than 20%.

Figure 01 Example of P450 naming. The names
for P450s in plants are starting from CYP71A1 to
CYP99YZ, and then from CYP701A1 and above.
In this case, the protein belongs to family 76,
subfamily C, and is the 3 the individual enzyme.

Cytochrome

P450 Subfamily
l_‘_\

e
CYP 76C3

- Y
Family Individual

Enzyme

Source: Author, 2012.
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The cytochrome P450 enzymes are defined by the presence in the prosthetic
group of an iron (lll) protoporphyrin-IX covalently linked to the protein by the sulfur
atom of a proximal cysteine ligand. The most conserved part of the P450 sequence is
in the region containing the Cys that acts as the thiolate ligand to the heme iron; so,
this sequence is used as the identifier of P450s in gene banks (GUENGERICH,
2001). The gene analysis of the different cytochrome P450s indicates that all exhibit
the same 10 amino acids, so-called “P450 signature”, including the invariant cysteine
residue that ligates the heme iron to the protein, Phe-XX-Gly-Xp-XX-Cys-X-Gly,
where the amino acid Xy is usually a basic amino acid that plays a key role in
interactions with the reductase partner (MEUNIER et al., 2004).

The origin of the P450 superfamily lies in prokaryotes, before the advent of
eukaryotes and before the accumulation of molecular oxygen in the atmosphere
(WERCK-REICHHART and FEYEREISEN, 2000). Plants are more diverse than
animals in their P450s. At present, 5100 sequences of plant cytochrome P450s have
been annotated and named, this number is significantly greater than in other taxa:
1461 in vertebrates, 2137 in insects, 2960 in fungi, 1042 in bacteria, 27 in archaea
and two in mimivirus (NELSON, 2011; NELSON and WERCK-REICHHART, 2011).
In higher plants, the cytochromes P450 are the third largest family of enzyme
proteins. In Arabidopsis thaliana, there are 246 genes (P450s) and 28 pseudogenes
in the genome (BAK et al., 2011).

2.2 Function of a P450

The P450s are known for their efficiency to catalyze a variety of reactions and
convert chemicals to potentially reactive products as well as to make compounds
less toxic. P450s use molecular oxygen (O;) as the primary oxidant, thereby
operating at ambient conditions and thus presenting ideal systems for (green)
organic synthesis, oxidize a vast range of substrates and are able to catalyze such
reactions (more than 20) like hydroxylations, N-, O- and S-dealkylations,
epoxidations, deaminations, desulphurations, dehalogenations, peroxidations, ring
expansions and N-oxide reductions (DENISOV et al., 2005; HANNEMANN et al.,
2006; HARRIS and LOEW, 1998; HELDT and PIECHULLA, 2011). Also, they often

may exhibit exquisite substrate specificity as well as regio- and/or stereoselectivity.
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The regiospecificity of P450 enzymes is important for the production of fine
chemicals, as an alternative way to introduce modifications (CANKAR et al., 2011).
This diversity of catalyzed reactions and acceptable substrates attracted researchers
from different fields to study cytochrome P450 systems (BERNHARDT, 2006;
DENISOQV et al., 2005; HANNEMANN et. al., 2006).

In the monooxygenase reaction, the two electrons are transferred from
NAD(P)H via an electron transfer chain. From the O, molecule (heterolytic cleavage),
one of its oxygen atoms is incorporated into the substrate (RH), the remaining
oxygen atom is reduced to yield water molecule (H»O), and hence both oxygen

atoms are incorporated into two different molecules.

RH + O, + NADPH + H* — ROH + H,O0 + NADP*

The living systems use enzymes, as P450, that can modify dioxygen to a form
capable of performing the desired oxidation reactions, because molecular oxygen,
itself, is unreactive toward organic molecules at low temperatures (HARRIS and
LOEW, 1998; MEUNIER et al. 2004).

The mechanism of P450 is a complex cascade of individual steps involving the
interaction of protein redox partners and consumption of reducing equivalents
commonly in the form of NAD(P)H, therefore, they are divided into four classes
depending on how electrons are delivered to the catalytic site: (i) proteins that require
both an FAD-containing reductase and an iron sulfur redoxin; (ii) proteins that require
only an FAD/FMN-containing P450 reductase for transfer of electrons; (iii) proteins
that are self-sufficient and require no electron donor and (iv) proteins that receive
electrons directly from NAD(P)H (DENISOQV et al., 2005; WERCK-REICHHART and
FEYEREISEN, 2000).

The P450 catalytic mechanism typically (figure 02) has the following steps: the
cycle begins with P450 iron in the ferric state [a; e a] the heme iron Fe> is
coordinated to water or hydroxide (can be in the low spin state (S=1/2) or in the high
spin state (S=5/2)) (DENISOV and SLIGAR, 2012; GUENGERICH, 2001). The
binding of the substrate to the enzyme [b]. The first reduction, which occurs with the
introduction of the first electron from NAD(P)H via an electron transfer chain, of the

heme iron to the ferrous state [c]. Binding of molecular oxygen to the ferrous heme to
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form an oxy-ferrous [d]. One more reduction step [e] results in peroxo-ferric complex,
which is sequentially protonated to arrive at hydroperoxo-ferric complex [f]. After the
heterolytic cleavage of the O-O bond, happens the production of the water molecule
to form a reactive oxo iron (IV) porphyrin cation radical, often called compound 1 [g]
(BERNHARDT, 2006; DENISOV et al., 2005; DENISOV and SLIGAR, 2012;
GUENGERICH, 2001; HARRIS and LOEW, 1998; MEUNIER et al., 2004;
MONTELLANO, 2010; WERCK-REICHHART and FEYEREISEN, 2000). Besides
oxygenation of the substrate, compound 1 then attacks the substrate, which
dissociates to let the cycle start again. Most reactions driven by P450 enzymes are
catalyzed by this species via oxidative transformation of the substrate, (hydroxylation,
epoxidation, N-demethylation, etc.) (DENISOV and SLIGAR, 2012). Finally, the
transfer of an oxygen atom to the bound substrate occurs to form to the oxygenated

product [f] and the product dissociates, the cycle starts again.

Figure 02 Summary of the cytochrome P450 catalitic cycle. The substrate
hydrocarbon is represented as an R-H and R-OH resulting in hydroxylated product.
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Source: Author, 2012.

The natural substrates of plant P450 enzymes include precursors of

membrane sterols and structural polymers such as lignin, cutin, suberin and
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sporopollenin (BAK et al., 2011). Normaly, the substrates for cytochrome P450
metabolism are hydrophobic and poorly soluble in water, although they are involved
in the metabolism of alcohols, phenols, detergents, and other organic substances
(DENISQV et al., 2005).

In animals and plants, P450 have functional roles such as detoxification of
xenobiotics (compounds exogenous to the organism), where they play a proctetive
role of degradation, biosynthesis of hormone, vitamins and some other metabolitcs.
In plants, P450s are also frequently involved in the biosynthesis of a large number of
secondary metabolics that often function as defense toxins against herbivores and

pathogens or as flower pigments and fragance for pollinators (GIERL, 2009).

The analysis of foliar carotenoid profiles in lines over-expressing the individual
hydroxylases indicate a role for CYP97B3 in carotenoid biosynthesis, confirm and
extend previous findings of hydroxylase activities based on knock-out mutants, and
suggest functions of the multifunctional enzymes in carotenoid biosynthesis (KIM, et
al., 2010).

Microarray data indicate that there are two P450 proteins involved in toluene
oxidation, namely, CYP96A15 and CYP76C3 (GAO et al., 2012). Thus, these genes
may be involved in toluene metabolism, and they can oxidize, reduce, transfer, or

hydrolyze toluene molecules or its metabolic products.

Arabidopsis cytochrome P450 monooxygenase CYP71A13 catalyzes the
conversion of indole-3-acetaldoxime (IAOx) to indole-3-acetonitrile (IAN) in camalexin
(3-thiazol-2-yl-indole) synthesis and provide further support for the role of camalexin
in resistance to necrotrophic fungal pathogens Alternaria brassicicola (NAFISI et al.,
2007).

The analysis of CYP71A2 gene suggested that the role of this gene is
pleiotropic in tomato development and its adaptability to the environment (LI et al.,
2010). The expression of CYP71A2 was detected in all the tissues; however, the

expression was utmost in immature green fruit.

Rohloff and Bones (2005) worked with Arabidopsis thaliana wild type and T-
DNA knock-out mutants plants (Myrosinase 1, Myrosinase 2, CYP83A1 and

CYP83B1) by evaluating the volatile profiling when are described defense related
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compounds and 24 monoterpenes, 26 sesquiterpenes and 12 aromatic structures

observed in inflorescences.

The co-expression of the CYP71AV8 monooxigenase, from chicory (Cichorium
intybus L.), with a valencene synthase in yeast, led to formation of trans-nootkatol,
cis- nootkatol, and (+)-nootkatone (sesquiterpenes) and the enzyme can catalyze a
three step conversion of germacrene A to germacra-1(10),4,11(13)-trien-12-oic acid
(CANKAR et al., 2011).

Hallahan and co-workers (1992) related that a cytochrome P450 in
microssomes from ripe avocado (Persea americana) mesocarp (CYPT71A1)
metabolize the monoterpenoids nerol and geraniol. Later, Hallahan et al. (1994),
suggest that orthologous genes of CYP71 expressed in Persea americana and
Nepeta racemosa (catmint) catalyze dissimilar reactions with monoterpenoid

sustrates.

The cytochromes P450 catalyze valuable reactions on a vast variety of
substrates, which can open new potential applications of protein systems (See Table
01). These characteristics associated with the large number of P450s may explain
the interest in the engineering of this enzymes for a variety of purposes, like fine
chemical systems, herbicide tolerance, bioremediation, biosensors, plant
improvement, prodrug therapy, biothysical analysis, analysis of catalytic specifity and
other proprieties (BERNHARDT, 2006; GIELAM, 2008; MORANT et al., 2003). Thus,
CYPs have a key function for generating the chemical diversity that is the hallmark of
plants compared with animals (NELSON and WERCK-REICHHART, 2011).
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Table 1 Inventory of P450s involved in the biosynthesis of isoprenoids in plants (not
comprehensive). (a) When two names and dates are indicated, the first refers to first
characterization of the activity, and the second to the discovery of the coding
sequence. (b) In taxol biosynthesis, coding sequences have been isolated, but not
submitted to the nomenclature committee.

Monoterpenoid biosynthesis (a) (a)

(-)-Limonene 3-hydroxylase |CYP71D15 Karp et al. / Lupien et al. 1990/ 1999 |Mentha x piperita Peppermint
(-)-Limonene 6-hydroxylase |CYP71D18 Karp et al. / Lupien et al. 1990/ 1999 |Mentha spicata Spearmint
(-)-Limonene 7-hydroxylase |CYP71D174 Karp et al. / Mau et al. 1990 / 2010 |Perilla fructescens Perilla

Geraniol, nerol 10-hydroxylase activity |CYP71A1 Hallahan etal. / ? 1992 Persea americana Avocado
Geraniol, nerol 2,3-or 6,7-epoxidase activity CYP71 Hallahan et al. 1994 Nepeta racemosa Catmint
Camphor 6-exo-hydroxylase n.d. Funk et al. 1993 Salvia officinalis Common Sage
(-)-a- and B-Pinene 6-hydroxylase n.d. Karp and Croteau 1992 Hyssopus officinalis Hyssop
a-Pinene 7-hydroxylase CYP71 Aharoni et al. 2004 Fragaria vesca Wild Strawberry
Geraniol 10-hydroxylase (G10H) CYP76B6 Madyastha et al. / Collu et al. 1976 / 2001 |Catharantus roseus Madagascar Periwinkle
Secologanin synthase (SLS) CYP72A1 Irmler et al. / Vetter et al. 2000 / 1992 |Catharantus roseus Madagascar Periwinkle
Secologanin synthase (SLS) n.d. Yamamoto et al. 2000 Lonicera japonica Japanese Honeysuckle
Tabersonine 16-hydroxylase (T16H) CYP71D12 St-Pierre and De Luca / Schroder et al. 1995 / 1999 |Catharantus roseus Madagascar Periwinkle
Polyneuridine aldehyde synthase n.d. Schmidt and Stockigt 1995 Rauwolfia serpentina Snakeroot
Vonirine 21-hydroxylse n.d. Falkenhagen and Stockigt 1995 Rauwolfia serpentina Snakeroot
(+)-Sabinene 3-hydroxylase n.d. Karp et al. 1987 Salvia officinalis Common Sage
(+)-Limonene 6-hydroxylase n.d. Bouwmeester et al. 1999 Carum carvi Caraway
(+)-Pulegone 9-hydroxylase (b) Bertea et al. 2001 Mentha x piperita Peppermint
Sesquiterpenoid biosynthesis

Germacrene A oxidase (GAO) n.d. Nguyen et al. 2010 Lactuca sativa Letuce
Amorphadiene oxydase (AMO) CYP71AV1 Ro et al. 2006 Artemisia annua Sweet Wormwood
Premnaspirodiene oxidase (HPO) CYP71D55 Takahashi et al. 2007 Hyoscyamus muticus Henbane
5-epi-aristolochene 1B-3a-hydroxylase CYP71D20 Ralston et al. 2001 Nicotiana tabacum Commom tobacco
Germacrene A 12-hydroxylase n.d. de Kraker et al. 2001 Cichorium intybus Chicory
a-humulene 8-hydroxylase CYP71BA1 Yu et al. 2010 Zingiber zerumbet Shampoo Ginger
(+)-8-cadinene hydroxylase CYP706B1 Luo et al. 2001 Gossypium arboreum Cotton
Diterpenoid biosynthesis

Ent-kaurene, ent-kaurenol, ent-kaurenal oxidase (KO) :CYP701A3 Helliwell et al. 1999 Arabidopsis thaliana Thale cress
Kaurenic acid hydroxylase (KAH) |n.d. Kim et al. 1996 Stevia rebaudiana Stevia
Gibberellin 16a,17 epoxidase CYP714D1 Ma et al.; Zhu et al. 2006 Oryza sativa Rice
Abietadienol/abietadienal oxidase (PtAO) CYP720B1 Ro et al. 2005 Pinus taeda Loblolly pine
Cembratriene-ol hydroxylase n.d. Wang et al. 2001 Nicotiana tabacum Commom tobacco
ent-Cassadiene 11a-hydroxylase CYP76M7 Swaminathan et al. 2009 Oriza sativa Rice
Abietadiene oxidase CYP720B4 Hamberger and Bollman, unpublished - Sitka spruce Spruce
Taxadiene 5-hydroxylase (b) Hefner et al. / Jennewein et al. 1996 / 2004 |Taxus cuspidata Yew

Taxoid 13-hydroxylase (b) Wheeler et al. / Jennewein et al. 2001 / 2001 |Taxus cuspidata Yew

Taxoid 10-hydroxylase (b) Wheeler et al. / Schoendorf 2001 / 2001 |Taxus cuspidata Yew

Taxoid 14-hydroxylase (b) Jennewein et al. 2003 Taxus cuspidata Yew

Taxoid 9-hydroxylase Floss and Mocek 1995 Taxus cuspidata Yew

Taxoid 2-hydroxylase (b) Chau and Croteau 2004 Taxus cuspidata Yew

Taxoid 7-hydroxylase (b) Chau et al. 2004 Taxus cuspidata Yew
Triterpenoid biosynthesis

B-Amyrin and sophoradiol 24-hydroxylase CYP93E1 Shibuya et al. 2006 Glycine max Soybean

Steroid 22-hydroxylase CYP90B1 Choe et al. 1998 Arabidopsis thaliana Thale cress
Steroid 22-hydroxylase CYP724B2 Ohnishi et al. 2006¢ Solanum lycopersicum  |tomato

Steroid 22-hydroxylase CYP90B3 Ohnishi et al. 2006¢ Solanum lycopersicum  |tomato

Steroid 22-hydroxylase CYP724B1 Sakamoto et al. 2006 Oryza sativa Rice

Steroid 22-hydroxylase CYP90B2 Sakamoto et al. 2006 Oryza sativa Rice

Steroid 23-hydroxylase CYP90C1 Ohnishi et al. 2006b Arabidopsis thaliana Thale cress
Steroid 23-hydroxylase CYP90D1 Ohnishi et al. 2006b Arabidopsis thaliana Thale cress
Steroid 3-hydroxylase CYP90A1 Ohnishi et al., unpublished - Arabidopsis thaliana Thale cress
Steroid 23-hydroxylase CYP90D2 Ohnishi et al., unpublished - Arabidopsis thaliana Thale cress
Steroid 23-hydroxylase CYP90D3 Ohnishi et al., unpublished - Arabidopsis thaliana Thale cress
Steroid Baeyer-Villiger oxidase CYP85A2 Nomura et al. 2005 Arabidopsis thaliana Thale cress
Castasterone oxidase CYP85A3 Nomura et al. 2005 Solanum lycopersicum  |tomato

Steroid 6-oxidase CYP85A1 Kim et al. 2005 Arabidopsis thaliana Thale cress
Steroid 26-hydroxylase CYP734A1 Turk et al. 2003 Arabidopsis thaliana Thale cress
Steroid 26-hydroxylase CYP72C1 Turk et al. 2005 Arabidopsis thaliana Thale cress
Steroid 26-hydroxylase CYP734A7 Ohnishi et al. 2006a Solanum lycopersicum  |tomato

Steroid 22-desaturase CYP710A1 Morikawa et al. 2006 Arabidopsis thaliana Thale cress
Steroid 22-desaturase CYP710A2 Morikawa et al. 2006 Arabidopsis thaliana Thale cress
Steroid 22-desaturase CYP710A11 Morikawa et al. 2006 Solanum lycopersicum  |tomato
B-Amyrin 11-oxydase CYP88D6 Seki et al. 2008 Glycyrrhiza Licorice
Thalianol hydroxylase (THAH) CYP708A2 Field and Osbourn 2008 Arabidopsis thaliana Thale cress
Thalianol-diol desaturase (THAD) CYP705A5 Field and Osbourn 2008 Arabidopsis thaliana Thale cress
B-Amyrin oxydase |CYP51H10 Qietal. 2006 Avena strigosa Oat

Sterol 14a-demethylase |CYP51 Kahn et al. 1996 Sorghum bicolor Sorghum

Sterol 14a-demethylase |CYP51 Cabello-Hurtado et al. 1997 Triticum aestivum Wheat
Tetraterpenoid biosynthesis

a-Carotene B-hydroxylase CYP97A3 Kim et DellaPenna 2006 Arabidopsis thaliana Thale cress
Zeinoxanthin &-hydroxylase CYP97C1 Tian et al. 2004 Arabidopsis thaliana Thale cress

Source: Ginglinger, 2010. Reproduced with autorization from the thesis manuscript.
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3 TERPENES

Terpenoids, also known as isoprenoids, constitute the largest and diverse
class of natural products. They are classified according to the number of isoprene
units in their structure: hemiterpenes Cs (1 isoprene unit), monoterpenes Cqp (2
isoprene units), sesquiterpenes Cis (3 isoprene units), diterpenes Cyo (4 isoprene
units), triterpenes Cso (6 isoprene units), tetraterpenes Cgo (8 isoprene units),
polyterpenes C, (long chains of many isoprenes more than > 40 units). The
meroterpenes consist of a terpene-derived unit attached to a non-terpene moiety, like
chlorophyll, plastoquinone, certain indole alkaloids, and prenylated proteins (DAVIS
and CROTEAU, 2000).

Figure 03 Strutures of some terpenes. Isoprene — Hemiterpene;—Myrcene, Linalool
and B-Geraniol - Monoterpenes; (E)-B-Caryophyllene, (E)-B-Farnesene -
Sesquiterpenes; DMNT  (4,8-Dimethylnona-1,3,7-Triene), TMTT ((E,E)-4,8,12-
trimethyltrideca-1,3,7,11-tetraene) — Homoterpenes.
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Source: Author, 2012.
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The isoprenoid biosynthesis pathway generates both primary and secondary
metabolites that are of great importance to plant growth and survival (AHARONI et
al., 2005). All terpenoids are synthesized from the universal five carbon precursors,
isopentenyl diphosphate (IPP, the active Cs isoprene unit) and its allylic isomer,
dimethylallyl diphosphate (DMAPP). In plants, terpenoids are derived from two
alternative biosynthetic pathways localized in different subcellular compartments, the
mevalonate (MVA) pathway operating in the cytosol and the methylerythritol
phosphate (MEP) pathway in plastids, (LAULE et al., 2003; NAGEGOWDA, 2010;
THOLL and LEE, 2011; OKADA, 2011) (Figure 04).

Figure 04 Terpene biosynthesis pathways and subcellular compartiments.
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Source: Author, 2012.

The classic route for the formation of the Cs building blocks of terpenoid
biosynthesis in plants is via the reactions of the MVA pathway, first demonstrated in
yeast and mammals (THOLL, et al., 2004) and is currently known in animals, fungi, a
few bacteria, and in the cytoplasm of the phototrophic organisms (ROHMER, 2010).
This pathway involves condensation of three units of acetyl coenzyme A (AcCoA) to
form the compound 3-hydroxy-3-methylglutaryl Coenzyme A (HMG-CoA). After the
reduction of HMG-CoA to mevalonic acid, three sequential steps happen, two
successive phosphorylations and a decarboxylation to yield the Cs compound, IPP
(AHARONI et al, 2006; ASHOUR et al. 2010; DUBEY et al., 2003; OKADA, 2011).

The condensation of two IPP units with one DMAPP by the action of farnesyl
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diphosphate synthase (FPPS) generates the precursor for sesquiterpenoids. This
pathway produces sesquiterpenes and triterpenes such as phytosterols and oleanolic
acid (AHARONI et al., 2003; AHARONI et al., 2006; ESTEVEZ et al., 2001;
GINGLINGER, 2010; KREUZWIESER et al., 1999; LAULE et al., 2003; OKADA,
2011).

The MEP pathway was first discovered in many bacteria and plastids of plants,
and was later identified in most bacteria and in the plastids of phototrophic organisms
and related phyla (ROHMER, 1999; ROHMER, 2010). This pathway starts with an
aldol-type addition of hydroxyethyl-TPP (thiamine-pyrophosphate), which is formed
by the decarboxylation of pyruvate, at the C1 position of glyceraldehyde 3-phosphate
(GAP) to yield 1-deoxy-D-xylulose-5-phosphate (DXP) (AHARONI et al.,, 2006;
ESTEVEZ et al., 2001; KREUZWIESER et al., 1999; OKADA, 2011). The DXP is
transformed to 2-C-methyl-D-erythritol 4-phosphate (MEP). MEP is subsequently
converted into 2C-methyl-D-erythritol 2,4-cyclodiphosphate (MECDP) by the
consecutive activities of three independent enzymes (ESTEVEZ et al., 2001). The
condensation of one IPP unit with one DMAPP by the action of geranyl diphosphate
synthase (GPPS) generates the immediate precursor of monoterpenoids. This
plastidic pathway produces isoprene, monoterpenes, diterpenes, carotenoids,
plastiquinones, and phytol conjugates such as those of chlorophylls and tocopherols
(AHARONI et al., 2006; ESTEVEZ et al., 2001; KREUZWIESER et al., 1999; LAULE
et al., 2003).

Although the subcellular compartmentalization of two pathways allows them to
operate independently, metabolic cross-talks between the two pathways has been
reported: the plastids produce terpenoid precursors primarily via MEP pathway, while
in the cytosol/ER terpenoid precursors form largely via the MVA pathway (ASHOUR
et al., 2010; HEMMERLIN et al. 2003; LAULE et al, 2003; OKADA, 2011;
RODRIGUEZ-CONCEPCION and BORONAT, 2002). When Tobacco Bright Yellow-2
Cells (TBY-2) were used to evaluate the cross-talks between the two pathways,
Hemmerlin et al. (2003) found evidences that significant exchange of metabolites is
possible across the plastid envelope. The interactions between the cytosolic and the
plastidial pathways of isoprenoid biosynthesis in Arabidopsis thaliana as probed by
treatment with either an inhibitor of the MVA pathway (lovastatin) or the MEP
pathway (fosmidomycin) (LAULE et al., 2003). Bouvier and colleagues (2005), with
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available data of isoprene-emitting plants, indicated that the cross-talk between
chloroplastic and extra-chloroplastic pathways of isoprenoid formation is marginal,
thus when the plastid pathway is blocked, the amount IPP shuttled from the cytosol

into the plastid could not compensate the deficiency.

Finally, the action of terpene synthases (TPSs) convert DMAPP, GPP, GGPP,
and phytoene into hemiterpenes, monoterpenes, diterpenes, and tetraterpenes
respectively in plastids; whereas other TPSs convert FPP and squalene to
sesquiterpenes and triterpenes usually in the cytosol (BOHLMANN et al.,, 1998;
LANGE et al., 2000).

The terpene synthases or cyclases are very similar in physical and chemical
properties and catalyze the reactions in which the primary terpene skeletons are
formed from the mentionned substrates (AHARONI et al., 2006; TRAPP and
CROTEAU, 2001). One characteristic feature of many TPSs is the formation of
mutiple products from a single substrate (STEELE et al., 1998). The reaction
mechanism involves a divalent-cation-dependent of the prenyl diphosphate substrate
and the formation of reactive carbocation intermediates (THOLL et al., 2006).
Although a TPS cyclization reaction may occasionaly constitute the terminal step in a
plant secondary metabolism, it is much commun further modifications of the terpene
olefin to take place (KIRBY and KEASLING, 2009). These modifications may at later
points of the pathway be catalyzed by an array of different enzyme classes, such as
the cytochrome P450 monoxygenases (see Table 01), dehydrogenases, methyl
transferases, acyl transferases and UDP glycosyltransferases (DUDAREVA et al.,
2004; GINGLINGER, 2010). For example, the serine carboxypeptidase-like (SCPL)
acyltransferase enzyme is required for acylation of antimicrobial terpenes that are
produced in the roots of Avena spp. and that provide protection against soil-borne
pathogens (MUGFORD and OSBOURN, 2010). Further, the cytochrome P450
monoterpene oxygenases, in most cases, mediated allylic hydroxilation of parental
monoterpene olefin leads to a series of redox transformations and conjugation
reactions which yield a family of structurally related derivatives and isomers (MAU
and CROTEAU, 2006). Thus, they are responsible for imparting structural and

functional diversity to this family of natural products.

The terpene synthases of primary metabolism are linked to plant growth and

development directly, thereby allowing, by mutation, an alteration in morphological
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phenotype, while the genes of secondary metabolism, are not necessary for an
organism to live, can tolerate functional mutations leading to product diversity. So, if
a gene reponsible for biosynthesis of an isoprenoid is already known, its
overexpression or deletion in the plant can provide useful functional information
(KIRBY and KEASLING, 2009).

3.1  Terpenoids volatiles

In plants, terpenoids play important roles such as hormones and in
interactions with other organisms, including defense responses in neighboring plants,
as an indirect defense by attracting natural enemies of herbivores, defense against
pathogens and as attractants for pollinators and seed dispersers. Terpenes, such as
isoprene and monoterpenes also appear to mitigate abiotic stresses, such as high
temperature and oxidative stress (HOLOPAINEN and GERSHENZON, 2010;
KREUZWIESER et al., 1999; LORETO and SCHNITZLER, 2010; SCHNITZLER et
al., 2010). Besides their ecological benefits to plants, terpene specialized compounds
are widely used by humans as flavors, fragrances, pharmaceuticals, or as potential
precursors in the production of biofuels (BOHLMANN and KEELING, 2008).

Bohimann et al. (2000) evaluated the funtional expression in E. coli of an
Arabidopsis thaliana terpene synthase gene, designated AtTPS10, converted geranyl
diphosphate (GPP) into the acyclic monoterpenes B-myrcene and (E)-p-ocimene and
small amounts of cyclic monoterpenes. Van Poecke et al. (2001) showed that in
Arabidopsis plants infested with Pieris rapae caterpillars, the expression of TPS10
and the production of 3-myrcene were induced. Faldt et al. (2003) when worked with
AtTPS03 also of A. thaliana, they identified formation as major component of (E)-B-
ocimene from GPP. Normaly, the (E)-B-ocimene is a component of floral scents and

protect plants by attracting natural endemies of herbivores or their parasitoids.

The formation of floral volatiles in Arabidopsis involved the expression of 32
TPS genes distributed in its five chromosomes (AUBOURG et al., 2002). Chen et al.
(2003) showed that Arabidopsis flowers emit both monoterpenes and sesquiterpenes
and the expression of 25 genes in flowers, roots, leaves, siliques and stems. These,
especially six genes (TPS02, TPS11, TPS14, TPS17, TPS21 and TPS24) showed

complete or almost complete flower-especific expression. Chen et al. (2004)
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characterized two root specific monoterpene synthases (TPS23 and TPS24) from A.
thaliana for the formation of the monoterpene 1,8-cineocle as major enzymatic

product.

Aharoni and collegues (2003) led experiments in which transgenic Arabidopsis
overexpressing two differents TPS was generated. The leaves of trangenic plants
constitutively expressing a dual linalool/nerolidol synthase in the plastids (FaNES1)
produced linalool and its glycosilated and hydroxilated derivatives. They examined
the volatiles emitted by wild tipe Arabidopsis plants that revealed that the flowers
emit an array of monoterpenes (myrcene, limonene and (E)-B-ocimene) and

sesquiterpenes ((E)-B-caryophilene, thujopsene, and a-humulene).

The analysis of induced volatile terpene emissions from rosette leaves of 27
Arabidopsis accessions show that several accessions such as Wassilewskija (WS)
emitted the monoterpene (E)-B-ocimene and the sesquiterpene (E,E)-a-farnesene,
while others as Col-0 release (E,E)-a-farnesene, without any or only traces of (E)-3-
ocimene (Huang et al., 2010). They demonstrated that the difference is caused by
allelic variations leading to differential expression and subcellular targeting of two
closely related bifunctional (E)-B-ocimene/(E,E)-a-farnesene synthases, TPS02 and
TPSO03.

The linalool (3,7-dimethyl-1,6-octadien-3-ol) production was evaluated in
different Saccharomyces cerevisiae strains expressing the Clarkia breweri linalool
synthase gene. Rico et al. (2010), showed enhanced production of a plant
monoterpene by overexpression of the 3-hydroxy-3-methylglutaryl coenzyme a

reductase (HMG-CoA reductase) catalytic domain.

Genetic modifications can offers new opportunities to study the regulation of
the biosynthesis of secondary metabolites in plants (LUCKER et al, 2004). Thus, the
goal of the project is to identify candidate P450s involved specifically in monoterpene

modulation in the model plant Arabidopsis thaliana.
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4 MATERIAL AND METHODS

This work was completed in the Department of Metabolic Networks of the
“Institut de Biologie Moléculaire des Plantes” (IBMP) of CNRS, Strasbourg — France

with Dr. Jean-Francois Ginglinger under the supervision of Dr. Daniéle Werck.

The initial part of the project, which is the cloning of the candidate genes and
their promoters in the different vectors, their monitoring in A. thaliana using RT-gPCR
and promoter-GUS fusion construct transformed plants, the selection of KO insertion
mutant Arabidopsis lines, the construction and selection of over-expression
Arabidopsis mutants was performed by Dr. Jean-Frangois Ginglinger in his Ph.D

thesis with the supervision of Dr. Daniéle Werck.

41 Plant growth

Seeds of Arabidopsis thaliana and Nicotiana benthamiana were sown in a
standard soil compost mixture, and seedlings were grown individually in growth
chambers under white fluorescent lamps. Photon fluency was 40-60 umol.m?.s™ at
the rosette level and 70-90 pmol.m2.s™ at the level of Arabidopsis inflorescence tips,
i.e., ~20-30 cm above the rosettes. The temperature was 22 °C during the day (12 h)
and 19°C during the night (12 h) for Arabidopsis thaliana. The temperature was 24°C
during the day (16 h) and 20°C during the night (8 h) for Nicotiana benthamiana.

4.2 Monitoring of B-glucuronidase activity

The promoter region (1.5kb) of candidate genes was isolated by PCR from
Arabidopsis genomic DNA using appropriate primers with “user” extensions. The
resulting PCR product was cloned into the vector pBI101U adapted with a “user”. The
constructs were introduced into Agrobacterium tumefaciens strain GV3101, which
was used to transform Arabidopsis by floral vacuum. Transgenic lines transformed
with the construct were selected on plate containing kanamycin 50 ug/mL and
cefotaxime 100 pg/mL and confirmed by PCR after gDNA extraction. Enzymatic

assay with 5-bromo-4-chloro-3-indolyl-B-D-glucuronide (X-Gluc) were performed to
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determine the localization of GUS activity. Tissue samples were incubated at 37°C in
GUS staining buffer for 24 hours for the roots and 4 hours for the flowers and other
organs. Samples were subsequently washed with PBS buffer 50 mM pH 7, ethanol
50% and ethanol 70%.

4.3 RT-gPCR of candidate genes

The transcript levels of target genes were quantified using RT-gPCR in 96 well
plates using a Bio-Rad iCycler real time PCR instrument. One or two biological
replicates were used for each treatment, and two or three technical replicates were
analyzed for each biological replicate. Each technical replicate was associated to one
or two reference genes for background correction: GAPDH (At1g13440) and TIP41-
like (At4g34270) for Arabidopsis, PDA1 and ADH6 for Saccharomyces cerevisiae,

and elongation factor 2a (accession: AJ299248) for N. benthamiana.

Each reaction was performed in 20uL total volume: 10 yL of 2*SYBR Green |
master mix with fluorescein, 5 pL of 20 times diluted cDNAs and 5 uL of 2 uyM
primers appropriates. Thermal cycling conditions were 2 min at 50°C and 10 min at
95°C followed by 45 cycles of 15s at 95°C and 1 min at 60°C before final dissociation
for 1 min at 95°C. The calibration curve for each gene was obtained by performing
RT-PCR with serial dilutions of the cloned cDNA fragment. The specificity of the
individual PCR amplification was checked using a heat dissociation curve from 55 to
95°C following the final cycle of the PCR.

Jean Francois Ginglinger performed these molecular manipulations.

4.4 Subcellular protein localization

The candidate genes were isolated by PCR from a subclone, using
appropriate primers with “user” extensions and modified to remove the stop codon.
The open reading frame of the enhanced GFP (eGFP) was amplified from a plasmid
using appropriate primers with “user” extensions. The resulting PCR products were
cloned into the vector pCAMBIA2300U (CaMV-35S promoter) adapted with a “user”

cassette. The GFP was inserted on the C-terminal side of the protein; the stop codon
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of the candidate gene was replaced by a codon of the amino acid glycin (G) and a
linker constituted by TGRH encoded by the sequence ACCGGTCGCCAC was
introduced between the proteins for flexibility. Jean Francois Ginglinger performed

this manipulation.

The constructs were transformed into hypervirulent Agrobacterium
tumefaciens strain LBA4404 (For more details, see 2.4.1. Agrobacterium tumefaciens
transformation) and used for the infiltration of Nicotiana benthamiana leaves (See,
4.4. Nicotiana benthamiana leaf infiltration). Five days after infiltration, leaves were
detached and used for observation of the fluorescent signal with a confocal
microscope. Images were acquired with a LSM510 confocal microscope (Carl Zeiss,
software version AIM 4.2), using a 63x, 1.2 NA water immersion objective lens at
23°C. Fluorescence of free GFP or GFP fusion proteins was observed after excitation

with a 488nm laser line, using a 505-550 band-pass emission filter.

4.5 Heterologous expression in Saccharomyces cerevisiae

4.5.1 In vitro enzymatic assay

The candidate genes were isolated of by PCR using appropriate primers with
“‘user” extensions. The PCR products were cloned (user cloning) into the yeast
expression vector pYeDP60U (expression cassette under the control of the GAL10-
CYC1 glucose-repressed, galactose-inducible promoter) adapted with a “user”

cassette. Jean Francois Ginglinger performed this manipulation.

Microsomal fractions containing the recombinant protein were then prepared
as described in Pompon et al. (1996). 30 mL SGI selective medium was inoculated
with a transformed WAT11 or HMT1 colony and incubated at 28°C overnight. 200 mL
complete medium YPDE was inoculated with 2 mL of the preculture, and grown for
30 hours at 28°C. 20 mL of a 200 g/L galactose solution was added for induction of
the promoter for 16 hours. Cells were centrifuged at 7 500g for 10min at 4°C, and the
pellet was washed in 30 mL TEK solution. All following steps were performed while
keeping samples on ice. Cells were centrifuged in the same conditions and the pellet
was taken in 2 mL TES solution (0.5g BSA and 6uL B-mercapto-ethanol was added
to 50mL TES before use). The cells were placed in a 50mL Falcon tube and 0.4-0.6
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mm glass beads (Sartorius) were added until reaching 2 mm of the surface. Cells
were broken by vigorously shaking the tubes for 5*1 min. The solution was then
filtered on Miracloth to remove the glass beads and was centrifuged in the same
conditions as stated above to pellet cell debris. The supernatant was centrifuged at
100 000g for 45 min at 4°C, and the pellet (microsomal fraction) was taken in 1-2 mL
TEG.

451.1 P450 quantification

The reduced P450 binds CO with great affinity and forms a complex that
absorbs light at 450nm. Measurement of the P450-CO complex was performed
according to Omura and Sato (1964). A few milligrams of dithionite were added to 20
times dilute microsomes in TEG buffer. The solution was divided into 2 cuvettes and
placed into a double beam spectrophotometer (Shimadzu SP2000). A base line was
saved between 400 and 500 nm, and the test cuvette was saturated with CO. The
difference spectrum peak at 450 nm allows calculation of the concentration of P450

(5450-490nm=91 mM'1 .Cm-1 )

4.51.2 Enzymatic activities

Purified microsomal fractions were then used for incubation with substrates.
Each reaction was performed in a final volume of 200 uL in a glass tube. Substrates
were solubilized in PBS 50 mM pH 7.4 to a final concentration of 100 uM. 20 uL
microsomes were added and the reaction was initiated with the addition of NADPH at
a final concentration of 1 mM. The tubes were placed at 27°C for 20min under gentle
agitation, and were then extracted twice with 500uL ethyl acetate. The solvent
fraction was concentrated under soft argon flow to ~200 uL. 2 pyL were injected in
GC-FID.

4.5.2 Terpenoid analysis of reconstituted pathways

Jean Francgois Ginglinger performed these molecular manipulations.
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The Saccharomyces cerevisiae strain K197G was obtained from Pr. Francis
Karst (INRA - Colmar), and used for replacement of the sole endogenous
cytochrome P450 reductase by one of Arabidopsis thaliana: ATR1 to produce a
strain called HMT1. ATR1 inserted in the yeast integrative vector pYeDP110 (GAL10-
CYC1 inducible promoter) was obtained from Pr. Philippe Urban (CNRS-CGM - Gif-
sur-Yvette). After bacteria transformation, the constructs were checked by PCR to
select colonies for which the fragment was inserted in the right direction.
ATR1::.pYeDP110 constructs were then introduced into Saccharomyces cerevisiae
strain K197G.

The open reading frame of candidate genes were isolated by PCR using
appropriate primers with Notl and Pacl extensions for TPSs, and BamHI and Xhol
extensions for P450s. The 5 132bp and 285bp nucleotide sequence of TPS710 and
TPS14 respectively, encoding a plastid targeting sequence, was not included in the
amplification. The PCR products of the TPSs were cloned into the multiple cloning
site 1 (MCS1; GAL10 inducible promoter), and the P450 were cloned into the MCS2
(GAL1 inducible promoter) of the double expression replicative vector pESC-Leu. All
possible combinations of plasmids containing one or two genes were produced. The
constructs were introduced into Saccharomyces cerevisiae strain HMT1 for

expression.

For the determination of enantiomeric linalool produced by the conversion of
TPS10 and TPS14 expressed in HTM1, was prepared constructs with and without
the N-teminal sequence. The conversion products were extracted with 2*1 mL ethyl
acetate and eluted with 1 mL of the same solvent in SPE Cartridges (hydrophobic-
lipophilic balance — HLB 60 mg/Waters) solvated with ethyl acetate After, the solvent
was concentrated ~ 200 pL and injected in GC-MS.

4.5.2.1 Metabolite extraction

10 mL of a 5 M NaCl solution containing 20 ng/mL of 3-octanol was added to
10 mL of supernatant to facilitate adsorption to SBSE stir bars (Gerstel, Mihlheim,
Germany), which were added and let spin at 740 rpm for 2 hours and 30 min. Stir
bars were quickly rinsed in water, dried, and placed in 100 uL acetonitrile in a GC vial

containing an insert. The vials were sonicated for 30 min to desorb the organic
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compounds from the matrix, and stir bars were removed from the vials, from which
1uL was injected in the TD/GC-MS and GC-MS.

4.6 Transient expression in the leaves of Nicotiana benthamiana

The open reading frame of candidate genes were isolated by PCR from a
subclone, using appropriate primers with “user” extensions. For TPS10 and TPS14,
the sequence encoding the full-length protein including the N-terminal transit peptide
was amplified. The PCR products were cloned into the vector pCAMBIA3300U
(CaMV-35S promoter) adapted with a “user” cassette.

4.6.1 Agrobacterium tumefaciens transformation

The constructs were expressed in the DNA constructions in vectors were
expressed in plants via transformation in Agrobacterium tumefaciens. The
Agrobacterium strain LBA4404 hypervirulent was used for transient expression in N.
benthamiana leaves. Electrocompetent agrobacteria were thawed on ice. 0.5 uL of
100 ng/pL plasmid was mixed with 50uL cells and placed in an electroporation
cuvette (2 mm gap, Molecular Bioproducts). A BioRad electroporator (Gene Pulser I)
was used to give an electric shock (voltage 2400 V, capacitance 25 pF, resistance
200 Q). 150 pyL YEB medium was immediately added and cells were being spread on
a YEB plate containing rifampicin 25 pg/mL, gentamycin 25 pg/mL, and kanamycin
50 ug/mL, and incubated for 2 days at 28°C. 4 colonies were transferred on a similar
YEB plate, and checked for the presence of the plasmid by colony PCR. 1 positive

colony was used for plant transformation.

4.6.2 Nicotiana benthamiana leaf infiltration

Transformed agrobacteria strain LBA4404 hypervirulent was used for
infiltration of N. benthamiana leaves for transient expression. One transformed
colony was grown for 30 hours at 28°C in 5 mL YEB medium containing rifampicin 25

Mg/mL, gentamycin 25 ug/mL, and kanamycin 50 pg/mL in a 12 mL culture tube. The
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p19 (protein of tomato) expressing strain was grown in the same conditions, except
that gentamycin was not added. The cells were then centrifuged at 5 500g for 8 min
at 15°C, and the pellet was rinsed in 5 mL ddH,O. Cells were re-centrifuged in the
same conditions and taken in 5 mL ddH,O. The ODgy was measured, strains
expressing different proteins were mixed if necessary, and the final ODgypp was
brought to 0.5. The culture was mixed to the p19-expressing strain in a 4:1 ratio (v/v,

mixture of candidate gene(s):p19).

The mixture of agrobacteria was used for the infiltration of two leaves 4-6

weeks old Nicotiamina benthamiana plants per replicate.

4.6.3 Terpenoid analysis of reconstituted pathway

4.6.3.1 Incubation with substrates

5 days after infiltration and confirmation of the subcellular protein localization
(See 4.4. Subcellular protein localization), leaves were detached and discs of 11 mm
diameter were cut with a metal circular lid. Five discs per leaf were placed for
incubation for 4 hours in a small glass dish floating at the surface of 2 mL PBS buffer
20 mM, pH 7.4 and the potential monoterpene substrates (linalool, geraniol, [3-
ocimene, nerol and B-myrcene) at 200 uM. Buffer and discs were then used for

analysis of terpenoids by liquid-liquid extraction and tissue extraction, respectively.

4.6.3.2 Buffer liquid-liquid extraction

The buffer used for incubation of discs of transformed N. benthamiana leaves
was extracted for analysis of terpenoids. 10mL buffer was extracted with 10 mL
pentane/ethyl acetate (4:1). The supernatant was spiked with 1 uM 3-octanol and
concentrated under argon flow to ~100 pL. 2 uL were injected in GC-FID and TD/GC-
MS.

4.6.3.3 Tissue extraction

The 10 discs of N. bentamiana was extracted with 2 mL of methanol spiked
with 10 uM 3-octanol (internal standard) in a mortar and a pestle, 1 mL methanol

more was added to rinse the pestle, and 2 more to rinse the borders of the mortar.
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The extract was let incubated for 1 hour. The mixture was centrifuged at 2 000g for 2
min and the supernatant was then concentrated to approximately 500 yL under argon
flow, stored at -30°C overnight to precipitate proteins, and centrifuged again at
2 000g for 2 min. The supernatant was transferred to a LC vial and analyzed in
UPLC-MS/MS.

46.34 Volatile collection of N. benthamiana leaves

Two transformed N.benthamiana leaves (5 days after infiltration) per replicate
were placed in a pot with water. Volatile compounds were sampled according to the
procedure described by Aharoni et al. (2003). Samples were placed in 1 L glass jars
fitted with a Teflon-lined lid equipped with an inlet and an outlet. A vacuum pump was
used to draw air through the glass jar at ~100 mL/min. The incoming air was purified
through a metal cartridge (140*4 mm) containing 200mg Tenax TA (20/35; Grace
scientific). The volatiles emitted by the flowers were trapped at the outlet on a similar
Tenax cartridge. Volatiles were sampled 24 hours. Volatiles were recovered from the

cartridges and analyzed by thermo-desorption using TD/GC-MS.

4.7 Mutant lines analysis

Mutants of Arabidopsis thaliana were generated and analyzed with the aim to
replace the enzymes in the relevant metabolic pathway(s), and to point to their

physiological role in vivo.

Metabolic profiles were obtained i) from the volatile fraction using the volatile

collection system and ii) from the flowers by optimizing extraction procedures.

4.7.1 KO insertion mutant Arabidopsis lines selection

This part was designed and performed by Dr. Jean-Frangois Ginglinger.

Arabidopsis Salk insetion lines were obtained from the NASC (Nottingham
Arabidopsis Stock Center). Seeds were spread and 10 plants per line were grown on
soil. Selection for mutants was performed by genotyping because the plant

resistance marker is no longer working in Salk lines. When the rosette was formed,
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one young leaf was detached and used for genomic DNA (gDNA) extraction. Rounds

of PCR with appropriate primers were performed to genotype the plants.

4.7.2 Construction of over-expression Arabidopsis mutants

This part was designed was performed by Dr. Jean-Frangois Ginglinger.

The open reading frame of the candidate genes was isolated by PCR from a
subclone, using appropriate primers with “user” extensions. The resulting PCR
products were cloned into the vector pPCAMBIA3300U (CaMV-35S promoter) adapted
with a “user’” cassette. The constructs were introduced into Agrobacterium
tumefaciens strain GV3101, which was used to transform Arabidopsis by floral dip.
Transgenic lines transformed with the construct were selected on soil using Basta
and confirmed by RT-gPCR.

4.7.3 Volatile collection of A. thaliana

Mutant and wild type plants were cultivated in growth room until fully flowering.
Three plants per replicate were used for the collection of volatiles emitted from
flowers. Approximately 60 inflorescences for each genotype were placed in a small
glass pot with water. When fully flowering, the inflorescences of 5 mutant and wild

type plants per replicate were used for the collection.

The Arabidopsis thaliana inflorescences were gathered in bouquets, placed in
small pots with water and enclosed in 1 L glass jars closed with a Teflon-lined lid
equipped with inlet and outlet Aharoni et al. (2003). A vacuum pump is used to draw
air through the glass jar at ~100 mL/min. The incoming air is purified through a metal
cartridge (140x4 mm) containing 200 mg Tenax TA (20/35; Grace scientific). At the
outlet, the volatiles emitted were trapped on a similar Tenax cartridge. Volatiles were

sampled during 23 hours. Cartridges were thermally desorbed in TD/GC-MS.
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4.7.4 Tissue extraction

4.7.4.1 Tissue extraction (frozen)

A. thaliana flowers (~ 120 mg) were frozen in liquid nitrogen, and grinded in
2mL Eppendorf tubes with a metal bead and using a grinder (TissueLyser Il, Qiagen).
100 mg of frozen grinded tissue was precisely weighed and placed in 2mL Eppendorf
tubes and extracted with 1mL methanol spiked with 10 uM citronellol (internal
standard). Tubes were vortexed, stored at -30°C overnight, and centrifuged at
21 000g for 20 min. Approximately 500 uL of the supernatant was transferred to a LC
vial and analyzed in UPLC-MS/MS.

4.7.4.2 Tissue extraction (fresh)

A. thaliana flowers (~ 120 mg) (KO and Wild-Type) were collected and
extracted them fresh in 3.5 mL MeOH. The samples were concentrated to 500 uL,
and analyzed in UPLC-MS/MS operated in multiple reaction monitoring (MRM)
looking for the signature of 7 compounds: linalool, 8-hydroy linalool, 8-oxo-linalool,

linalool-8-carboxylic acid, 1,2 epoxy-linalool, lilac alcohol and lilac alcohol epoxyde.

4.8 Analytical methods based on GC and UPLC

Compounds were identified by comparing retention times and mass spectra
with those of standards compounds (Sigma-Aldrich, St. Louis, MO) or provided from
Matthias Wust (Rheinische Friedrich-Wilhelms-Universitat, Bonn) and Adam Matich
(The New Zealand Institute for Plant & Food Research). The solvents utilized were
HPLC grade from Sigma-Aldrich (St. Louis, MO).

4.8.1 GC-FID

Samples from incubation assays were analyzed on a Varian 3900 gas

chromatograph coupled to a flame ionization detector. Separation was performed on



133

a DB-5 column (Agilent) of 30 m * 0.25 mm i.d. * 0.25 ym thickness. Helium was the
carrier gas (flow rate of 1.2 mL/min), a splitless injection (injection volume of 2 uL)
was used, and a temperature gradient of 10°C/min from 50°C (0.5 min hold) to 320°C
(5 min hold) was applied.

4.8.2 TD/GC-MS

4.8.2.1 Perkin Elmer thermodesorption

Tenax cartridges were analyzed on a Perking Elmer clarus 680 equipped with
a Clarus 600T quadrupole mass spectrometer. Volatiles were released from Tenax
traps using a thermal desorption cold trap setup by heating at 250°C for 5 min, with a
Helium flow of 30 mL/min. Desorbed volatiles were then transferred to an
electronically-cooled focusing trap at -30°C within the TDS. Volatiles were injected in
splittess mode into the analytical column (HP5-MS, 30 m x 0.25 mm i.d. x 0.25 ym
thickness) by heating the cold trap to 280°C. The GC was held at the initial
temperature of 50°C for 3.5 min followed by a linear thermal gradient of 10°C/min to
140°C, then another gradient of 5°C/min to 220°C, another gradient of 20°C/min to
300°C and held for 5 min with a constant comun pressure or 26 psi. The column was
coupled directly to the ion source of the DSQ quadrupole mass spectrometer, which
was operated in the 70eV El ionization mode and scanned from mass 50 to 600 amu.
TurboMass software (version 5.4.2) was used for instrumet control and data

processing.

4.8.2.2 Perkin Elmer liquid injection

Liquid samples were analyzed on the same machine, but using a liquid
injector. Helium was the carrier gas (flow rate of 1.2mL/min), the injector was set to
280°C in splittess mode. 2 yL were injected and the GC oven temperature was
programmed at 50°C for 30 sec and then a rate of 10°C min-1 to 320°C and the
temperature was held for 10 min. The Mass spectrometer was operated as described

above.
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4.8.3 GC-MS (a)

Tenax cartridges were sent to the laboratory of Plant Physiology at the
University of Wageningen in the Netherlands. All analyses were entirely performed
by Dr. Francel Verstapen. Tenax cartridges were analyzed on a Trace GC Ultra™
(Thermo Electron Corporation) equipped with a Trace DSQ quadrupole mass
spectrometer (Thermo Electron Corporation). Tenax cartridges were first dry-purged
with helium at 100 mL/min for 10 min at ambient temperature to remove any water.
Volatiles were released from Tenax traps using a thermal desorption cold trap setup
by heating at 250°C for 3 min, with a He flow of 30 mL/min. Desorbed volatiles were
then transferred to an electronically-cooled focusing trap at -10°C within the TDS.
Volatiles were injected in splittess mode into the analytical column (Restek, RTX
5MS, 30 m x 0.25 mm i.d. x 1.0 ym thickness) by heating the cold trap to 300°C. The
GC was held at the initial temperature of 40°C for 3.5 min followed by a linear
thermal gradient of 10°C/min to 280°C, and held for 2.5 min with a He flow of
approximately 1 mL/min. The column was coupled directly to the ion source of the
DSQ quadrupole mass spectrometer, which was operated in the 70eV El ionization
mode and scanned from mass 45 to 400 amu. An auto sampler was used for the
automatic desorption of the Tenax traps (UltrA™,  Markes international Ltd, UK). The
TC-20 Multi-tube conditioning unit (Markes International Ltd, UK) was used to clean
the cartridges in between measurements by heating them at 310°C for 40 min under

a He flow.

4.84 GC-MS (b)

Sampling and analysis were performed in the Max Plank Institute for Chemical
Ecology of Jena (Germany). The analytical part was performed by Dr. Tobias Kdllner.
Samples were analyzed on an Agilent 6890N gas chromatograph equipped with an
Agilent 7683 automatic liquid sampler coupled to an Agilent 5975B inert MSD
(Agilent Technologies). Separation was performed on a heptakis (2,3,-di-o-methyl-6-
o-f-butyldimethyl-silyl)-B-cyclodextrin diluted with OV1701 capillary column of 20 m x
0.25 mm i.d. x 0.15 ym film thickness. Helium was the carrier gas (flow rate of 0.6

mL/min), the injector was set to 200°C in splitless mode. 1uL was injected and the
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GC oven temperature was programmed at 50°C for 2min and then a rate of 4°C min-
1 to 200°C.The Mass spectrometer was operated in electron impact ionization mode
(El, 70eV) and the masses were scanned over a m/z range of 50 — 600 amu. Agilent
MSD ChemStation software (G1701DA, Rev D.03.00) was used for instrument

control and data processing.

4.8.5 UPLC-MS/MS

Analyses were performed using a Waters Quattro Premier XE (Waters,
Mildorf, MA USA) equipped with an electrospray ionisation source (ESI) and coupled
to an Acquity UPLC system (Waters USA). Chromatographic separation was
achieved using an Acquity UPLC BEH C4s column (100 x 2.1 mm, 1.7 ym; Waters)
and pre-column. The mobile phase consisted of (A) water and (B) methanol, both
containing 0.1% formic acid. The run started by 2 min of 95% A, then a linear
gradient was applied to reach 100% B at 12 min, followed by isocratic run using B
during 2 min. Return to initial conditions was achieved in 3 min, with a total run time
of 17 min. The column was operated at 35°C with a flow-rate of 0.35 mL/min,
injecting 3 ul samples. Nitrogen was used as the drying and nebulizing gas. The
nebulizer gas flow was set to approximately 50 L/h, and the desolvation gas flow to
900 L/h. The interface temperature was set to 400°C and the source temperature at
135°C. The capillary voltage was set to 3.4 kV and the cone voltage to 25 V, the
ionization was in positive or negative mode. Low mass and high mass resolution
were 15 for the both mass analyzers, ion energies 1 and 2 were 0.5 V, entrance and
exit potential were 50 V and detector (multiplier) gain was 650 V. Data acquisition
and analysis were performed with the MassLynx software (version 4.0). Full-scan
and Selected lon Recording (dwell time 0.1 s) mode was used for qualitative
analyses. The multiple reaction monitoring (MRM) mode was used to quantitative

anlalyses.
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5 RESULTS AND DISCUSSION

The plants produce phytochemicals that can be necessary for a cell to live and
proliferation (primary metabolism) or that may have specialized roles with its
environment (secondary metabolism). Most of the secondary metabolite structural
diversity is generated by modifying common backbone structures, with the derived
compounds having potentially divergent biological activities (KLIEBENSTEIN, 2004).
For exemple, the enzymes P450s that catalyze a large proportion of the most
complex substrates regio- and stereo-specific steps in plant metabolism. They have
been shown to be involved in the biosynthesis of steroids, phenylpropanoid,
monoterpenoid, and alkaloid defense compounds as well as signal compounds such
as gibberellins and jasmonates (LORETO and SCHNITZLER, 2010; MAUGHAN et
al., 1997; SCHNITZLER et al., 2010).

5.1 Candidate genes expression and localization

Arabidopsis thaliana is a member of the Brassicaceae, a well established
model plant with a complete genomic map of all 5 chromosomes. There are 246
P450s genes (the most are of unknown biochemical function) and 32 TPS genes
annotated. Thus, with its extensive genetic and genomic ressources, A. thaliana
provides an ideal model system to study the fundamental roles of terpene floral
volatiles (THOLL et al., 2005).

In the Institut de Biologie Moléculaire des Plantes (IBMP) of CNRS,
Strasbourg — France was created software called CYPedia - Cytochrome P450

Expression Database using Arabidopsis (http://www-ibmp.u-strasbg.fr/~CYPedia/)

which combines large scale P450 (co-) expression data with functional annotation.
The CYPedia calculates co-expression between Arabidopsis genes based on
Affymetrix ATH1 microarray. The public microarray data of diverse databases were
analyzed on the Affymetrix ATH1 microrray using the Genevestigator, in which were
generated gene expression matrices for all P450s gene with the expression of more
than 4,000 genes of the plant metabolism, with the objective to identify known and
putative metabolic genes co-expressed with each CYP across thousands of
biological samples (EHLTING et al., 2008). The Pearson correlation coefficients (r-

value) were calculated where each P450 with each of the selected genes of plant



137

metabolism similarly (r>0.5) were kept for the identification of co-expressed

pathways. In evaluating the correlation coefficients, it was found that the floral genes
TPS10, TPS14, CYP76C3 and CYP71B31 have high correlation coefficients equal to
or greater than 0.84, suggesting that they participate in the same biosynthetic
pathway. Thus, CYP76C3 and CYP71B31 were selected as candidate genes for the
floral oxygenation of monoterpenoids produced by TPS10 and TPS14.

Figure 05 Hierarchical cluster analysis of mono-TPS genes (orange) and selected P450
(green). In detail the flower cluster. The selection (red) indicates the formation of an
hierarchical cluster of mono-TPS in flowers with stronger correlation.
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The Arabidopsis thaliana plants containing the promoter-GUS fusion
constructs for the 4 candidate genes were evaluated in root, leaves, stem,

inflorescence, flower, stamen, and nectary.

According to the figure 06, it can be seen that the candidate genes are
expressed in the stamens, and more specifically in filaments, especially the upper
part. At the stage of slilique development, GUS activity was also present in nectaries,
however, in low intensity. Control lines carrying the promoterless GUS insertion

cassette did not show any GUS control (data not shown).

The occurrence of GUS staining in the sepals, filaments, and receptacles
suggests a function involving the entire flower, such as pollinator attraction (CHEN et
al., 2003). Floral scents play important roles in pollinator attraction; in a natural
population of A. thaliana the most frequent flower visitors are solitary bees, diptera
and thrips (HOFFMANN et al., 2003). The floral volatiles of Arabidopsis also could
play a variety of the roles instead of or in addition to pollinator attraction (CHEN et al.,
2003).

The very similar expression of the 4 candidates genes indicates a possible
joint biochemical action and corroborates their co-expression calculated from
microarray data in the organ and tissue. Thus, the monitoring of the B-glucuronidase

activity confirms their co-expression in the flowers.

Ginglinger (2010) evaluated the expression of the 4 candidate genes (TPS10,
TPS14, CYP73C3 and CYP71B31) in different organs, at different flower stages, and
in the different part of the flower. The strongest expression was found first in the
flowers, after in siliques, leaves, stems and roots. The level of expression of the
candidates genes follows the same trend, with the maximum at stage when the
flowers are fully open, except for TPS10, which reaches its highest point in the stage

when the flowers are just open.



Figure 06 GUS activity in PromTPS710, PromTPS14, PromCYP76C3 and
PromCYP71B31 plants. Histochemical GUS staining of an inflorescence, flower,
stamen, nectary, flower 48 hours and petal 48 hours.
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Source: Author, 2012.
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To experimentally determine the subcellular localization of the 4 proteins, a 1,5
kb cDNA fragment beginning with the start codon of the candidate gene was inserted
into the vector pCambia2300U with a C-terminal fusion to green fluorescent protein
(eGFP). A linker constituted by five amino acid was introduced between the
candidate and fluorescent proteins for flexibility. Use of C-terminal fusions is
mandatory since it is the N-terminal ends of P450s and TPSs that drive respectively
their anchoring into the endoplasmic reticulum membrane, or their import into the
plastids (GINGLINGER, 2010). All the plant MEP pathway enzymes carry N-terminal
transit peptides for import into plastids (THOLL and LEE, 2011).

The GFP analysis of leaf discs of Nicotiana benthamiana transformed with the
TPS10-eGFP or TPS14-eGFP constructs showed green fluorescence located in
spots on the surface of chloroplasts. In plants transformed with the CYP76C3-eGFP
or CYP71B31-eGFP constructs, GFP fluorescence was observed at the endoplasmic

reticulum (Figure 07 and 08).

Figure 07 Confocal laser scanning microscopy of expressed TPS10 (A), TPS14 (B),
CYP76C3 (C) and CYP71B31 (D) peptide-GFP fusion proteins. Microscopic images
were taken from the leaf discs of Nicotiana benthamiana. A and B — The images shows
proteins localized on the surface of the chloroplasts. C and D — The ER localization of
the fluorescence.

Source: Author, 2012.
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Figure 08 Confocal laser scanning microscopy. Localization of CYP76C3-eGFP and
CYP 71B31-eGFP, with RFP-HDEL as a marker of the ER.RFP - Red Fluorescent
Protein and GFP — green fluorescent protein.
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Source: Author, 2012.
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5.2 Heterologous expression

The terpenes synthesized by TPS10 and TPS14 are candidate substrates for
the oxygenation by CYP76C3 and CYP71B31. The candidate genes were expressed

in heterologous systems and the formed biochemical products were analyzed.

5.2.1 In vitro assays with yeast microsomes

The in vitro assays with yeast microssomes consists of incubating substrates
with microsomal membranes isolated from the recombinant Saccharomyces
cerevisiae expressing P450s and a cytochrome P450 reductase (CPR). The P450s
are usually membrane-bound enzymes, thus these require the presence of a co-
localized CPR partner to supply reducing equivalents. The S. cerevisiae does contain
native P450s and therefore, as E. coli and most other bacteria do not have any native
P450s, are the preferred hosts for P450 expression (KIRBY and KEASLING, 2009).

In principle, the CYP76C3 and CYP71B31 coding sequences was insert into
the vector pYeDP60U and each construct to be studied was transformed into S.
cerevisiae WAT11 host cell. The strain WAT11 contains the A. thaliana cytochrome
P450 reductase (ATR1) under the control of GAL10-CYC1 hybrid promoter in place
of the endogenous P450 reductase (CPR1) (URBAN, et al., 1997), and is
auxotrophic for adenine. The vector contains the ADE2 gene to alleviate the

auxotrophy.

The peak at 450 nm was not detected by use of reduced CO differential
absorption spectroscopy. Therefore, the membranes were probably devoid of
functional P450. The catalytic activity of the proteins was verified by enzyme assays
using monoterpenes (linalool, nerol, geraniol, myrcene, phelladrene, cymene,
carene, camphene, and limonene) and sesquiterpenes (humulene, caryophyllene,
fanesene, isolongifolene, valencene, and cedrene) as substrates. The convertion of
these substrates were not detected in GC-FID, that which could be associated with
the instability of these P450s on the yeast membranes and/or damaged during the

preparation of microsomal fractions.
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5.2.2 Monoterpenoids analyses in reconstituted pathways in yeast

The Saccharomyces cerevisiae strain K197G generated by Pr. Francis Karst
contains the A. thaliana cytochrome P450 reductase (ATR1) under the control of
GAL10-CYC1 hybrid promoter in place of the endogenous P450 reductase (CPR)
(URBAN, et al., 1997), and is auxotrophic to uracil, histidine and leucine. ATR1 was
cloned in the integrative vector pYeDP110 (with an uracil selection marker) bearing

flanking regions of the CPR.

The K197G strain had been engineered for the accumulation of the common
monoterpenoids precursor GPP by disruption of the endogenous FPP synthase. After
transformation, ATR1 was integrated together with the galactose-inducible promoter
into the yeast genome at the CPR locus. The strains growing on selective medium
without uracil were named HMT1 (with ATR1). Each gene taken separately and all
possible combinations of TPS-P450 co-expressing in pESC-Leu vectors were
transformed into the HTM1. The truncated versions of TPSs lacking the putative
plastid peptide were used for clonning into pESC-Leu. Control assays were
performed with the same strain carrying the same expression vector without any
gene inserted. The transformants were grown and the expression of the genes was
induced by changing the carbon source to galactose. The culture was then
centrifuged and the growth medium was extracted using Stir Bar Supportive
Extraction method (SBSE; Gerstel). The organic compounds were then eluted from

the stir bars using acetonitrile and analyzed on GC-MS (a).

Linalool was produced when TPS10 or TPS 14 were expressed alone. In other
hand, when the TPSs were co-expressed with a P450 the level of linalool produced
was very similar to that found in wild-type (Figure 08). This result is in part in
agreement with the literature. Chen et al. (2003) analyzed in vitro incubations of
extracts of E.coli expressing TPS14 with GPP. Enantiomerically pure (+)-3S-linalool
was the only product. However, for TPS10, this result is in contradiction with what
was suggested by Bohimann et al. (2000). The functional expression of TPS10 in E.
coli was shown to produce a series of olefin terpenes (i.e., 2-carene, limonene,
myrcene, tricyclene and B-ocimene). Besides van Poecke et al. (2001) showed that
the expression of TPS10 is induced in Arabidopsis plants infested with Pieris rapae

caterpillars and can most likely be associated to quantities of B-myrcene is produced.
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The results indicate that the linalool produced when the TPSs are expressed
was higher than when they are co-expressed with the P450s. This latter level is very
close to the level produced by the empty vector control (except for the co-expression
with CYP71B31 in A- figure 09).

Figure 09 Linalool produced in yeast by TPS10 (A) and TPS14 (B) alone or with
CYP76C3 and 71B31 (co)-expressed. Empty vector control (black), TPS710and
TPS14(blue), CYP76C3 (orange) and CYP71B31 (green).

120000+

A B

100000+
ko TPS10 TPS14

80000+

Response

60000+

40000 /+CYP76C3 +CYP76C3—}

+CYP71B31 +CYP71B31
20000+

Emtpy vector control

; /

L
210N 21 8N 24 RN 25NN 258N 2R NN

")dkl’ll i '7Rlﬂﬂ' S '7a\=,n' s ")nlnn' '

Retentiontime (min)

Source: Author, 2012.

Thus, the present data leads to believe that the cellular environment
influences the function of the enzyme and that CYP76C3 and CYP71B31 accept
reductase ATR1 as an electron donor. The linalool is further converted by P450s

however; the oxidation products were not detected.

The monoterpene synthases are encoded by nuclear genes that possess an
N-terminal transit peptide that directs their import into the plastid followed by
cleavage of the transit peptid, e.g., the AtTPS10 cDNA is truncated at the 5
terminus. The truncation represents 36 amino acid residues of a presumptive transit
peptide region at the N-terminus of the deduced protein (BOHLMANN et al., 2000;
CHEN, et al., 2003). The truncated protein (cleaved/mature), missing the N-terminal
transit peptide responsible for the plastid localization, often has higher specific

activity when expressed than the full-length preprotein.
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For the determination of enantiomeric linalool produced by the conversion of
TPS10 and TPS14 expressed in yeast, constructs with or without the N-teminal
sequence were prepared. Control assays were performed with the same strain
carrying the same expression vector without any TPS gene inserted. These
experiments were conducted as described above, however the conversion products
were extracted with SPE cartridges and eluted with ethyl acetate. The solvent was
then concentrated and injected in GC-MS (b).

The complete protein encoded by TPS10 (long) and its mature version without
the putative transit peptiden (short) do not lead to the same products. The TPS10
long version, catalyzed the conversion of GPP to two products, R-(-)-linalool and S-
(+)-linalool (Figure 10 — C and D). Because of the chiral properties of its hydroxylated
third carbon, linalool occurs in two enantiomeric forms: R-(-)-linalool and S-(+)-
linalool (RAGUSO and PICHERSKY, 1999). This result different to TPS10 long and
short may be related with the protein problem folding. Its product was done, but

without the same characteristics.

For the TPS14 the conversion was differently, have been found where the two
enantiomers of linalool, though in different concentrations whichever formation of S-
(+)-linalool by TPS14 short (See Figure 10 - E). TPS14 long catalyzed conversion of
GPP was considered inactive because its products have concentrations similar to the
control empty (expression vector without any TPS gene inserted) (See Figure 10 - F
and G). These data are not in accordance with Chen et al. (2003), that found to both

the versions the conversion single product S-(+)-linalool.



Figure 10 Chirality of linalool produced by TPS10 or TPS14
expressed in HMT1 yeast. A. S/R-(+/-)-linalool (standard), B. R-(-)-
linalool, (standard) C. TPS10 (short), D. TPS10 (long), E. TPS14
(short), F. TPS14 (long) and G. Empty vector.
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The product was separated on a  —cyclodextrin columm. * Short — without the
N-terminal transit peptide sequence. Long — With the N-terminal transit peptide

sequence.
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5.2.3 Monoterpenoid analysis in reconstituted pathaways in leaves of
Nicotiana benthamiana

The postulated monoterpenoid pathways were transiently reconstituted in
leaves of N. benthamiana by co-expressing the candidate TPSs and P450s. For the
TPSs, the sequences encoding the full-length protein including the N-terminal transit
peptide were expressed in the plant. The candidate genes were cloned separately
into the pCAMBIA3300U vector under the control of the CaMV (Cauliflower mosaic
virus) 35S promoter, transformed into Agrobacterium tumefaciens. The different
Agrobacteria cultures were then mixed to obtain the desired combination of TPS and
P450 (ODgpo=0.5) and then mixed with a culture of equal density expressing the p19
protein of the tomato bushy stunt virus (TBSV) in a ratio of 4:1 (v/v, candidate
gene(s):p19). The p19 protein prevents the onset of post-transcriptional gene
silencing in the infiltrated tissues and allows high level of transient expression
(VOINNET et al., 2003).

The Agrobacteria cultures containing all 4 possible combinations of one TPS
and one P450, as well as each gene taken separately were used for infiltration of

leaves of N. benthamiana, which were then analyzed 5 days later.

To assess the emitted volatiles, detached leaves of these plants were
analyzed by headspace and the volatiles were adsorbed on the metal cartridges
containing a solid sorbent (Tenax). Two methods are known to desorb the
compounds from the cartridges: i) elute with a solvent that is concentrated and
analyzed, or ii) heat-desorb from the cartridge and directly inject into the GC column
using desorption module apparatus. The genes were expressed in all possible
combinations and the volatile compounds were collected for 4 hours using the
volatile trapping system. The cartridges containing the adsorbed terpenoids were

analyzed on a thermo-desorption-equipped GC-MS (a).

The results were very similar with those found in yeast. The protein encoded
by TPS10 produce linalool and when co-expressed with CYP76C3 or CYP71B31, the
linalool emission dropped, indicating further conversion of the products by P450
(Figure 11 - A). The TPS14 produced linalool, and when co-expressed with
CYP76C3 or CYP71B31, a similar drop of linalool in emitted volatile was observed.

However, no oxygenated terpenoid was found in the co-expressed samples.
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Figure 11 Linalool emitted* by Nicotiana benthamiana detached leaves transiently
expressing TPS10 (A) and TPS14 (B) alone or with CYP76C3 and CYP71B31.
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Source: Author, 2012.
Empty vector control (black), TPS10 or TPS14 (blue), CYP76C3 (orange) and CYP71B31 (green).

* The volatile emission was collected in 4 hours in volatile trapping system.

For the determination of the enantiomeric linalool produced by the TPSs,
TPS10 and TPS14 were expressed in N. benthamiana as described above.
However, the trapped products were extracted with pentane:ether (4:1), concentrated

and injected in GC-MS (b).

The results are consistent with those found in yeast (Figure 09). The protein
encoded by TPS10 and TPS14 produced the isomer R-(-)-linalool and S-(+)-linalool
respectively (Figure 11). Tholl et al. (2007) also indicated that the enzyme TPS14

catalyze the formation of monoterpene S-(+)-linalool (Figure 12).
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Figure 12 Chirality of linalool produced by Nicotiana benthamiana detached leaves
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5.2.4 Incubation with Nicotiana benthamiana leaf discs

CYP73C3 and CYP71B31 were transiently expressed in N. benthamiana
leaves as described above, and 5 days after infiltration leaf discs were cut out and
placed at the surface of a buffer containing 200 uM linalool (Figure 13). Assays were
carried out to test the substrate specificity of the enzymes with S/R-(+/-)-linalool,
geraniol, nerol, myrcene and ocimene as substrate.

Figure 13 A - Nicotiana Benthamiana young, B — leaf infiltration, C — leaf 5 days
after the infiltration, and D — leaf discs cut out at the surface of buffer.
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Source: Author, 2012.

After 4 hours of incubation, the buffer was extracted with an apolar solvent
mixture (pentane and ethyl acetate, 85:15, v/v) and injected in GC-FID/GC-MS. The

discs were ground and extracted with methanol and injected in UPLC-MS/MS.

The analysis of the buffer extract in GC-FID/GC-MS showed a significant
decrease of the linalool that was either converted or absorbed into the leaf discs. No
conversion was observed with geraniol, nerol, myrcene or ocimene as substrates.
The chromatograms revealed the presence of neo-formed compounds in the assays
performed with linalool. To CYP76C3 using the linalool as substrate were found the
molecules: compound 2 and 3 (no identification), E-8-oxo-linalool (4) and E-8-
hydroxy linalool (5). CYP71B31, also using linalool, were found 1,2 epoxy-linalool (1)
(in larger amount) and compound 2 (no identification). The results were compared
with CYP76B6 of Catharanthus roseus as positive control and empty vector as
negative control (Figure 14). The CYP76B6 was used by having good performance in

producing volatiles, to be accepted and used in literature as positive control.
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Figure 14 Identification of the produts formed by CYP76C3, CYP71B31 and CYP76B6.
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Gas chromatographic separation of the monoterpenes extracted from the incubation buffer of discs
of N. benthamiana leaves transiently expressing 76C3 (A - in red), 71B31 (B — in blue) and
CYP76B6 (C — in green). The compounds 1 is 1,2 epoxy-linalool, 2 and 3 were not identified, 4 is 8-
(E)-oxo-linalool and 5 is 8-(E)-hydroxy-linalool.
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In trangenic Arabidopsis plants the overexpression of the strawberry FaNES1
gene (Fragaria Ananassa Nerolidol Synthase |) encoding a dual S-(+)-linalool and
nerolidol synthase resulted in the production of substantial levels of free,
hydroxylated, and glycosilated linalool derivatives (i.e., linalool, nerolidol, E-8-hydroxy
linalool and E-8-hydroxy-6,7-dihydrolinalool) because of endogenous P450
hydroxylase and glycolsyl transferase activities (AHARONI et al., 2003).

Licker et al. (2001) in studies of transgenic plants expressing the Clarkia
breweri linalool synthase gene Lis demontrated that the linalool formed is
metabolized further to either glycosylated or hydroxilated forms. Studies of
biogenesis have shown that lilac aldehydes are formed from linalool by direct
hydroxylation of linalool at C8 to (E)-8-hydroxylinalool and further to (E)-8-oxolinalool,
that is converted to lilac alcohols that undergo oxidation to lilac aldehydes
(BURKHARDT and MOSANDL, 2003; KRECK et al., 2003; WUST and MOSANDL,
1999). Enantioselective GC-MS analysis of lilac aldehydes, alcohols and alcohol
epoxides, from Actinidia arguta petals incubated with rac-linalool revealed that the
endogenous lilac aldehydes and alcohols were derived exclusively from S-(+)-
linalool, whilst the lilac alcohol epoxide was 28% derived from (R)-linalool (MATICH
et al., 2011).

Figure 15 (S)-linalool and its derivatives.
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Source: Author, 2012.

The UPLC-MS/MS analysis of the methanol extracts of N. benthamiana leaf
discs incubated in S-(+)-linalool showed that the P450s convert linalool to lilac

alcohol (data not shown).
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5.3 Mutant lines analysis

Mutants of Arabidopsis thaliana were simultaneously generated and analyzed
with the aim to replace the enzymes in the relevant metabolic pathway(s), and to

point to their physiological roles in vivo.

For each gene, two independent insertion mutant lines were screened to
obtain homozygous knock-out lines, except for TPS14 for which only one line was
obtained. Over-expression lines were also generated by stable agrotransformation
with constructs of the 4 candidate coding sequences under the control of the CaMV-

35S promoter.

For the KO lines, the insertion mutant lines were from the Salk collection. The
seeds obtained from the NASC are usually of second generation after plant
transformation. The seeds of these plants were grown and ten individuals were

genotyped again to confirm that the line was homozygous.

The mutant lines were separated in KO mutant lines (KO TPS10, KO
CYP76C3 and KO CYP71B31) and over-expression (OX) lines (OX TPS10, OX
TPS14, OX CYP76C3 and OX CYP71B31). Information on the gene function in the
plant can to infer by the disappearance or decrease of the product(s) of the enzyme
and an increase in its precursors in KO lines, and opposite behaviour in the over-

expression lines.

5.3.1 The volatile emission of plants and flowers

The volatiles were collected on Tenax cartridges using the volatile collection
system for ~24 hours. The cartridges were then analysed in thermo-desorption
equipped TD/GC-MS.

As the 35S promoter offers an ubiquitous expression in the plant, the TPSs
over-expression lines were tested for linalool emission from the leaves. Three young
plants of each construct were placed in the volatile collection system, the emitted
volatiles were collected for 24 hours on Tenax cartridges and thermo-desorbed on
the GC module. However, no linalool was detected. It is possible that most of the
produced linalool was conjugated in the leaves as it has already been previously

described. Analysis of petunia (Petunia hybrida) plants transformed with a linalool
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synthase revealed that all of the synthesized S-(-)-linalool was converted into its

corresponding non-volatile glycosylated conjugate (LUCKER et al., 2001).

Analysis of the volatile emission as well as the flower content of the mutant
lines showed little differences with the wild type. First, linalool was not absent from
the TPSs KO lines, most likely because of the redundant function of the two
enzymes. A double mutant line, created by artificial cross polination, will be available
soon and should allow addressing this question. Second, linalool was only very
slightly accumulated in the P450 KO lines. This can also be explained by potential
redundant function among P450s of the CYP71B and CYP76C3 subfamilies. Several
of them being as well expressed in the flowers. Finally and more surprisingly, no neo-
formed linalool derivative was detected in the volatile emission and flower content of

the over-expression lines.

Certain species, including members of the Pinaceae, Myrtaceae, Rutaceae,
Lamiaceae, and Asteraceae, possess specialized anatomical structures for
terpenoids biosynthesis and acumulation (e.g., resin ducts, glandular trichomes and
secretory cavities), however most plants species, including Arabidopsis, do not
develop compartments for the terpenoid formation and storage (BOHLMANN et al.,
2000). Thus, produced terpenenoid secondary metabolites accumulate in only small

quantities.

Figure 16 Chromatogram of the emitted volatiles of wild-type (A ). Extension for
viewing the region where can be found linalool (B).
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Source: Author, 2012.




Figure 17. GC-M chromatogram of emitted volatile. The volatile emission of the same developmental stages of Arabidopsis flowers
wild-type control plant (A, B, C and D) and KOTPS10 mutant line (E and D).
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Monoterpene linalool peaks identified by its mass spectrum and retention time (RT=17,72).
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Arabidopsis flowers (KO lines and Wild-Type) were extracted them fresh and
analyzed in UPLC-MS/MS operated in multiple reaction monitoring (MRM) mode
looking for the signature of 7 compounds: linalool, 8-hydroy linalool, 8-oxolinalool,

linalool-8-carboxylic acid, 1,2 epoxy-linalool, lilac alcohol and lilac alcohol epoxyde.

The small differences were found in results of these analyses, when the same
compound was missing in KO CYP76C3 (both lines - A) and KO TPS10 (both lines -
B) and was found in the Wild-Type (C) samples (Figure 18). It has the same MRM
signature as linalool, but at a different retention time. This compound was not

identified. So, may be that this compound is a bound form of linalool.

This analyze mode have strong specificity, and therefore high levels of
sensitivity. Liquid Chromatography coupled with tandem quadruple mass
spectrometry (LC/MS/MS) and operated in multiple reaction monitoring (MRM) mode
is often the analytical method of choice for the determination and quantification of

drugs metabolites, pesticides and hormones with great precision (WEI et al., 2010).

Figure 18 UPLC-MS/MS chromatogram operated in multiple reaction monitoring
(MRM). A. CYP76C3, B. KOTPS10 and C. Wild-Type.
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CONCLUSIONS

All four candidates genes have a very similar expression pattern in the stamens

and more specifically in the upper part of the filaments.

TPS10 and TPS14 are localized in 5-20 spots on the surface of the chloroplasts,
and CYP76C3 and CYP71B31 have a classical P450 localization at the surface

of the endoplasmic reticulum.

Heterologous expression of the two candidate P450s in yeast microsomes turned
out to be unsuccessful. This may be associated with their instability during the

preparation of microsomal fractions.

Maybe the protein (TPS10 long/short) has problem of folding, and the product of

heterologous expression in yeast was different to TPS10 (long) and TPS (short).

TPS10 and TPS14 produced the R-(-)-linalool and S-(+)-linalool enantiomer,

respectively, when transiently expressed in N. benthamiana leaves.

CYP76C3 converts linalool into E-8-hydroxy-linalool and E-8-oxo-linalool and

another unknown molecule.

CYP71B31 converts linalool into 1,2-epoxy-linalool, and the same unknown
molecule as CYP76C3.

The analysis of methanol extracts of N. benthamiana leaf discs incubated in S-

(+)-linalool showed the use of this substrate by P450s converting to lilac alcohol.

Only minor differences were detected in the emitted volatile and flower content
profiles of the mutant lines, compared to wild type. In the second analyze with
MRM mode was found a compound with the same signature that linalool, but

different retention time. This compound may be a linalool bound form.
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APPENDIX

A Buffers and media composition
A1 Buffers

a) PBS (Phosphate buffer), pH 6-8, 50-500mM

A 0.5 M NaH,;PO,4 solution was poured into a 0.5 M Na;HPO, solution until
desired pH was obtained. The 0.5 M PBS buffer was diluted to obtain desired
strength.

b) Phosphate-citrate buffer, pH 7, 500mM

A 0.5M citric acid solution was poured into a 0.5 M Na;HPO, solution until pH 7

was obtained.
c) TrisHCI buffer, pH 7-8.5-1M

A 12N HCI solution was poured into a 1 M tris solution until desired pH was
obtained. The 1 M TrisHCI buffer was diluted to obtain desired strength.

d) NE buffer

Tris HCI buffer 5 mM pH 8.5
A2 Media

For solid medium, 13 g/L agar was added.
A2.1 Bacteria and agrobacteria
a) LB medium (for 1 L):
Tryptone 1049

Yeast extract 5g

NaCl 10g

Water qgsp 1L

b) SOC medium (for 1 L):
Yeast extract 5g

Tryptone 20g

NaCl 5.8¢g



Dextrose 3.6¢9

KClI 19g

MgSO4 2.5¢

MgCl, 2g

Water gsp 1L

c) YEB medium (for 1 L):
Beef extract 5g

Yeast extract1 g

Peptone 59

Sucrose 59

MgSOs 1M 2mL

Water gqsp 1L

pH adjusted to 7.2

A3 Yeast

a) SD minimum medium (for 1L):
Yeast nitrogen base
without amino acids 6.7 g
Dextrose 20g

Water gqsp 1L

b) SGI selective medium (for 1L):
Casamino acids 19
Yeast nitrogen base 7 g
Tryptophane 20 mg
Dextrose 20g

Water gqsp 1L

c) YPD complete buffered medium (for 1 L):
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Yeast extract 10 g

Peptone 20g

Dextrose 20g

Phosphate citrate buffer 100 mL
Water gqsp 1L

d) YPI complete buffered medium (for 1 L):
Yeast extract 10 g

Peptone 209

Galactose 20g

Phosphate citrate buffer 100 mL
Water gqsp 1L

e) YPDE complete medium (for 1 L):
Yeast extract 10 g

Peptone 1049

Dextrose 59

Ethanol 50 mL

Water gqsp 1L
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. |subcloning Forward Reverse

Topo or TPS10 GAGTCTAGAATGGCCACTCTCCTGCAA GTAACTAGTTCAATCTAAAGGAATCGGATTG

PGEMT TPS14 GAGACTAGTATGGCCTTAATAGCTACCAAAATAAG ATACTCGAGTTACATTAGAGACTTGAGATATTCG
CYP76C3 GATGGATCCATGGACCTCTCACTAATTCAAGG GTACTCGAGTTAATAAGAAGACGATATTGTAGGTTTC
CYP71B31 GATGGATCCATGTCTATGTTCCTAGGTTTGCTC TATCTCGAGTTATGGAAGAGTTGGTACGAGC
Prom. TPS10 .GATAAGC'I'I'GTTCTCGTGTGA'I'I'I'GATGATAC GATAAGCTTATTGAATAAATGTATTATTATGCTATACGTAAC
Prom. TPS14 |GATGGATCCCACCATTCGATTCAATTTTAAG GATGGATCCGATGTATGAACTTAAGTTTTGTTTTG
Prom. CYP76C3 - -
Prom. CYP71B31 |GATAAGCTTCAATGATATGGACGATGACAG GATGGATCCAATTATTGTTTTTTTTTTGTTGCTAAC

Classical cloning

Yeast expr.

PESC-LEU TPS10 ATAGCGGCCGCATGCAGCGTCGTTCTGCG GTATTAATTAATCAATCTAAAGGAATCGGATTG
TPS14 ATAGCGGCCGCATGATCGATGTCATTCAAAGT ATATTAATTAATTACATTAGAGACTTGAGATATTCG
CYP76C3 GATGGATCCATGGACCTCTCACTAATTCAAGG GTACTCGAGTTAATAAGAAGACGATATTGTAGGTTTC
CYP71B31 GATGGATCCATGTCTATGTTCCTAGGTTTGCTC TATCTCGAGTTATGGAAGAGTTGGTACGAGC

USER cloning

Cloning 1 fragment

Yeast expr.

pYePD60 U TPS10 GGCTTAAUATGCAGCGTCGTTCTGCG GGTTTAAUTCAATCTAAAGGAATCGGATTG
TPS14 |GGCTTAAUATGATCGATGTCATTCAAAGT GGTTTAAUTTACATTAGAGACTTGAGATATTCG
CYP76C3 GGCTTAAUATGGACCTCTCACTAATTCAAGG GGTTTAAUTTAATAAGAAGACGATATTGTAGGTTTC
CYP71B31 |GGCTTAAUATGTCTATGTTCCTAGGTTTGCTC GGTTTAAUTTATGGAAGAGTTGGTACGAGC

N. bentha. expr.

pCAMBIA3300U |TPS10 GGCTTAAUATGGCCACTCTCCTGCAA GGTTTAAUTCAATCTAAAGGAATCGGATTG
TPS14 .GGCTTAAUATGGCCTTAATAGCTACC GGTTTAAUTTACATTAGAGACTTGAGATATTCG
CYP76C3 GGCTTAAUATGGACCTCTCACTAATTCAAGG GGTTTAAUTTAATAAGAAGACGATATTGTAGGTTTC
CYP71B31 GGCTTAAUATGTCTATGTTCCTAGGTTTGCTC GGTTTAAUTTATGGAAGAGTTGGTACGAGC

Prom-GUS fusion

pBI101 U Prom. TPS10 GGCTTAAUGTTCTCGTGTGATTTGATGATAC GGTTTAAUATTGAATAAATGTATTATTATGCTATACGTAAC
Prom. TPS14 GGCTTAAUCACCATTCGATTCAATTTTAAG GGTTTAAUGATGTATGAACTTAAGTTTTGTTTTG

Prom. CYP76C3

Prom. CYP71B31

|GGCTTAAUCAATGATATGGACGATGACAG

GGTTTAAUGCAAACCTAGGAATATAGATATAATTATTG

Cloning 2 fragments

Prot.-GFP fusion

pCAMBIA2300U  |TPS10 GGCTTAAUATGGCCACTCTCCTGCAA ATGTGGCGACCGGUACCATCTAAAGGAATCGGATTG
TPS14 |GGCTTAAUATGGCCTTAATAGCTACC ATGTGGCGACCGGUACCCATTAGAGACTTGAGATATTCG
CYP76C3 GGCTTAAUATGGACCTCTCACTAATTCAAGG ATGTGGCGACCGGUACCATAAGAAGACGATATTGTAGG
CYP71B31 |GGCTTAAUATGTCTATGTTCCTAGGTTTGCTC ATGTGGCGACCGGUACCTGGAAGAGTTGGTACGAGC
eGFP ACCGGTCGCCACAUGGTGAGCAAGGGCGAGG GGTTTAAUTTAGGCCATGATATAGACGTTGTGG

. |RT-qPCR primers

couples 1 TPS10 | TGTTACATGAGTGAAACTGGAGCAT CATCCCACAAGTCATTGATCATCT
TPS14 GCCTCCAATTCAACGGTGAT GTGACCCTCTTGTCTCAGCAATC
CYP76C3 CGATGTTCAGATTATGGGTTTCC CGTCCTATCGCCCATACGTT
CYP71B31 TCCCAAGAACGCCCATGTA CAGGGTTAGTCCAACGTTTAGGA

couples 2 TPS10 ATCGTACAAGCTATTCATCAAGAGGAACT ACCTAAACCTGTCTCCATCCACC
TPS14 GTCATTGACTCAAGGAGAAATGTCTCAAAC GCTTCTTGCCTTCTCCACATCTTT
CYP76C3 CCCTCTGCTCGTTGGAGGT ATTGAATAGCATCTAAGTTTTGCGGTGA

CYP71B31

CTTACGATCATCTCATAGCAATGATGTCGG

ATTGTTACTGTTCCAGCGTTTACTCCC









