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RESUMO

Este trabalho teve como objetivo geral a producéo, imobilizacdo e caracterizacéo
das lipases LipCl2 e LipBC visando futuras aplicacbes em biocatalise. Para
obtencao da lipase LipBC, os genes lipA e lipB que codificam para lipase (LipBC) e
foldase (LifBC), respectivamente, foram identificados no genoma da bactéria
Burkholderia contaminans LTEB11, e clonados em vetores de expressédo. As
proteinas LipBC e LifBC foram expressas, purificadas e ensaios de caracterizagédo
foram realizados. LipBC e LifBC apresentam massas moleculares correspondentes a
33 kDa e 37 kDa, respectivamente, e permanecem complexadas ap0s a purificacao.
LipBC livre apresenta alta atividade especifica para substratos de cadeia curta
(tributirina, 1400 U mg™) e longa (6leo de oliva, 845 U mg), além de atividade e
estabilidade em uma ampla faixa de pH (6,5 - 10) e temperatura (25 - 45 °C). LipBC
foi imobilizada no suporte Sepabeads e apresentou atividade de esterificacdo (4 U g
1) quando aplicada na sintese de oleato de etila em n-hexano, com 90% de
conversdo em 6 h. Este trabalho também teve por objetivo a sintese de novos
suportes para imobilizacdo de lipases, assim como o desenvolvimento de novos
protocolos de imobilizacdo. Novos suportes bifuncionais foram preparados a partir de
agarose e a lipase LipC12 foi utilizada como modelo de estudo. Os novos suportes
apresentam grupos hidrofébicos (diferentes grupos alquila) para promover a
adsorcdo da lipase e grupos aldeidos para promover ligacbes covalentes com a
enzima adsorvida. A melhor preparacdo imobilizada, Cl2-aldeido-LipC12,
apresentou uma hiperativacdo acima de 300% e um aumento significativo na
estabilidade (5000 vezes) a 80 °C em comparacdo com a enzima livre. C12-aldeido-
LipC12 foi aplicada com sucesso na hidrélise regiosseletiva do substrato
peracetilado D-glucal, apresentando 69% de conversdo do produto C-3 mono-
desacetilado ap6s 96 h. As diferentes estratégias de imobilizacdo propostas nesse
trabalho podem ser aplicadas em materiais como celulose, silica ou resinas acrilicas,
0 que permite a obtencdo de novos biocatalisadores com alta atividade e
estabilidade para a aplicacao em diferentes sistemas reacionais em biocatalise.

Palavras-chave: Imobilizacdo, lipases, hiperativacdo, agarose, novos suportes,
regiosseletividade, biocatalise.



ABSTRACT

This work aimed the production, immobilization and characterization of the lipases
LipC12 and LipBC for future applications in biocatalysis. To obtain the LipBC lipase,
lipA and lipB genes encoding lipase (LipBC) and foldase (LifBC), respectively, were
identified in the genome of the bacterium Burkholderia contaminans LTEB11. The
genes were amplified and cloned into expression vectors. LipBC and LifBC proteins
were expressed, purified and characterization assays were performed. LipBC and
LifBC have molecular weights corresponding to 33 kDa and 37 kDa, respectively, and
remained complexed after purification. LipBC has high specific activity against short
(tributyrin, 1400 U mg™) and long chain substrates (olive oil, 845 U mg?), as well as
activity and stability over a wide range of pH (6.5 - 10) and temperature (25 - 45 °C).
LipBC was immobilized on Sepabeads and 90% of efficiency of immobilization was
obtained in 1 h. The immobilized preparation catalyzed the synthesis of ethyl-oleate
with an activity of 4 U g, with a yield of 90% obtained in 6 h. This work also aimed
the synthesis of novel supports for lipase immobilization, as well as the development
of new immobilization protocols. New bifunctional supports were prepared and
LipC12 lipase was used as the study model. The new supports contained
hydrophobic groups (different alkyl groups) to promote interfacial adsorption of the
lipase and aldehyde groups to react covalently with the amino groups of side chains
of the adsorbed lipase. The best immobilized preparation, C12-aldehyde-LipC12 was
3.5-fold more active (hyperactivation) and 5000-fold more stable (at 80 °C ) than the
soluble enzyme. C12-aldehyde-LipC12 was successfully applied in the regioselective
hydrolysis of peracetylated D-glucal, producing high yields (69%) of the C-3
monodeacetylated product after 96 h of reaction. The different strategies of
immobilization proposed in this work can be applied in materials such as cellulose,
silica or acrylic resins, which allows the production of new biocatalysts with high
activity and stability for the application in biocatalysis.

Key-words: Immobilization, lipases, hyperactivation, agarose, new supports,
glutaraldehyde, regioselectivity, biocatalysis.
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1 INTRODUCAO

As lipases sdo enzimas hidroliticas que atuam sobre ésteres carboxilicos,
promovendo sua hidrélise em ambientes aquosos ou a sintese em ambientes aquo-
restritos (JAEGER, et al.,, 1994). Lipases apresentam propriedades de regio e
enantiosseletividade e sédo estaveis em meios organicos (GUPTA et al., 2004,
JAEGER et al., 1999). Essas caracteristicas justificam a ampla aplicacéo de lipases
em diferentes processos, fazendo com que ocupem uma posi¢cdo de destaque entre
as enzimas mais utilizadas em biocatalise (KAPOOR e GUPTA, 2012).

O sucesso na aplicacdo de lipases se da, em grande parte, pela sua
capacidade em catalisar reacdes com uma grande variedade de substratos né&o
naturais, permitindo a sua aplicacdo para obtencdo de diferentes classes de
compostos organicos. Por exemplo, trabalhos de revisdo foram publicados
recentemente dando énfase ao numero de patentes de processos envolvendo
lipases (DAIHA et al., 2015), ao emprego destas enzimas na sintese de ésteres
(ZHAO et al., 2015), na producgéo de intermediarios quirais (CARVALHO et al., 2015)

e em relacdo as perspectivas de aplicacdo em biocatalise (ANGAJALA et al., 2016).

Devido a esse mercado, tém-se buscado cada vez mais obter novas e
melhores lipases com alta atividade e propriedades de regio e enantiosseletividade
diferenciadas (KAPOOR e GUPTA, 2012). Nesse sentido, diferentes abordagens
vém sendo utilizadas com objetivo de identificar e selecionar novas lipases com
propriedades requeridas, impulsionando uma grande procura por novos micro-

organismos produtores destas enzimas (ROH e VILLATTE, 2008).

Recentemente, duas novas lipases (LipC12 e LipBC) foram obtidas em nosso
grupo de pesquisa a partir de diferentes estratégias. A lipase LipC12 foi isolada de
uma biblioteca metagendmica construida a partir de solo contaminado com gordura
animal (GLOGAUER et al.,, 2011), e no caso da lipase LipBC, essa enzima é
produzida pela bactéria Burkholderia contaminans LTEB11 (anteriormente descrita
como Burkholderia cepacia), isolada a partir de um meio de cultura suplementado
com O6leo vegetal (LIMA et al., 2004). Trabalhos prévios de -caracterizacdo
envolvendo as lipases LipCl2 e LipBC mostraram que essas lipases possuem
caracteristicas promissoras para aplicacdo em biocatalise, como estabilidade em

uma ampla faixa de pH e temperatura, e em solventes organicos, além de alta



atividade contra triacilgliceroéis naturais de cadeia longa (LIMA et al., 2004; SALUM et
al., 2008; GLOGAUER et al., 2011; MADALOZZO et al., 2015). Além disso, estas
lipases também ja foram imobilizadas e aplicadas com sucesso em diferentes
reacoes de esterificacdo, interesterificacdo e transesterificacdo (SALUM et al., 2010;
SOARES et al., 2013; BARON et al., 2014; MADALOZZO et al., 2016).

Os resultados apresentados demonstram o grande potencial de LipCl2 e
LipBC e motivaram a proposta geral desse trabalho, que envolve a producédo e a
imobilizacdo das lipases em diferentes suportes e sua investigacdo em novas
aplicacbes em biocatdlise. Dentro dessa proposta, a investigacdo do processo de
imobilizacdo das lipases se torna fundamental, uma vez que ja € bem descrito na
literatura que a interacdo enzima-suporte pode promover mudancas significativas em
relacdo a atividade, seletividade e estabilidade (MATEO et al., 2007c; MARCIELLO
et al., 2012).

Assim, a sintese de diferentes e novos suportes para a imobilizacdo de
lipases e o desenvolvimento de novos protocolos de imobilizacdo foram objeto de
estudo desse trabalho visando obter biocatalisadores com propriedades
diferenciadas daquelas ja relatadas na literatura. Para alcancar esse objetivo, a
estratégia de acdo adotada envolveu a superexpressao e a purificacao das lipases
LipC12 e LipBC e a posterior imobilizacdo e caracterizagdo nos novos suportes
sintetizados. Os resultados estdo divididos em capitulos e sdo apresentados em
forma de manuscritos.

No Capitulo 1 sdo apresentados os resultados em relagdo a montagem e
anotacdo do genoma de Burkholderia contaminans LTEB (anteriormente classificada
como Burkholderia cepacia) e identificacdo dos genes lipA e lipB correspondentes a
lipase e foldase dessa cepa. O Capitulo 2 apresenta os resultados correspondentes
a clonagem e a co-expressdao dos genes lipA e lipB, e posterior purificacdo e
caracterizacdo da lipase LipBC. No Capitulo 3 € proposto um novo protocolo de
imobilizacdo para lipases baseado na sintese de uma nova classe de suportes a
partir da agarose, utilizando a lipase LipC12 como modelo de estudo. No Capitulo 4
sédo apresentados os resultados complementares de imobilizagdo da lipase LipBC

em diferentes suportes heterofuncionais.



2 REVISAO BIBLIOGRAFICA
2.1 LIPASES

2.1.1 Caracteristicas Gerais

As lipases (triacilglicerol hidrolases, EC 3.1.1.3) tém como funcdo natural a
hidrolise de triacilgliceréis de cadeia longa, liberando di- ou monoacilglicerois, acidos
graxos e glicerol (FIGURA 1). Em adicdo a sua atividade de hidrdlise, as lipases
podem catalisar diferentes reacfes em um meio reacional onde a quantidade de
agua do sistema seja suficientemente baixa a ponto de deslocar o equilibrio da
reacdo no sentido da sintese (JAEGER, et al., 1994; JAEGER et al., 1999). Devido a
essa versatilidade, os processos basicos catalisados por lipases podem ser
combinados para resultar em diferentes reacdes de esterificacdo, transesterificacédo
e interesterificacdo (KLIBANOV, 2001; KRIEGER et al., 2004).

v}

/\)’I\O Lipase OH /\j\
\/Wo\)\/nm/\/ + 3HO0 ~—= o L _on 4+ 3 OH

o 0

Triacilglicerol Glicerol Acidos graxos

FIGURA 1 - REACAO DE HIDROLISE DE UM TRIACILGLICEROL CATALISADA
POR LIPASES

Fonte: O AUTOR (2017).

As lipases apresentam como estrutura tercidria comum uma dobra padrdo do
tipo o/p hidrolase. Esse modelo de estrutura apresenta um nudcleo central composto
por fitas B paralelas, rodeado por porcdes a-hélice (FIGURA 2). As fitas f tém
orientacdo para a esquerda, sendo que a primeira e a ultima fita apresentam um
angulo de aproximadamente 90° entre si. O nucleo central € composto por até oito
fitas B paralelas rodeadas por até seis a-hélices (OLLIS et al., 1992; CYCLER;
SCHRAG, 1997; JAEGER et al., 1999).



FIGURA 2 - MODELO ESTRUTURAL DE o/f HIDROLASES

As a-hélices sdo representadas pelos cilindros e as folhas § pelas setas planas. Os circulos
sélidos em preto representam as posi¢des topoldgicas dos residuos que compdem o sitio
ativo.

Fonte: JAEGER et al. (1999).

O sitio ativo de lipases €é constituido por uma triade catalitica composta pelos
aminoacidos serina (Ser), histidina (His), aspartato (Asp) ou glutamato (Glu). O
residuo de serina fica localizado na fita 5 e faz parte de um pentapeptideo
altamente conservado GXSXG, onde G= glicina; S= Serina; X1= histidina e X2=
acido glutamico ou aspértico (CYCLER; SCHRAG, 1997; JAEGER et al., 1999). O
sitio catalitico também € recoberto por uma curta alfa-hélice chamada de “tampa
hidrofébica” ou lid. Em meio aquoso, a lid cobre o sitio catalitico deixando-o
completamente isolado do meio de reagéo, sendo que, nesta conformacao, a lipase
se encontra na sua forma “fechada” e € inativa. Na presenca de substratos
hidrofébicos em solucéo aquosa, as lipases sao “adsorvidas” na interface hidrofdbica
e a lid desloca-se, alterando a forma fechada da enzima para a forma aberta,
expondo o sitio ativo favorecendo a ligacdo com o substrato (FIGURA 3). Esta
mudanca conformacional da lipase em interfaces agua/dleo € conhecida como
ativacado interfacial (SARDA e DESNUELLE, 1958; CYCLER; SCHRAG, 1997,
VERGER, 1997; JAEGER et al., 1999).

O fenbmeno da ativagdo interfacial e a presenca lid foram as principais
caracteristicas utilizadas para diferenciar lipases (E.C. 3.1.1.3) de esterases
(E.C.3.1.1.1). Entretanto, apesar da presenca da lid ainda ser comumente

correlacionada com o fendmeno da ativacdo interfacial, foram descritas lipases que



nao seguem essa correlacdo, como por exemplo, as lipases de Burkholderia glumae
e de Pseudomonas aeruginosa, que nao apresentam ativacao interfacial, mas
possuem a lid em suas estruturas (JAEGER et al., 1999). Por outro lado, a lipase de
Bacillus subtilis ndo possui lid e ndo precisa da interface para exibir atividade de
hidrolise (HOLMQUIST et al., 1997; VERGER, 1997; ALI et al., 2004).

FIGURA 3 - ESTRUTURA TRIDIMENSIONAL DA LIPASE DE Burkholderia cepacia
(PDB:1YS1) NA CONFORMACAO "ABERTA"

(A) Os aminoéacidos que compdem sitio ativo estdo destacados em vermelho e o sitio de ligagdo ao
ion calcio destacado em verde. (B) sitio catalitico visto de cima, com os aminoacidos destacados em
vermelho.

Fonte: O AUTOR (2017).

Assim, em termos de classificagcdo, a presenca da lid e o fendbmeno da
ativacdo interfacial ndo séo critérios adequados para se classificar uma enzima
como lipase. Atualmente na literatura as lipases tém sido definidas como
carboxilesterases que atuam na hidrolise de triacilgliceréis de cadeia longa (acima
de dez atomos de carbono), enquanto as esterases (E.C. 3.1.1.1) catalisam a
hidrolise de triacilglicerdis contendo &cidos graxos de cadeia curta (KAPOOR e
GUPTA, 2012).

O destaque das lipases como biocatalisadores se deve principalmente a sua

especificidade e seletividade frente a diferentes substratos. Em termos de



classificacdo, lipases podem ser quimiosseletivas, atuando em um Unico tipo de
grupo funcional no substrato, enantiosseletivas, com capacidade de reconhecer
preferencialmente um enantibmero em relacdo ao outro e regiosseletivas,
apresentando uma especificidade posicional entre grupos funcionais quimicamente
idénticos localizados em diferentes posicbes na mesma molécula de substrato
(FABER, 2000).

A classificacdo das lipases em relacdo a regiosseletividade esta dividida em
trés diferentes grupos: lipases 1,3 especificas, que sdo aquelas que hidrolisam a
ligacdo éster especificamente nas posicées sn-1 e sn-3 de triacilglicerdis, lipases 2-
especificas, que hidrolisam a ligacdo éster especificamente nas posicées sn-2 de
triacilglicerdis e lipases ndo especificas, que catalisam a hidrolise de triacilgliceréis
de modo aleatorio, a exemplo do que ocorre na catalise quimica (FIGURA 4)
(KAPOOR e GUPTA, 2012).
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FIGURA 4 — MODELO DE REAN\(;@ES DE HIDROLISE DE TRIACILGLICEROIS
CATALISADAS POR LIPASES NAO ESPECIFICAS E 1,3 ESPECIFICAS

Fonte: PAQUES e MACEDO (2006).



As lipases enantiosseletivas sdo de grande destaque em biocatélise devido a
sua utilizacdo na resolugcdo de misturas racémicas, visando a producdo de
compostos opticamente puros e de alto valor agregado. A aplicacdo de lipases
nessas reacfes baseia-se na capacidade da enzima reagir com diferentes
velocidades com os dois enantidmeros, catalisando assim a reagdo com formacéo
preferencial de um enantibmero em relagcdo ao outro. O enantibmero que permitir a
melhor interacdo dos grupos substituintes com o sitio ativo da enzima ser4, portanto,
o enatidmero preferido (FABER, 2000).

Um modelo bem descrito na literatura em relacdo a enantiosseletividade de
lipases frente a alcoois secundarios é o modelo de Kazlauskas (KAZLAUSKAS et al.,
1991). Nesse modelo, o reconhecimento quiral ocorre com base no tamanho e na
forma das moléculas quando estas estao no sitio ativo da enzima, o qual consiste de
duas regides de diferentes tamanhos, um “bolso” grande e outro pequeno (FIGURA
5). O substrato liga-se ao sitio ativo da enzima com maior eficiéncia, segundo uma
geometria denominada de “modo produtivo” (FIGURA 5A). Quando o outro
enantidmero interage com os sitio ativo da enzima, é entdo forcado a acomodar seu
maior substituinte no menor espaco (modo n&o produtivo) (FIGURA 5B). Esse
encaixe € energicamente desfavoravel e provoca um impedimento estérico,

diminuindo assim, a velocidade de reagéo para este enantiomero (GHANEM, 2007).

FIGURA 5 - MODELO ESTRUTURAL DO SIiTIO ATIVO DE LIPASES SEGUNDO A
REGRA DE KAZLAUSKAS

(a) Enantidmero de reacdo mais rapida; (b) enantibmero de reacédo mais lenta.
Fonte: GHANEM (2007).



2.1.2 Fontes de Lipases

As lipases sdo produzidas pela maioria dos seres vivos e podem ser
classificadas de acordo com sua origem como animal, vegetal ou microbiana. As
lipases microbianas sé&o as mais utilizadas na indastria pela facilidade na producéo e
de manipulacdo genética. Além disso, o facil controle nas condicbes de cultivo
também contribui para a producdo em escala industrial relativamente com baixos
custos (HASAN et al., 2006).

Lipases microbianas apresentam propriedades interessantes, como por
exemplo, atividade em amplo intervalo de pH (3 - 11) e temperatura (30 - 60 °C), nédo
dependéncia de cofatores e estabilidade a solventes organicos (GUPTA et al., 2004;
KAPOOR e GUPTA, 2012). Essas caracteristicas sao requeridas em diferentes
aplicagbes industriais e impulsionam uma grande procura por NOvVOS MiCro-
organismos produtores de lipases (ROH e VILLATTE, 2008). Entretanto, os métodos
convencionais de isolamento e cultivo dos micro-organismos apresentam limitacdes,
pois apenas uma pequena propor¢cao (cerca de 5%) destes micro-organismos pode
ser cultivada in vitro. Para superar essa limitacdo, diferentes abordagens baseadas
em biologia molecular vém sendo utilizadas para obtencdo de novas enzimas. Nos
altimos anos, a triagem de enzimas em bibliotecas metagendmicas tem-se mostrado
uma abordagem eficiente para obtencédo de novas enzimas de origem diversificada
(HANDELSMAN et al., 1998; RONDON et al., 2000; GLOGAUER et al., 2011;
BAWEJA et al., 2016; DECASTRO et al., 2016).

A técnica de metagenbmica para prospeccdo de novas enzimas ou outras
biomoléculas pode ser dividida em quatro grandes etapas: a) isolamento de DNA de
uma amostra ambiental, (b) clonagem do DNA em vetores apropriados, (c)
transformacao dos clones recombinantes em uma célula hospedeira (d) prospeccédo
(triagem) dos clones da biblioteca metagenémica, que pode ser baseada na funcao
ou na sequéncia (HANDELSMAN, 2004). Por essa técnica, a limitacdo imposta pelo
cultivo de micro-organismos in vitro é superada, pois a técnica envolve a clonagem
direta de fragmentos de DNA de amostras ambientais sem a necessidade de
isolamento e cultivo. A Tabela 1 apresenta alguns exemplos de enzimas lipoliticas
gue ja foram obtidas de bibliotecas metagenémicas e que foram aplicadas em

biocatalise.



TABELA 1 - ENZIMAS LIPOLITICAS OBTIDAS POR METAGENOMICA COM APLICACAO EM BIOCATALISE (CONTINUA).

Fonte/ambiente Enzima Principais caracteristicas Aplicacao Ref.
Atividade: 817 U mg Y/ trioleina
Temperatura 6tima: 30 °C
Solo contaminado . . e RCE de alcoois e ésteres e ALNOCH et
com gordura animal Lipase LipG9 pH otimo: 6,5 a 10,0 sintese do éster oleato de etila  al. (2015)
Imobilizada no suporte
Accurel MP 1000
Atividade: 598 U mgY/pNP
Solo de fonte termal Lipase Lip479 Temperatura 6tima: 65 °C Producao de biodiesel (SZ%TS)O etal
pH étimo: 8,0
Atividade: 60 U mg*/pNP
Chorume Esterase Est22 Temperatura 6tima: 30 °C H'drAOI'se de antibioticos - MOKOENA et
lactamicos al. (2013)
pH 6timo: 8,0
Atividade: 1,2 U g* (LipS)/pNP
4 RCE de esteres de Ibuprofeno;
Solo e agua Lipases LipS e e 0,6 Ug™ (LipT)/pNP o o éster | P . CHOW et al.
LipT Temperatura 6tima: 70 °C (LipS) Intese do ester laurato de (2012)

e 75 °C (LipT)

propila

RCE: Resolucao cinética enzimética.

pNP: Esteres de p-nitrofenol
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TABELA 1. ENZIMAS LIPOLITICAS OBTIDAS POR METAGENOMICA COM APLICACAO EM BIOCATALISE (CONCLUSAO).

Fonte/ambiente Enzima Principais caracteristicas Aplicacao Ref.
Atividade: 1800 U mgY/ trioleina
i Temperatura 6tima: 30 °C
Solo contammaglo Lipase LipC12 p Sintese do éster oleato de etila MADALOZZO
com gordura animal pH 6timo: 6,5 a 10,0 et al. (2015)
Imobilizada no suporte Immobead®
Atividade: 121 U mgY/ pNP
. . e L L KUMAR et al.
Solo de fonte termal Lipase LipR1 Temperatura 6tima: 50 °C RCE de alcoois secundarios (2017)
pH étimo: 8,0
Atividade: 42 U mL-/ azeite de oliva
Solo contaminado . . o - . ZHENG et al.
com 6leo Lipase LipZ01 Temperatura 6tima: 60 °C Producéo de biodiesel (2013)
pH 6timo: 7,0 a 10,0
Atividade: 17 U mgl/pNP
Solo de Esterase Est2K Temperatura 6tima: 50 °C HlderI|§e de antibidticos [3- KIM et al.
compostagem lactamicos (2010)

pH étimo: 10,0

RCE: Resolucao cinética enzimatica.

pNP: Esteres de p-nitrofenol
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2.1.3 A lipase LipC12 obtida por prospeccédo metagendmica

Uma biblioteca metagendmica foi construida por Glogauer et al. (2011) a
partir de amostras de solo contaminado com alto teor de gordura animal. A
biblioteca, denominada SCGA (Solo Contaminado com Gordura Animal) possui
cerca de 500.000 clones e estd depositada no Departamento de Bioquimica e
Biologia Molecular desta Universidade. Glogauer et al. (2011) realizou uma selecéo
dos clones com atividade lipolitica contra diferentes substratos. A partir dessa
triagem, uma nova lipase, denominada LipCl2 (FIGURA 6), foi isolada e
caracterizada. A nova lipase possui uma massa molecular de 33 kDa e apresenta
72% de identidade com a putativa lipase de Yersinia enterocolitica subsp. palearctica
Y11. A andlise filogenética classificou LipC12 como pertencente a familia 1.1, na qual
estdo inclusas as lipases de Pseudomonas aeruginosa, Yersinia mollaretii e Proteus
vulgaris (GLOGAUER et al., 2011).

FIGURA 6 - MODELO MOLECULAR TEORICO DA LIPASE LIPC12
O sitio de ligagcéo ao ion calcio é destacado em verde (A) e a lid em marrom e laranja (B).
Fonte: GLOGAUER et al. (2011).



12

Os estudos de caracterizacdo de LipC1l2 em meio aquoso revelaram que a
enzima é estavel em concentracdes de até 3,7 mol L* de NaCl, a temperaturas entre
20 e 50 °C, com maxima atividade a 30 °C, apos 1 h de incubacéo. LipC12 também
foi estavel apos 48 h de incubacdo em solugcdes com 30% de solventes organicos,
permanecendo com 100% da atividade inicial. A enzima purificada apresentou
atividade especifica de 1722 U mg™* e 1767 U mg* contra 6leo de oliva e gordura de
porco, respectivamente. Essas atividades especificas sdo comparaveis as das
lipases comerciais de Rhizopus oryzae, Rhizomucor miehei e Thermomyces
lanuginosus (GLOGAUER et al., 2011).

Os resultados promissores de caracterizacédo reportados por Glogauer et al.
(2011) motivaram a continuacdo dos estudos e posteriormente, ensaios de
imobilizacdo e caracterizacdo em meio organico da lipase LipC12 foram realizados.
Madalozzo et al. (2015) imobilizaram LipC12 purificada no suporte Immobead 150
(polimero acrilico) e aplicaram o derivado imobilizado na sintese de oleato de etila
em n-heptano. LipC12 imobilizada apresentou uma atividade de esterificagéo de 91
U g! de suporte e uma conversdo em éster de 99% em 1 h. Essa mesma
preparacao foi utilizada por 10 ciclos de reagdo mantendo mais de 95% de sua
atividade inicial (MADALOZZO et al., 2015).

LipC12 também foi imobilizada no suporte Immobead 150 a partir do extrato
bruto livre de células (Ibead-EBLipC12) e foi caracterizada. Essa preparacdo se
mostrou estavel em 100% de solventes organicos, mantendo 60% de sua atividade
frente a solventes polares e mais de 90% frente a solventes apolares apés 24 h de
incubagédo. A preparagdo Ibead-EBLipC12 foi caracterizada como sendo
regiosseletiva (1,3 especifica) e tiposseletiva, tendo preferéncia para acidos graxos
saturados de cadeia média e longa (C12:0, C16:0 e C18:0) (MADALOZZO et al.,
2016).

A preparacéo Ibead-EBLipC12 também foi aplicada com sucesso em reagdes
de sintese do oleato de etila em meio reacional livre de solvente (onde os solventes
sdo os substratos da reacdo), um sistema-modelo para a sintese do biodiesel. Apos
a otimizacao do processo, foi obtida uma conversédo em éster de 85% em 48 h. Em
adicdo, essa preparacdo foi aplicada na sintese de um lipidio estruturado,
promovendo a insercdo de 23% de acido caprilico nas posicdes sn-1 e sn-3 dos
triacilglicerdis do azeite de oliva (MADALLOZO et al., 2016).
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Os resultados apresentados pela LipCl2 demonstram o grande potencial
dessa lipase e motivaram sua utilizacdo nesse trabalho, sendo promissora sua
imobilizacdo em novos e diferentes suportes e sua investigacdo em novas

aplicacdes em biocatalise.

2.1.4 A Lipase de Burkholderia cepacia LTEB11 (LipBC)

A cepa de Burkholderia cepacia LTEB11 foi isolada no Laboratério de
Tecnologia Enzimatica e Biocatalise e esta depositada no Centro Pluridisciplinar de
Pesquisas Quimicas, Bioldgicas e Agricolas (CPQBA), da UNICAMP. Essa estirpe,
anteriormente classificada como Bacillus megaterium, produz uma lipase,
denominada LipBC, que foi caracterizada e parcialmente purificada por Lima et al.
(2004). LipBC apresenta uma massa molecular de 33 kDa e uma alta atividade
volumétrica (30 U mL™?) frente ao substrato pNPP (palmitato de p-nitrofenila) quando
produzida por fermentacdo submersa. LipBC também apresenta atividade em uma
ampla faixa de pH (3,5 - 10) e temperatura (30 - 70 °C), com atividade méaxima a 55
°C (LIMA et al., 2004). Em relagdo a sua utilizacdo em biocatélise, LipBC apresenta
caracteristicas interessantes como estabilidade em solventes organicos polares e
apolares e a temperatura (LIMA et al., 2004; SALUM et al., 2008).

Outra caracteristica importante de LipBC é alta atividade de esterificacdo e
transesterificacdo, ja descrita em estudos anteriores realizados em nosso grupo de
pesquisa. Salum et al. (2008) reportaram 99% de conversao na sintese de oleato de
etila em n-heptano apo6s 3 h de reacéo utilizando LipBC imobilizada em Accurel EP
100 (polipropileno). Baron et al. (2011) imobilizaram LipBC pela técnica de SPIL
(Simultanea Producdo e Imobilizacdo de Lipases) no suporte Accurel EP 100 e
aplicaram em reacdes de esterificagdo. Foram obtidos 95% de conversdo na sintese
de oleato de etila em apenas 1 h de reacdao (BARON et al., 2011). Mais
recentemente, Baron et al. (2014) aplicaram LipBC imobilizada nesse mesmo
suporte em reacdes de transesterificacdo em sistema livre de solventes, utilizando
0leo de mamona como substrato. Os autores reportaram resultados promissores,
tendo uma conversdo em ésteres etilicos de 90% em apenas 6 h de reacao.

A lipase LipBC também ja foi produzida por fermentacdo em estado solido
utilizando residuos agroindustriais e aplicada na sintese de oleato de etila e na

etanolise do oleo de milho (FERNANDES et al., 2007). Mais recentemente, Salum et
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al. (2010) utilizaram o solido fermentado contendo a lipase LipBC em reacdes de
transesterificagdo em reator de leito fixo e obtiveram altas conversdes (95% em 46
h) em meio livre de solvente organico. Otimos resultados também foram obtidos com
o soélido fermentando em reacdes de esterificacdo em reator de leito fixo, utilizando
como substrato uma mistura de acidos graxos livres provenientes da hidrdlise de
Oleo residual (borra &cida) em agua supercritica (SOARES et al., 2013; DIAS et al.,
2017).

Em relacdo a enantiosseletividade, LipBC imobilizada em Accurel EP100 foi
aplicada na resolucéo de alcoois alilicos secundarios. Os resultados mostraram que
LipBC catalisou reacdes de transesterificacdo enantiosseletivas com elevados
valores de coeficiente de enantiosseletividade (E) com os substratos rac-1(1-
fenilprop-2-en-1-ol) ee = 93,8% E = 54,2; rac-2 (p-clorofenilprop-2-en-1-ol) ee =
92,6%, E = 54,6; rac-3 (m-metoxifenil prop-2-en-1-ol) E=38,1 ee = 92%, E = 38,1
(MOURE et al., 2014).

Os resultados apresentados pela lipase LipBC em diferentes trabalhos
realizados pelo grupo de pesquisa demonstram o grande potencial dessa lipase em
biocatélise. Esses estudos motivaram um objetivo desse trabalho que foi aclonagem
e a purificacdo desta lipase, uma vez que nos trabalhos anteriores do grupo LipBC
sempre foi imobilizada a partir de um extrato bruto obtido da fermentagdo. Outro
fator que motivou esta proposta é o fato da bactéria B. cepacia ser classificada como
patdgena oportunista, o que dificulta seu cultivo para a producéo da lipase em larga
escala (VANLAERE et al., 2009). Assim, foi desenhada uma estratégia de clonagem
e expressao para a LipBC, a fim de se obter a enzima purificada.

O gene que codifica a lipase de B. cepacia, denominado como lipA, é
composto por 1096 pares de base e a proteina expressa contém 320 aminoacidos
(JORGENSEN et al., 1991). A lipase é secretada para o meio extracelular através de
um mecanismo similar ao do género Pseudomonas, denominado SEC ou tipo II. Por
esse mecanismo, a expressdo funcional da lipase é dependente de uma proteina
auxiliar, uma foldase especifica para lipase, denominada Lif (ROSENAU et al.,
2004).

O gene auxiliar que codifica a Lif, denominado lipB, esta localizado na regiao
a montante do gene da lipase no mesmo operon. Sem a foldase, a lipase é

produzida em uma forma inativa, como relatado para algumas espécies de
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Pseudomonas e Burkholderia gram-negativas (ROSENAU et al.,, 2004). Assim, a
necessidade da Lif tem sido um fator limitante para a superexpressdo da lipase
funcional em hospedeiros heterélogos. Para contornar esse problema, diferentes
abordagens vém sendo utilizadas, tais como o0 uso de aditivos quimicos (KOJIMA et
al., 2003), a expressdo em hospedeiros homadlogos (TRAUB et al., 2001; PAUWELS
et al., 2006), e o reenovelamento in vitro. Nessa estratégia, lipase (lipA) e foldase
(lipB) sé@o expressas e purificadas separadamente, e em uma segunda etapa,
resuspendidas em uma solucdo tampao (HOBSON et al., 1993; OGINO et al., 2007,
AKBARI et al., 2010).

Uma outra estratégia utilizada para obtencao da lipase ativa € a co-expressao
dos genes lipA e lipB (MADAN e MISHRA, 2010; WU et al., 2012; MARTINI et al.,
2014). Primeiramente, pode-se chamar de co-expressdo quando em um mesmo
plasmideo s&o inseridos 0s genes da lipase e foldase em forma de operon.
Entretanto, esse tipo de estratégia pode resultar numa baixa expressao e baixo
rendimento da lipase (HOBSON et al., 1993; WU et al., 2012). Outra estratégia de
co-expressao foi proposta por Madan e Mishra (2010), onde os genes da lipase e
foldase sdo clonados em plasmideos diferentes, mas inseridos no mesmo
hospedeiro heter6logo. Uma vantagem a ser destacada nessa estratégia é a
obtencdo da lipase ativa uma Unica etapa, logo apds a sua expressao (MADAN e
MISHRA, 2010; MARTINI et al., 2014).

Essa estratégia, chamada co-expressédo in vivo foi utilizada nesse trabalho
para a obtencdo da lipase LipBC. Em adicao, este trabalho também teve por objetivo
0 seguenciamento gendmico e a identificacdo da cepa B. cepacia LTEB11, pois
recentemente uma analise parcial do gene ribossomal 16S realizada pelo CPQBA
reclassificou a cepa B. cepacia LTEB11 como B. lata. Entretanto, essa andlise
realizada se mostrou inconclusiva, pois a sequéncia do gene 16S apresentou 100%
de similaridade com os das estirpes de B. cenocepacia, B. cepacia, B. sp 32, B.

arboris e B. lata.
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2.2 IMOBILIZACAO DE ENZIMAS

A imobilizacdo de enzimas pode ser definida como uma técnica de promover
a ligacdo de uma enzima a uma matriz inerte através de meios fisicos ou quimicos.
A matriz torna a enzima insoltvel no meio reacional, mas permite que a enzima entre
em contato com o substrato, catalisando as reagbes (MATEO et al., 2007c;
VILLENEUVE et al., 2000). Esse processo tem um importante papel na biocatalise,
pois ha diversos problemas na utilizacdo de enzimas em sua forma livre. Dentre
eles, citam-se a baixa estabilidade nas condicfes utilizadas (temperatura e solventes
organicos) nos diferentes processos e as dificuldades de se reciclar uma enzima
livre em um meio reacional (VILLENEUVE et al., 2000).

Assim, a utilizacdo de enzimas imobilizadas garante varias vantagens em
processos industriais, dentre as quais, destaca-se dois pontos: 1) permite a
reutilizacdo da enzima, pois a imobilizacdo facilita a recuperacdo do biocatalisador
do meio reacional, seja por filtragdo ou centrifugacdo, o que também facilita a
separacdo dos produtos; 2) a imobilizacdo pode ser direcionada para alterar
favoravelmente propriedades enzimaticas, como estabilidade, atividade e
especificidade (VILLENEUVE et al.,, 2000; GUISAN et al., 2001; MATEO et al.,
2007Db).

Varios sdo os protocolos que podem ser utilizados para imobilizacdo de uma
enzima. Deve-se levar em consideracao as caracteristicas da enzima e do substrato
para a escolha do suporte ideal, podendo este ser sélido, poroso, membranoso,
fibroso, entre outros. Nesse sentido, as principais caracteristicas a serem
observadas na selecdo de um suporte para imobilizacdo sdo area superficial,
insolubilidade, morfologia e composicdo, resisténcia mecanica, toxicidade,
biodegradabilidade e custo (SOARES et al.,1999). Além disso, o suporte deve conter
grupos reativos para promover a interagdo com enzima de maneira aleatoria ou
direcionada, promovendo interacdes secundarias com determinados residuos da
enzima (FIGURA 7) (MATEO et al., 2007b). Em adicdo, parametros como eficiéncia
imobilizacéo (E), retencéo de atividade (R) e a perda de atividade enzimética durante
0 processo também sao fatores que devem ser considerados (VILLENEUVE et al.,
2000).
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FIGURA 7 - EXEMPLO DE IMOBILIZACAO COM UMA INTERACAO ENZIMA-
SUPORTE

Nesse exemplo, a enzima é imobilizada via adsor¢do através de cargas positivas presentes no
suporte. Em uma segunda etapa, ligagbes covalentes pontuais ou multipontuais podem ser formadas
entre grupos epoxi do suporte com diferentes grupos reativos da enzima, como por exemplo, grupos
amino primarios.

Fonte: O AUTOR (2017).

Os principais métodos de imobilizacdo sdo apresentados na FIGURA 8 e
podem ser classificados como: a) métodos quimicos que envolvem a ligacdo da
enzima em uma matriz por ligacdes covalentes ou ligacdes cruzadas entre a enzima
e outros polimeros, como por exemplo, glutaraldeido; b) métodos fisicos, que
incluem a adsorcdo da enzima em uma matriz sélida por interacbes fracas
(interacdes de Van der Waals, interac6es hidrofébicas ou ibnicas ), e a encapsulacao
da enzima em géis formados por matrizes poliméricas ou em micelas inversas
(VILLENEUVE et al., 2000; MATEO et al., 2007c).

2.2.1 Imobilizacgédo de lipases

Dentre as estratégias de imobilizacdo de lipases descritas na literatura, o
método de adsorcdo € o mais utilizado, uma vez que ndo promove grandes
modifica¢cdes na conformacéo nativa da enzima e nem a perda da atividade catalitica
quando comparado a outros métodos de imobilizacdo (VILLENEUVE et al., 2000;
MATEO et al., 2007c). Este método consiste na adsor¢cdo da enzima em um suporte
inerte, por meio de interacdes hidrofobicas. Essa interacdo é favorecida pela

presenca da lid e de residuos hidrofébicos em torno do sitio ativo da enzima. Assim,



18

lipases sofrem ativacao interfacial na presenca da interface hidrofébica do suporte,
sendo adsorvidas em sua superficie, mantendo a lid em sua conformacédo aberta
(FIGURA 9) (FERNANDEZ-LAFUENTE et al., 1998; PALOMO et al., 2002).

A)
3
QOO_, o
OOO

OOO }

)

C) D)

Q |
O O \Q Q\ Q // Uni-pontual

Enzimasolavel Encapsulagdo .
psulag Multi-pontual

FIGURA 8 - PRINCIPAIS METODOS DE IMOBILIZAQAO

A) CLEAs: cross-linked enzyme aggregates; B) Adsorcao fisica; C) Encapsulacdo e D) Ligacdo
covalente.

Fonte: O AUTOR (2017).

A ativacdo interfacial de lipases em suportes hidrofébicos, como por exemplo,
em octadecil-sepabeads (PALOMO et al., 2002) ou octil-agarose (FERNANDEZ-
LAFUENTE et al.,, 1998), € uma das estratégias mais utilizadas na literatura e
permite a purificacdo, imobilizacdo, hiperativagcdo e estabilizacdo da enzima em
apenas uma etapa (BASTIDA et al., 1998; MATEO et al., 2007c; MANOEL et al.,
2015; SUESCUN et al.,, 2015; RUEDA et al., 2016). Além disso, esse meétodo
apresenta vantagens significativas em relacédo a imobilizacdo de lipases atraves de
outras regides, produzindo preparacdes imobilizadas mais ativas e seletivas
(PALOMO, 2008; MARCIELLO et al., 2012), especialmente quando aplicadas em
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reacoes complexas, como por exemplo, na resolugdo de misturas racémicas
(CABRERA; PALOMO, 2011), e na hidrdlise regiosseletiva de carboidratos (FILICE
et al., 2012).

Lipases em solugéo

\ N
X v\. ..'-
\ '
“Fechada” “Aberta”  Atjvacao interfacial

Superficie hidrofobica

FIGURA 9 - IMOBILIZACAO DE LIPASES POR ADSORCAO FISICA EM
SUPORTES HIDROFOBICOS

Fonte: O AUTOR (2017).

Entretanto, apesar de ser uma estratégia muito utilizada, a adsorcao de
lipases em suportes hidrofobicos pode ser reversivel, uma vez que pode ocorrer a
dessorcdo da enzima do suporte em meio aquoso, na presenca de detergentes ou
alguns aditivos no meio reacional (PALOMO, et al., 2002; MATEO et al., 2007c).
Para contornar esse problema, algumas estratégias tém sido propostas, como por
exemplo, o tratamento com polimeros (dextran, glutaraldeido) ap6s a imobilizacéo
visando a formacdo de intercruzamentos entre a enzima e 0 suporte, prevenindo
assim a dessorcao (SHELDON et al., 2007; GARCIA-GALAN et al., 2011).

No que se refere as lipases utilizadas neste trabalho, LipBC foi imobilizada em
diferentes suportes com caracteristicas distintas no trabalho desenvolvido por Baron
(2008). Dentre os suportes avaliados, o melhor suporte selecionado, considerando a
eficiéncia de imobilizacdo (E=100%) e a retencdo de atividade em meio organico
(R=193%) foi o polipropileno altamente poroso Accurel EP 100. Este suporte foi
utilizado para o desenvolvimento de uma nova estratégia de imobilizagdo chamada
de SPIL (Simultdnea Producdo e Imobilizacdo de Lipases), onde a lipase é
produzida por fermentacdo submersa na qual € adicionado o suporte, sendo assim

produzida e imobilizada no meio de fermentacdo, sem a necessidade de nenhuma
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etapa de purificacdo da enzima e posterior imobilizacdo (BARON et al.,, 2011).
Excelentes resultados foram obtidos com a lipase LipBC imobilizada nesse suporte
em reacdes de sintese, como ja mencionado anteriormente (sesséo 2.1.4).

Suportes do tipo Accurel ndo sdo comercializados para fins de imobilizacéao
de enzimas. A escolha desse suporte para imobilizacdo de lipases se deve a sua
alta porosidade e capacidade de ativacdo de lipases (ALMEIDA et al., 2008;
KAEWTHONG et al., 2005). Apesar de ser poroso, sua capacidade de adsorcao de
proteinas é baixa quando comparada com outros suportes comerciais. Por exemplo,
em relacdo aos trabalhos realizados em nosso grupo de pesquisa, a maior
capacidade de adsorcao foi obtida por Salum et al. (2008), imobilizando a lipase
LipBC na razdo de 30 mg de proteina por grama de suporte. Madalozzo et al. (2015)
comparam a imobilizacdo da lipase LipCl2 nos suportes Acurrel MP 1000 e
Immobead 150. A carga maxima para o suporte Accurel foi de 25 mg g de suporte,
enquanto que para o Immobead foi de 200 mg g. Suportes do tipo Immobead séo
polimeros acrilicos vendidos comercialmente pela empresa ChiralVision para a
imobilizacdo de enzimas, com capacidade de adsorver em média 500 mg de
proteina. Este suporte apresenta uma alta densidade de grupos epdxi em sua
superficie, capazes de promover a interagdo com a enzima via adsor¢cao seguida de
uma ligacdo covalente dependendo do protocolo de imobilizagdo (MATEO et al.,
2007a). Otimos resultados foram obtidos com a lipase LipC12 imobilizada nesse
suporte em diferentes reacdes (sesséo 2.1.3).

Apesar resultados promissores apresentados na imobilizacdo das lipases
LipC12 e LipBC nos trabalhos anteriores, este trabalho teve como objetivo a sintese
de novos suportes para a imobilizacdo das lipases, visando obter diferentes
preparacdes imobilizadas com propriedades diferenciadas, para aplicacbes em

biocatalise.
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3 OBJETIVOS

3.1 OBJETIVO GERAL

Este trabalho teve como objetivo geral a producdo, imobilizagcdo e

caracterizagdo das lipases LipCl2 e LipBC visando futuras aplicagbes em

biocatalise. Além disso, visou a sintese de novos e diferentes suportes para

imobilizacdo de lipases, assim como o desenvolvimento de novos protocolos

imobilizag&o.

3.2 OBJETIVOS ESPECIFICOS

12 Parte: Producéo e purificagdo das enzimas

Produzir e purificar a lipase LipCl2 de acordo com protocolos ja
estabelecidos;

Sequenciar o genoma da bactéria Burkholderia contaminans LTEB11 e
identificar os genes lipA (lipase) e lipB (foldase);

Amplificar, clonar e otimizar a expressao da lipase LipBC na forma ativa em
um hospedeiro heterdlogo;

Purificar e realizar a caracterizacdo bioquimica da lipase LipBC recombinante;

22 Parte: Estudos de imobilizacéo

Sintetizar e desenvolver novos suportes com diferentes grupos funcionais
utilizando a matriz de agarose como modelo;

Estabelecer e otimizar novos protocolos para a imobilizagdo das lipases;
Imobilizar as lipases LipCl1l2 e LipBC nos novos suportes e selecionar os
melhores derivados imobilizados;

Caracterizar as lipases LipC12 e LipBC imobilizadas nos novos suportes;

32 Parte: Aplicacdo em biocatalise

Aplicar a lipase LipC12 imobilizada na hidrélise regiosseletiva de ésteres de
acucares;

Aplicar a lipase LipBC imobilizada na sintese do éster oleato de etila.
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3.3 ESTRATEGIA DE ACAO

O presente trabalho foi desenvolvido no Nacleo de Pesquisa e
Desenvolvimento de Energia Auto Sustentavel (NPDEAS), no Ndcleo de Fixacao
Biologica de Nitrogénio do Departamento de Bioquimica e Biologia Molecular, ambos
na Universidade Federal do Parana, e no Instituto de Catalisis y Petroleoquimica em
Madrid-Espanha, durante um estagio sanduiche de 12 meses, sob orientagéo do Dr.

Cesar Mateo. O fluxograma da estratégia do trabalho esta mostrado na Figura 10.
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FIGURA 10 - FLUXOGRAMA DA ESTRATEGIA DE TRABALHO
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Abstract

Burkholderia contaminans LTEB11 is a Gram-negative betaproteobacteria isolated in our
laboratory as a spurious contamination from a fungi culture in mineral medium supplemented
with vegetable oil. In order to get more information on the lipolytic machinery of B.
contaminans LTEB11 and to understand general lines of its metabolism, the genome of this

isolate was completely sequenced and analyzed.

Keywords: Lipase, rhamnolipid, Burkholderia contaminans, genome.
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Announcement

The Burkholderia genus is widely distributed in the environment and many ecological niches
(Coenye and Vandamme, 2003). The genus is divided in two well-established clusters: the
non-pathogenic, which comprises beneficial plant symbionts, and the pathogenic, which
comprises human opportunistic and plant pathogens (Coenye and Vandamme, 2003). The
species B. contaminans was described in 2009 (Vanlaere et al., 2009) and received this name
in reference to the contamination of a Sargasso Sea DNA sample (Mahenthiralingam et al.,
2006). Currently, the species is classified inside of Burkholderia cepacia complex (BCC), a
group of at least 18 different species that infect immunocompromised individuals, in
particular those with cystic fibrosis (Deng et al., 2016; Vanlaere et al., 2009). These group
include B. cepacia, B. cenocepacia, B. multivorans, B. lata, B. stabilis and B. ambifaria
(Vandamme and Dawyndt, 2011). In fact, besides their role in causing disease, B.
contaminans and other BCC species have biotechnological applications, such as biocontrol or
bioremediation agents (Parke and Gurian-Sherman, 2001), production of biosurfactants

(Wattanaphon et al., 2008) and extracellular lipase (Oliveira et al., 2014; Yang et al., 2007).

B. contaminans LTEB11, early classified as B. cepacia LTEB11, produces an extracellular
lipase (LipBC) with high stability and activity in organic media (Fernandes et al., 2007;
Salum et al., 2008). Furthermore, LipBC was produced by submerged and solid-state
fermentation, and was used in esterification and transesterification reactions, with application
in biodiesel synthesis (Baron et al., 2014; Salum et al., 2010; Soares et al., 2013) and in the
resolution of racemates (Moure et al., 2014). As the production and application of lipase
LipBC have been extensively studied and showed promise, here we reported the genome

sequence of B. contaminans LTEB11, identifying and analyzing the genes involved on its
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lipolytic machinery.

Genomic DNA was isolated using phenol-chloroform extraction (Sambrook et al., 1989). The
whole-genome sequencing was performed on two different platforms: MiSeq Illumina
(2.698.078 reads/paired-end, 250 bp long) and lon Proton System (5.661.193 reads, 125 bp
long). The sequence data were de novo assembled using CLC Genomics Workbench 6.5.1
(Gnerre et al., 2011); Velvet 1.2.07 (Zerbino and Birney, 2008); Masurca 2.3.2 (Zimin et al.,
2013) and the final assemble was optimized and finish using GFinisher (Guizelini et al.,
2016). Coding sequences (CDS) and open reading frames (ORFs) were predicted using RAST
server (Aziz et al., 2008) and our in-house SILA platform. Phylogenetic analysis was carried
out with the neighbor-joining method and bootstrapping (1000 replicates) was used to

estimate the confidence levels of phylogenetic reconstructions (Tamura et al., 2013).

The B. contaminans LTEB11 genome was assembled in 7 contigs that comprise three
replicons of 3,548,326 bp (chromosome 1), 3,254,142 bp (chromosome 2) and 1,196,160 bp
(chromosome 3) (Table 1). The estimated genome size is 7.9 Mb with a 66.3% GC content.
The size of genome is in agreement with that described to the Burkholderia genus, which may

vary from 7.4 to 9.7 Mb (Ussery et al., 2009).

In total 7553 protein coding genes were predicted (Table 1), including lipAB operon coding
for the lipase (lipA) and the lipase-specific foldase (lipB) in the chromosome 2 and genes of
the protein secretion system type 11 (T2SS), which are required for the secretion of lipases
(Rosenau et al., 2004). In addition, we predicted other operon in the chromosome 1 coding for

lipase (lipE) and foldase (lipF) with 65% and 53% of identity with lipAB operon, respectively,
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and more two genes (lipC and lipD) coding for putative lipases with 23% and 25% of identity

with lipA.

Table 1. Genome features of Burkholderia contaminans LTEB11

Features Chromosome 1  Chromosome 2 Chromosome 3 Total

Size 3,548,326 bp 3,254,142 bp 1,196,160 bp 7,998,628 bp
Contigs 4 2 1 7
Protein-coding genes 3366 3074 1113 7553

tRNASs 56 6 3 65

G + C content 66.7% 66.6% 65.8% 66.3%

Preliminary comparative analysis showed that genes lipC and lipD are also present in genome
sequences of other B. contaminans isolates (FFH2055; LMG 23361 and SAR-1
environmental) and B. lata 383. However, in these genome sequences the operon lipEF
described here was not identified. Phylogenetic analysis classified lipA and lipE in the family
1.2 of bacterial lipases, besides B. glumae (GB: X70354), B. lata (GB: WP011355767) and P.
luteola (GB: AAC05510). Intriguingly, lipC and lipD were classified in the family 11, besides
P. aeruginosa (GB: AF005091), S. typhimurium (GB: AF047014) and A. hidrophila

(GB:ABK35918).

The B. contaminans genome also contains the pha gene cluster (phaz, phaC, phaA, phaB and
phaR) for the biosynthesis of biodegradable polymers (polyhydroxyalkanoates) (Urtuvia et
al., 2014) and the genes for the synthesis of rhamnolipids (rhlA, rhIB and rhlC), an important

class of biosurfactants of special interest for cosmetic, pharmaceutical and detergent
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manufacturers (Rahim et al., 2001; Camilios Neto et al., 2008)). Therefore, the genome
sequence reported here can be the basis for further studies involving different lipases and their
regulatory mechanisms and the production of different products with biotechnological

relevance.

Nucleotide sequence accession numbers

The bacterial strain B. contaminans LTEB11 is deposited as strain CPQBA 515-12 at the
Centro Pluridisciplinar de Pesquisas Quimicas, Bioldgicas e Agricolas, CPCQBA/UNICAMP,
SP - Brazil. This Whole Genome Shotgun project has been deposited at DDBJ/ENA/GenBank
under the accession MLFG00000000. The version described in this paper is version

MLFG01000000.
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Abstract

Genes encoding lipase LipBC (lipA) and foldase LifBC (lipB) were identified in genome of
Burkholderia contaminans LTEB11, a bacterium isolated from a mineral medium
supplemented with vegetable oil. Analysis of amino acid sequence of lipA showed high
identity with lipases from Pseudomonas luteola (91%), Burkholderia cepacia (96%) and
Burkholderia lata (97%), and classified LipBC lipase in the lipase subfamily 1.2. The genes
lipA and lipB were amplified and cloned into expression vectors pET28a(+) and pT7-7,
respectively. LipBC and LifBC proteins were co-expressed in Escherichia coli BL21(DES3),
and purified by affinity chromatography. LipBC and LifBC have molecular weights

corresponding to 33 kDa and 37 kDa, respectively, and remain complexed after purification.
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The biochemical and kinetic characteristics of the purified lipase-foldase preparation were
investigated. This preparation was active and stable over a wide range of pH values (6.5 - 10)
and temperatures (25 - 45°C), with the highest specific activity, of 1426 U mg™!, being
obtained against tributyrin. It also had high specific activities (> 700 U mg™!) against natural
triacylglycerols (triolein and commercial oils from olive, corn, canola and sunflower). The
complex Lip-LifBC was immobilized on Sepabeads and 90% of efficiency of immobilization
was obtained in 1 h. The immobilized preparation was able to catalyze the synthesis of ethyl-
oleate in n-hexane with an activity of 4 U g, maintaining high conversions (> 80%) over 5
reaction cycles of 6 h at 45 °C. The results obtained in this work provide the basis for the

development of applications of recombinant LipBC in biocatalysis.

Keywords: Lipase, foldase, Burkholderia contaminans, co-expression in vivo, biocatalysis.

Introduction

Bacterial lipases, especially from species of Burkholderia and Pseudomonas, have been
extensively studied and used commercially, due to high activity and stability in organic
solvents (Gupta et al. 2004; Liu et al. 2010). For the last 15 years, we have been working with
LipBC. This lipase is produced by a strain of Burkholderia that was isolated in our laboratory
and originally classified as B. cepacia LTEB11, but was recently reclassified as B.
contaminans LTEB11 based on genomic analysis (Alnoch et al., unpublished data). We
produced LipBC in submerged fermentation and used it to catalyze the synthesis of ethyl-
oleate in n-heptene (Salum et al. 2008; Baron et al. 2011; Soares et al. 2013), the
transesterification of castor oil in a solvent-free medium (Baron et al. 2014), and the kinetic

resolution of racemates of secondary allylic alcohols (Moure et al. 2014). We have also
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produced LipBC in solid-state fermentation and the dried -fermented solid containing LipBC
naturally immobilized was used it in the esterification of free fatty acids, in the
transesterification of vegetable oils (Salum et al. 2010; Soares et al. 2013) and in the synthesis

of sugar esters (Villalobos, 2016).

The good stability and activity of LipBC in organic solvents motivated us to overexpress it in
a heterologous host, given that many Burkholderia strains are opportunistic pathogens and
therefore require special safety regulations for their cultivation at large scale. Nevertheless,
the overexpression of a functional lipase can be difficult , particularly when a lipase-specific
foldase (chaperone) is required (Rosenau et al. 2004), which is the case of the lipases of the
subfamilies 1.1 and 1.2 (Rosenau and Jaeger 2000; Rosenau et al. 2004), such as Burkholderia
species. The foldase gene (lipB) is encoded in the same operon as the structural gene of lipase
(lipA) and has been described as a limiting factor for functional expression in heterologous

hosts (Hobson et al. 1993; Aamand et al. 1994).

Strategies involving in vitro and in vivo folding can be used for the functional expression in
heterologous hosts of lipases that require foldases. In the case of in vitro folding, the lipase
and the foldase are produced and purified separately; folding occurs in vitro, yielding a fully
active lipase (Hobson et al. 1993; Quyen et al. 1999; Traub et al. 2001). In the case of in vivo
folding, the lipase and the foldase are co-expressed in the same heterologous host using a two-
plasmid system and folding also occurs in vivo (Madan and Mishra 2010; Martini et al. 2014).
The in vivo refolding strategy is simpler, with active enzyme obtained simultaneously with its

expression.
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In this work, we obtained a functional lipase of Burkholderia contaminans LTEB11 using the
in vivo refolding strategy. The co-expression of both LipBC and its specific foldase (LifBC)
in E. coli resulted in in vivo expression of the active lipase. The recombinant lipase (rLipBC)

was purified and characterized.

Materials and Methods

Strains, plasmids and materials

Burkholderia contaminans LTEB11 was identified previously (Alnoch et al., unpublished
data) and it is deposited as strain CPQBA 515-12 at the Centro Pluridisciplinar de Pesquisas
Quimicas, Bioldgicas e Agricolas, CPQBA/UNICAMP, Séo Paulo State, Brasil. The
expression system involved the strains E. coli TOP10 (Invitrogen, CA, USA) and BL21(DE3)
(Novagen, MI, USA) and the vectors pTZ-18R (Amersham Pharmacia, NJ, USA) pET-28a(+)
(Novagen, MI, USA) and pT7-7 (Addgene, MA, USA). Restriction enzymes, T4 DNA ligase,
shrimp alkaline phosphatase (SAP) and the protein molecular mass marker were purchased

from Thermo Fisher Scientific (MA, USA).

The HiTrap Chelating HP column was purchased from GE Healthcare (Uppsala, Sweden).
Triolein (65%) and tributyrin (99%) were purchased from Sigma-Aldrich (MO, USA). The
natural oils (olive, corn, canola, rice, sunflower, linseed, castor and soybean) for lipase
activity determination were purchased from a local supermarket. Sepabeads FP-BU (Milan,
Italy) was used in the immobilization assays. All other chemicals used for lipase analysis were

of analytical grade.
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Extraction of genomic DNA

Chromosomal DNA of B. contaminans LTEB11 was obtained from cells grown in Luria
Bertani (LB) medium at 120 rpm at 30 °C for 24 h and DNA was purified using phenol-

chloroform extraction (Sambrook et al. 1989).

Amplification and cloning of lipA and lipB genes

PCR primers for the amplification of lipA and lipB were designed on the basis of the genome
sequence, using the TMHMM v.2.0 (Krogh et al. 2001) and SignalP 3.0 (Dyrlgv Bendtsen et
al. 2004) servers, and synthesized by Molecular Biotechnologies (Belo Horizonte, MG,
Brazil). PCR reactions for the amplification of lipA were performed with an initial
denaturation at 98 °C 90 s, followed by 30 cycles of 98 °C for 10 s, 60 °C for 20 s, 72 °C for
40 s, and a final extension at 72 °C for 5 min, using the mix Phusion high-fidelity DNA
polymerase (New England Biolabs, UK). The entire and the N-truncated fragments of lipA,
with 1117 and 997 bp, respectively, were digested for 4 h at 37 °C with Nhel and HindlIII.
The fragments were purified with an Axygen Gel Extraction Kit (Biosciences) and cloned into

the pET28a(+) vector.

To obtain the foldase gene (lipB), the sequence was optimized and synthesized by GenScript

(NJ,USA), since the native gene contains tandem rare codons that could reduce the efficiency
of translation or cause the translational machinery to disengage. Furthermore, the GC content
was optimized in order to prolong the half-life of the mRNA and prevent the formation of

stem-loop structures. The N-truncated fragment (834 bp) was obtained from the optimized
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entire lipB (1044 pb) and both were digested with Ndel and BamHI and cloned into the pT7-7

vector.

Insertions in the resulting plasmids (pET28a(+)/lipA-entire, pET28a(+)/lipA-N-truncated pT7-
7/lipB-entire and pT7-7/lipB-N-truncated) were verified by sequencing in both directions
using the BigDye Terminator v3.1 cycle sequencing kit and 3500XL DNA sequencing system
(Applied Biosystems), in accordance with the instructions of the manufacturer. The vectors
were then introduced, through thermal shock, into competent E. coli BL21(DE3) cells to

express the recombinant LipBC.

Expression and co-expression assays

Tests for expression of the constructs in E. coli BL21(DE3) were carried out (Table 1). The
cells were collected and then transferred to 50 mL of Luria Bertani (LB) medium, with either
100 mg mL™! kanamycin or 50 mg mL"! ampicillin. After the culture reached an ODsoo of 0.5,
isopropyl-p-D thiogalactopyranoside (IPTG) was added to give a concentration of 0.2 mmol
L~! and the culture was continued for another 16 h at 20 °C before harvesting of the cells by
centrifugation (4.700 x g for 30 min) at 4 °C. The supernatant was discarded and the cell
pellet was resuspended in 7 mL of a buffer containing 50 mmol L™! Tris-HCI, 2 mmol L™
CaCly, 1% (v/v) Triton X-100 and 150 mmol L~ NaCl. The cells were sonicated in an ice
bath ten times for 20 s with intervals of 20 s. The expression of the enzyme was confirmed
both by 12% (w/v) SDS-PAGE (Laemmli 1970) and by activity assays, done using the

titrimetric method with triolein as the substrate in a pH-Stat (Stuer et al. 1986).
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Overexpression and purification of recombinant rLipBC

E. coli BL21(DE3) cells carrying the pET28a(+)/lipA-N-truncated and pT7-7/lipB-entire
plasmids were grown in 500 mL of LB medium at 37 °C until an ODsgo of 0.5 and induced by
the addition of (IPTG) to a final concentration of 0.5 mM. The induced culture was incubated
for a further 16 h at 20 °C before harvesting of the cells by centrifugation (10.000 rpm for 30
min) at 4 °C. The cell pellet was resuspended in 30 mL of lysis buffer (50 mmol L™! Tris-HCI
pH 7.5, 500 mmol L~! NaCl, 20 mmol L™! imidazole, 10 mmol L™! B-mercaptoethanol, 1%
(v/v) Triton X-100 and 10% (v/v) glycerol) and disrupted by ultrasonication in an ice bath (15
cycles of 20-s pulses, 90 W, with 30-s intervals), using a SONICATOR® XL 2020 (Heat
systems-Ultrasonics Inc.,NY, USA). The crude extract was then centrifuged at 15.000 rpm for
30 min at 4 °C to pellet the cell debris. The supernatant containing the His-tagged protein was
loaded onto a HiTrap Chelating HP column previously loaded with Ni?* and equilibrated with
lysis buffer, using an AKTAbasic chromatography system (GE Healthcare, USA). Protein
fractions were analyzed by SDS-PAGE, pooled, dialyzed (50 mmol L™ Tris-HCI pH 8.0, 150

mmol L™! NaCl, 10 mmol L™ CaCls, 20% (v/v) glycerol) and stored at 4 °C until use.

Protein content determination, electrophoresis and zymogram analyses

Protein content was determined by method of Smith et al. (1985) using the Pierce BCA
Protein Assay Kit (Pierce Biotechnology, Rockford, IL, USA) with bovine serum albumin as
the standard. Electrophoresis of protein samples was done with 12% (w/v) SDS-PAGE
(Laemmli 1970) and the gel was stained with Coomassie Brilliant Blue R-250 and destained

with methanol/acetic-acid/water (5/1/4 viviv). Tricine-SDS-PAGE was performed according
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to Schagger et al. (2006). For zymogram, lipolytic activity of bands on the SDS-PAGE gel

was detected using tributyrin as the substrate (Oh et al. 1999).

Sequence analysis and phylogenetic tree construction

Multiple sequence alignment was performed with the ClustalW algorithm (Thompson et al.
1994) and phylogenetic analysis was carried out with the neighbor-joining method using
MEGA version 6.0. Bootstrapping (1000 replicates) was used to estimate the confidence
levels of phylogenetic reconstructions (Tamura et al. 2013). T-Coffee software (Notredame et
al. 2000) was used to align the lipase sequence against the ones from the Protein Data Bank
(PDB) templates (Berman et al. 2000). Software DSSP (Kabsch and Sander 1983) and Aline
(Bond and Schuttelkopf 2009) were used to estimate and to show the predicted secondary

structure.

Structural homology modeling

The model building was carried out using MODELLER software (Eswar et al. 2006). Suitable
experimental structural homologues to use as templates were chosen using the MHOLIine
algorithm (Capriles et al. 2010) and acquired from PDB. The templates were structurally
superposed with the MULTIPROT (Shatsky et al. 2002) and then used to perform sequential
alignments with T-Coffee (Notredame et al. 2000). Five hundred models were generated and
further optimized by means of the variable target function method (VTFM) available within
MODELLER. The quality of the models was assessed by the programs PROCHECK
(Laskowski et al. 1993) and MODELLER with the embedded normalized DOPE (Shen and

Sali 2006) and GA3415 scores (Melo et al. 2002).
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Lipase activity assay

The hydrolysis activity of rLipBC was determined by titration using an automatic titrator
pHStat (Metrohm 718 Stat Titrino) (Stuer et al. 1986). The substrate emulsions consisted of
67 mmol L triacylglycerol, 3% (w/v) gum arabic, 2 mmol L' CaClz, 2.5 mmol L™! Tris-
HCI pH 8.0 and 150 mmol L' NaCl, dispersed in distilled water (Tiss et al. 2001). The
enzyme was added to 20 mL of the emulsion under magnetic stirring (300 rpm) at 37 °C and
the reaction was followed for 5 min. One unit of hydrolytic activity in aqueous medium

corresponds to the release of 1 umol of fatty acid per minute, under the assay conditions.

In the immobilization assays (section 2.11), the hydrolysis activity was determined using p-
nitrophenyl propionate as the substrate. Soluble or immobilized rLipBC was added to 2.5 mL
of a solution containing 0.4 mmol L* substrate and 25 mmol L™ NaH2PO4 (pH 7.0), under
continuous magnetic stirring. The release of p-nitrophenol was monitored at 348 nm and the
coefficient of extinction of (pNP) utilized was & = 5.15 x 10% L mol~! cm™". One unit of
activity (U) was defined as the production of 1 umol of p-nitrophenol per minute, under the

conditions of the assay.

Characterization of lipase activity and stability

The activity of rLipBC was determined against natural triacylglycerols (triolein, tributyrin and
commercial oils from olive, corn, canola, sunflower, castor, rice, linseed and soybean). The
emulsions were prepared with the corresponding triacylglycerols and the assays were

performed as described above.
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The effect of temperature on the activity of rLipBC was determined over the temperature
range of 25 to 65 °C. To determine the thermostability, rLipBC was incubated at different
temperatures from 25 —65 °C for 1:5 h in 50 mmol L™! Tris—-HCI buffer, pH 8.0.

The effect of pH on the activity of rLipBC was determined over the pH range of 5.0 to 11.0,
at 37 °C. To determine the pH stability, rLipBC was incubated for 1.5 h at 30 °C in the
buffers citrate (pH 4.0 to 6.0), phosphate (pH 6.0 to 8.0) and glycine-NaOH (pH 8.0 to 11.0)
at 50 mmol L™'. The residual activities were calculated in relation to controls that were treated

identically, but without incubation.

Immobilization of rLipBC

Recombinant LipBC was immobilized by physical adsorption onto hydrophobic support
Sepabeads FP-BU. The support was wetted with acetone solution (50% (v/v) in water) for 30
min, then washed with distilled water and filtered. To the assay, 1 g of the support suspended
in 4 mL of enzyme solution (protein loading of 5 mg g of support) were added in 10-mL
flask. The flask was incubated in an orbital shaker at 80 rpm and 25°C. Aliquots of the
supernatant were removed over time and assayed for lipase activity by using the pNPP
method. Finally, the immobilized enzyme was removed from the mixture by filtration, dried
in a vacuum desiccator for 16 h and stored at 4°C.

The immobilization efficiency (IE, %) was calculated as:

El = X 100%

A_Af
A

where A; is the hydrolytic activity (U) of the enzyme solution before immobilization and At is
the hydrolytic activity (U) remaining in the supernatant at the end of the immobilization

procedure.
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The recovered activity (R, %) was calculated as:

R="2 x 100%
A

where Ao is the observed hydrolytic activity the immobilized preparation (U g of support)
and Ar is the theoretical activity of the immobilized preparation (U g™* of support), calculated
based on the amount of activity removed from the supernatant during the immobilization

procedure.
Application of rLipBC immobilized in ethyl-oleate synthesis

Ethyl-oleate synthesis was done in 7-mL flasks, using 3 mL of reaction medium containing n-
hexane, ethanol (210 mmol L™!) and oleic acid (70 mmol L™). The flasks were placed in an
orbital shaker at 45 °C and 180 rpm. The reaction was started with the addition of 150 mg of
the immobilized preparation. At each sampling time, a 100 uL sample of the mixture was
collected and analyzed for free fatty acids by the Lowry-Tinsley method (Lowry and Tinsley
1976). The reutilization of immobilized rLipBC was studied using the same reaction
conditions as described above. After each reaction, the contents of flasks were filtered through
Whatman no. 1 filter paper. The filtrate was kept for analysis of the conversion, while the
immobilized preparation retained was washed thrice with n-hexane and dried in a desiccator

at 4 °C for 16 h. Percentage conversions of fatty acids were determined for each cycle.
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Results

Cloning, co-expression and purification of recombinant lipase (rLipBC)

In previous work, the genome sequence of B. contaminans LTEB11 was determined and the
lipAB operon coding for the lipase (lipA) and the lipase-specific foldase (lipB) was identified
(Alnoch et al., unpublished data). Analysis of lipA with SignalP identified a putative signal
sequence with a cleavage site between the 40th and 41st amino acid residues of the amino-
terminal region of LipA. Analysis of lipB with SignalP identified a putative transmembrane
helix (residues 7 to 30) and a hydrophobic stretch (residues 41 to 70) in the amino-terminal
region of LipB. This region (residues 1 to 70) is a flexible spacer allowing the protrusion of
the foldase from the inner membrane (Pauwels et al., 2006). Primers were designed for lipA
and lipB, both for the entire gene and the gene truncated in N-terminal region of codinged
protein, corresponding to 40 and 70 amino acids, respectively. The genes were amplified and

cloned, resulting in different constructs in E. coli BL21(DE3) (Table 1).

Lipolytic activity was detected in the crude extract only when LipBc and LifBc were co-
expressed. All co-expressed combinations of entire and N-truncated proteins were active, with
activities against olive oil from 7 to 127 U mL (Table 1). Construct V11 (lipase N-truncated
and foldase entire) was selected for the overexpression and purification. The complexed lipase
and foldase were co-eluted from the HiTrap affinity column and protein bands corresponding
to the molecular masses of LipBC (33 kDa) and its foldase LifBC (37 kDa) were observed
after SDS-PAGE (Figure 1A-C). The zymogram showed a clear band in the 66 kDa region

(Figure 1D), showing that the purified enzyme was active and that the foldase must have been
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complexed to the lipase that bound to column, since that only the lipase had a His-tag (Figure

1C). The eluted fractions were pooled and dialyzed in buffer containing 20% (v/v) glycerol.

Table 1. Expression and co-expression assays and lipase activity of the different
constructs.

Construct Vectors Lipase (rLipBc) Foldase (LifBC) Ccrg\ll_i_tly
I pPET28a(+) Entire - -

I pPET28a(+) N-truncated - -

I pT7-7 - Entire -

v pT7-7 - N-truncated -

\ pET28a(+) and pT7-7 Entire Entire 12+2
VI pET28a(+) and pT7-7 Entire N-truncated 71

VIl pET28a(+) and pT7-7 N-truncated Entire 127 £ 11
VI pET28a(+) and pT7-7 N-truncated N-truncated 739

The activity was determined with olive oil as the substrate, by the titrimetric method using a
pHStat, at pH 8.0 and 37 °C. Results are expressed as the average of triplicates assays + the
standard error of the mean

The purified complex Lip-LifBC was used for the characterization of the enzyme and is

hereafter denominated simply as rLipBC.

Protein sequence analysis and structural homology modeling

Phylogenetic analysis classified LipBC lipase in the lipase subfamily 1.2 (Figure 2), beside the
lipases from Pseudomonas luteola [GenBank:AAC05510], Burkholderia cepacia
[GenBank:M58494] and Burkholderia lata [GenBank:WP011355767]. Analysis of sequences
showed high identities (91%, 96% and 97%, respectively) with these lipases. Among the

lipases that have known 3D structure, LipBC possesses 95%, 84% and 41% identity with the
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lipases of B. cepacia [PDB:1YS1], B. glumae [PDB:1QGE] and P aeruginosa [PDB:1EX9],

respectively.

A

M 1
97 kDa -»?*_
66 kDa
45 kDa

" LifBC
30 kDa gt LipBC
20 kDa
14 kDa =

Lip-LifBC

20 kDa

Figure 1. Expression and purification of lipase and foldase of Burkholderia contaminans
LTEB11.

A) Tricine SDS-PAGE of expression and co-expression assays of lipase and foldase. Lane M:
protein molecular weight standards; lane 1: crude cell extract control (E. coli BL21(DE3);
lane 2: expression foldase LifBC entire (construct I11); lane 3: expression lipase rLipBc N-
truncated (construct I1); lanes 5, 6 and 8: co-expression of rLipBC N-truncated and f LifBC
entire (construct VII).

B) SDS-PAGE fractions eluted from the nickel column. Lane M: protein molecular weight
standards; lanes 1-7 : eluted fractions of the Lip-LifBc complex.

C) Tricine SDS-PAGE of eluted fractions from the nickel column. Lane M: protein molecular
weight standards; lanes 1 and 2: eluted fractions containing rLipBc lipase (33 kDa) and
rLifBC foldase (37 kDa).

D) Native SDS-PAGE and zymogram of the Lip-LifBC complex. Lane M: protein molecular
weight standards; lane 1: Lip-LifBc complex (70 kDa); lane 2: lipolytic activity of Lip-LifBC
complex on the SDS-PAGE gel, using tributyrin as the substrate. Proteins were stained with
Coomassie brilliant blue R-250.
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1 1 Vibrio brasiliensis [ GenBank:EGA63971]
1.1 Vibrio anguillarum [GenBank. AEH35118]
1.1 Aeromonas veronii [GenBank:AEB48282]
L1 Pseudomonas aeruginosa [GenBank:D30587]
1.1 Aeromonas veronii [GenBawk:AEB48282]
10| — L1 Aeromonas salmonicida [GenBank: ABO91680]

o7 L I.] Aeromonas hvdrophila [GenBank:ABK37008]
wo) L ] ] Pseudomonas fluorescens [GenBank:AF031226]
— 1.2 Burkholderia mallei [GenBank: WP004190838]
w0 I.2 Burkholderia glumae [GenBank:X70354]
100 1.2 Chromobacterium viscosum [GenBank: Q0589]
. ool L2 Pseudomonas luteola [GenBank: AAC035510]
- 1.2 Burkholderia cepacia [GenBanlcM38494]
90 | .2 Burkholderia lata [GenBank:WP011355767]
o7 | @ Burkholderia contaminans LTEB
5 1.2 Burkholderia sp.30 [GenBank:AIC73690]
. I — 1.5 Geobacillus stearothermophilus [GenBank: U78783]

o — 15 Staphylococcus aureus [GenBank:EEVS82152]
o1 L—— .5 Staphylococcus hvicus [GenBank: CAA426602]
I.3 Pseudomonas fluorescens [GenBank:DI14
100 ' [.3 Servatia marcescens [GenBank: DI13253]
100 — I.4 Bacillus subtilis [GenBank:M74010]

L 1.4 Bacillus pumilus [GenBank A34992]
04 —— 1.6 Propionibacterium acnes[GenBank.X99255]
w0 L—— [.6 Strepromyees cinmamoneus [GenBank: US0063]
1I Pseudomonas aeruginosa [GenBank: AF00509
- esl II Sdmonella typhimurium [GenBank: AF04701

85
55

390

95

Figure 2. Phylogenetic analysis of lipase LipBC and closely related proteins.

The protein sequences were retrieved from GenBank (NCBI). The phylogenetic tree was
generated with the neighbor-joining method using MEGA version 6.0. The scale represents
the number of amino acid substitutions per site.

LipBC has 364 amino acids and the domain analysis carried out using Pfam suggests that it
has a canonical o/p hydrolase folding type I, between residues 54 and 266 (Ollis et al. 1992).
LipBC has the conserved sequential pentapeptide Gly-X1-Ser-X2-Gly, where X1 and X2
correspond to His and GIn residues (Figure 3). The residues of catalytic triad were identified

as Ser'3, Asp®®® and His®*®. The alignment suggests that Asp?®, Asp®*2, GIn®3¢ and Val34°

form a calcium binding pocket, and cysteine residues Cys?**-Cys*!4are predicted to form a
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disulfide bridge, similar to what happens in the lipases of B. cepacia and B. glumae (Figure
3). In the sequence analysis, the first 44 amino acids at the N-terminal did not align with the
structures from the PDB (Figure 3). Given that the crystal structures of the lipases from the
PDB are not ordered in their N-terminal regions, it is therefore not appropriate to model the
corresponding region of LipBC. The final model of LipBC was built with 320 amino acids
without these first 44 amino acids. The consistency of the proposed model was extensively
checked. The model with the lowest normalized DOPE score (-1.066) and a GA341 score of
1.000 (which indicates a correct fold) was chosen for later analyses. The program
PROCHECK identified three Ramachandran outliers: two of them were in loops and the last
one was the catalytic Ser'®!, modelled as in the templates, which presents the same

conformation.

We superposed the final model of LipBC with templates from Bacillus subtilis (PDB:116W),
B. glumae (PDB:1QGE), B. cepacia (PDB:1YS1), Proteus mirabilis (PDB:4GW3) and P.
aeruginosa (PDB:1EX9) (Figure 4). Besides the canonical a/f hydrolase fold (Figure 4A), the
model of LipBC has a calcium binding pocket, with the calcium cation being properly
coordinated by the carboxylate groups of Asp?®® and Asp®*?, both of which absolutely
conserved in lipases from subfamilies 1.1 and 1.2 (Arpigny and Jaeger, 1999). Since the lids of
the lipases of B. glumae (PDB:1QGE), B. cepacia (PDB:1YS1) and P. aeruginosa
(PDB:1EX9) are in the open conformation, the modeled LipBC structure also shows the lid

(Figure 4C-D).
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Figure 3. Secondary structure estimation and sequence alignment of lipase LipBC and
templates.

The rLipBC sequence was aligned with the most similar proteins found in the PDB (Protein
Data Bank). Stars indicate the catalytic triad, circles indicate the residues in the possible
binding site for Ca?* and triangles indicate cys residues that form a putative disulfide bond.
Above the sequences are the representations of secondary structures: arrows indicate [3-
strands and cylinders indicate a-helices.
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Figure 4. A) Homology modeled LipBC structure superposed of the template structures. B)
The modeled structure, in the same orientation as in 4A, but with its secondary structure
highlighted according to Figure 4A. C) The modeled structure with the lid highlighted in red.
D) A space filling model of 4C

Characterization of rLipBC

The highest specific activity of rLipBC was against tributyrin (1426 U mg™!) (Table 2). The

specific activity decreased with increasing length of the carbon chain, with specific activities
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between 888 and 626 U mg™' for all triacylglycerols tested, except for castor oil, with a

specific activity only of 225 U mg ™.

The effect of temperature on rLipBC activity was determined by the hydrolysis of olive oil at
various temperatures, ranging from 25 °C to 80 °C. Recombinant LipBC showed activity in

all evaluated temperatures and has maximum activity (1839 mg™') at 70 °C (Figure 5). In the
stability studies, rLipBC had residual activities around 90% after 1.5 h of incubation at 25-45

°C, decreasing to 44% at 50 °C and 5% at 55 °C (Figure 5).

Table 2. Enzymatic activity of recombinant LipBC against natural triacylglycerols.

Substrate Activity (U mg)
Tributyrin 1426 + 98
Sunflower oil 888 + 17
Soybean oll 863 + 23
Used Soybean oll 851 +25
Olive ol 845 £ 48
linseed oil 801 £ 33
Canola oil 776 £ 35
Corn oll 71271
Triolein 701+ 35
Rice oil 626 + 39
Castor oll 225+ 14

The activity was determined by the titrimetric method using a pHStat, at pH 8.0 and 37 °C.
Results are expressed as the average of triplicate assays * the standard error of the mean.

The maximum activity of rLipBC (938 U mg™') was at pH 8.5, but it decreased sharply in pH

7 (150 U mg ), and there was no activity below pH 7.0 (Figure 6). In the stability study,
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rLipBC had more than 80% residual activity after being incubated for 1.5 h from pH 4 to pH

11 in different buffers, at 25 °C (Figure 6).
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Figure 5. Effect of temperature on recombinant LipBC activity and stability.

(A) The activity was determined with olive oil as the substrate, by the titrimetric method
using a pHStat, at pH 8.0. (B) For the stability study, rLipBC was incubated for 1.5 h before
determination of the residual activity and 100% corresponds to the activity after incubation at
40 °C. Results are expressed as the average of triplicate assays + the standard error of the

mean.
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Figure 6. Effect of pH on recombinant LipBC activity and stability.

(A) The activity was determined with olive oil as the substrate, by the titrimetric method
using a pHStat, 37 °C. (B) In the stability assay, rLipBC was incubated for 1.5 h at 30 °C in
different buffers: (@) citrate; (m) phosphate and ( A) glycine-NaOH. Residual activity was
determined with olive oil as the substrate, by the titrimetric method using a pHStat, at pH 8.0,
37 °C. Results are expressed as the average of triplicate assays + the standard error of the
mean.
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Immobilization and application of immobilized rLipBC in ethyl-oleate synthesis

Recombinant LipBC was immobilized by physical adsorption on Sepabeads. Ninety percent
of the enzyme in the supernatant was immobilized in the first hour (Figure 7). There was no
loss of activity in a control in which the enzyme solution was incubated under the same
conditions but without the support. The retention of activity of rLipBC on Sepabeads was

84% and the final activity of the immobilized rLipBC was 13 U g* of support.
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Figure 7. Kinetics of adsorption of recombinant LipBC on Sepabeads.

Key: (m) Residual activity in the supernatant; (®) Soluble enzyme without support (control).
Adsorption was performed with an initial protein loading (mg protein per g support) of 5 mg
gl, at 25 °C, 80 rpm. Residual activity was determined using p-nitrophenyl proprionate
(pNPP) as the substrate. Results are expressed as the average of triplicate assays + the
standard error of the mean.

Immobilized rLipBC catalyzed the synthesis of ethyl-oleate in n-hexane medium with an
activity of 4 U g*. A yield of 90% was obtained in 6 h (Figure 8). When used in five
successive esterification reactions, immobilized rLipBC maintained its activity, giving an

83% conversion of oleic acid in the fifth reaction cycle (Figure 9). These results show that

immobilized rLipBC its active and stable in organic medium.
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Figure 8. Kinetics of synthesis of ethyl-oleate in n-hexane catalyzed by immobilized
recombinant LipBC.

Conditions: 3 mL n-hexane, 70 mmol L™! oleic acid, 210 mmol L' ethanol, 150 mg of
immobilized rLipBc, incubated at 45 °C and 180 rpm. Results are expressed as the average of
triplicate assays * the standard error of the mean.

Discussion

In the current work, we used a simple and effective in vivo folding strategy, in which the
genes of a lipase and a foldase from Burkholderia contaminans LTEB11 were cloned in
different plasmids and inserted into a single heterologous host, E. coli BL21(DE3). We chose
this strategy for two significant reasons. First, the amount of active enzyme achieved by co-
expression lipase and its cognate foldase in a single expression vector is low because of the
complexity of the gene regulatory and secretion mechanisms (El Khattabi et al. 1999; El
Khattabi et al. 2000); second, comparing to in vitro strategies, the co-expression strategy that
we used has the advantage of obtaining active lipase in a single step. Through this approach,
we obtained high specific activities against triacylglycerols (845 U mg* against olive oil),
similar to the result reported by Martini et al. (2014) and Madan and Mishra (2010), who used

a similar approach to overexpress a metagenomic lipase LipG9 and a lipase from P.
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aeruginosa B2264, respectively. They reported an activity of 817 U mg* against triolein and

225 U mg*, using p-nitrophenylpalmitate as the substrate, respectively.
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Figure 9. Ethyl-oleate yields in n-hexane during successive reaction cycles.

The same immobilized rLipBc preparation was used to catalyze five successive esterification
reactions. Conditions: 3 mL n-hexane, 70 mmol L™ oleic acid, 210 mmol L™ ethanol, 150 mg
of immobilized rLipBc, incubated at 45 °C and 180 rpm. Results are expressed as the average
of triplicate assays * the standard error of the mean.

When compared with another in vivo approach to obtain active lipases, our results also show
promise. Peng et al. (2011) reported an activity of 203 U mg™ using p-nitrophenylpalmitate
after the co-expression of lipase and its foldase from P. aeruginosa CS-2 in E. coli BL21
(DEJ) using a single expression vector pET28a-lipAB. Wu et al. (2012) used the expression
vectors pACYCDuet-1 and pETDuet-1 containing two multiple cloning sites (MCS) to co-
express the lipase and foldase from P. aeruginosa in E. coli BL21(DE3). The plasmid

pACY CDuet-lipA-lipB was selected to the optimal expression of lipase and foldase and an

activity of 8500 U L against olive oil was obtained (Wu et al. 2012). In the current work, we

obtained an activity of 127 000 U L* against olive oil in the crude extract.
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The phylogenetic analysis classified LipBC into the bacterial lipase subfamily 1.2, which
follows the type Il mechanism of secretion. LipBC contains N-terminal signal sequence of 40
amino acids with a cleavage position between Ala* and Ala*, as described for other lipases
from subfamily 1.2. (Rosenau and Jaeger 2000; Park et al. 2007; Yang et al. 2016). Therefore,
analysis of the signal sequence also showed a possible cleavage site on carboxyl terminal of
Pro*, similar to that described for the lipases from Burkholderia ubonensis SL-4 (Yang et al.
2016) and Burkholderia sp.HY-10 (Park et al. 2007). This second cleavage site has been
described like a second proteolysis on inactive lipase while it folded into its active
conformation with the assistance of Lif (Rosenau et al. 2004). LipBC presents two Cys
residues that form a disulphide bridge conserved in the majority of the lipase sequences from
the subfamily 1.2, as is the case of B. cepacia, B. glumae and P. aeruginosa, but differs from
the subfamily 1.1 lipases from Pseudomonas fragi and Proteus vulgaris, which contain only

one Cys residue.

The high specific activity of rLipBC against commercial oils, above 1839 U mg™at 70 °C, is
100-fold higher than that of LipBC produced by the wild strain in submerged fermentation
(16 U mg™) (Salum et al. 2008; Baron et al. 2011). This is a significant result, since it would
not be feasible to use this strain at large scale because B. contaminans is described as
opportunistic bacteria that cause human infections (Vanlaere et al. 2009) and this hinders its

use in large-scale process in biotechnological applications.

Recombinant LipBC showed activity from 25 to 80 °C, with optimum temperature at 70 °C,
similar to the lipases from B. cepacia S31 (Lu et al. 2009) and B. cepacia G63 (Yang et al.
2007) and higher than lipases from Burkholderia sp. HY-10 (60 °C) (Park et al. 2007), B.

cepacia ST-200 (45 °C) (Takeda et al. 2006) and Burkholderia sp. GXU56 (40 °C) (Wei et
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al. 2008). Recombinant LipBC also showed stability at 45 °C, as well as stability in a broad
range of pH values (from pH 4.0 to 11.0), interesting characteristics that provide the basis for

the development of applications of rLipBC in biocatalysis.

Recombinant LipBC was successfully immobilized by physical adsorption on hydrophobic
support Sepabeads , with 95% of immobilization yield in 1 h (Figure 7). At pH 7.0 and low
ionic strength, the physical adsorption is favored due to the high hydrophobicity of the lid of
the lipase promoting the phenomenon known as interfacial activation (Fernandez-Lafuente et
al. 1998; Palomo et al. 2002). However, no increase in activity was observed throughout the
immobilization process (hyperactivation), a common characteristic already described for other
lipases immobilized on hydrophobic supports (Bastida et al. 1998; Palomo et al. 2002; Alnoch
et al. 2015; Rueda et al. 2015; Albuquerque et al. 2016) and just 84% of recovery of activity
was obtained. One hypothesis to explain it is that rLipBC lipase is complexed with its foldase
and immobilization may be occurring largely through the rich hydrophobic regions in n-
terminal region of the foldase, the transmembrane helix (residues 7 to 30) and hydrophobic
stretch (residues 41 to 70). Thus, the lipase remains in its closed form and the immobilization
via interfacial adsorption does not occur. Nevertheless, immobilized rLipBC was able to
catalyze the synthesis of ethyl-oleate, maintaining high conversions over 5 reaction cycles of
6 h at 45 °C (Figure 9). Although the reaction conditions are not optimized, our results (90%
of yield in 6 h) are promising when compared with other lipases complexed with foldase in
the literature (Peng et al. 2011; Alnoch et al. 2015), which drives new studies on

immobilization strategy to lipase rLipBC and its application in biocatalysis.
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Conclusion

In this paper, we reported the successful co-expression of Burkholderia contaminans LTEB11
lipase and its foldase. Phylogenetic analysis suggests that LipBC belongs to the bacterial
lipase subfamily 1.2 and the structural model presents both an overall folding and an active
site structure that are quite similar to those of the homologue lipases used as templates. The
combined characteristics of rLipBC, namely its high activity against triglycerides and
commercial oils, its broad range of pH and temperature stability and its potential to catalyze

reactions in organic solvents showed that it has a good potential for use in biocatalysis.
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Abstract: Immobilized and stabilized lipases are important biocatalytic tools. In this paper, different
tailor-made bifunctional supports were prepared for the immobilization of a new metagenomic
lipase (LipC12). The new supports contained hydrophobic groups (different alkyl groups) to
promote interfacial adsorption of the lipase and aldehyde groups to react covalently with the amino
groups of side chains of the adsorbed lipase. The best catalyst was 3.5-fold more active and 5000-fold
more stable than the soluble enzyme. It was successfully used in the regioselective deacetylation of
peracetylated D-glucal. The PEGylated immobilized lipase showed high regioselectivity, producing
high yields of the C-3 monodeacetylated product at pH 5.0 and 4 °C.

Keywords: regioselective hydrolysis; biocatalysis; lipase; interfacial activation; covalent immobilization;
tailor-made supports; enzyme stabilization

1. Introduction

Lipases (EC 3.1.1.3) normally catalyze the hydrolysis of carboxylic esters in aqueous media,
but they can also be used to synthesize carboxylic esters in water-restricted media, exhibiting high
regio-, chemo-, and enantioselectivity. Due to these properties, lipases have been used in different
reactions, standing out among the most widely used enzymes in biotechnology [1,2].

Recently, a new lipase, LipC12, was identified in a metagenomic library constructed from soil
samples contaminated with fat [3]. LipC12 had a specific activity against long-chain triglycerides (e.g.,
olive oil 1722 U-mg™) that is comparable to the specific activities of several well-known commercial
lipases [3,4]. Furthermore, LipC12 was stable at moderate temperatures and in the presence of co-
solvents such as methanol, propanol, or acetone [3]. These features suggest that LipC12 might be
suitable for use in biocatalysis.

Typically, industrial biocatalytic processes require that the lipases be immobilized since that
immobilization facilitates reutilization of the enzyme, reducing process costs [5]. The immobilization
of different lipases has been performed using different immobilization methods such as covalent
linkage with different reactive groups, electrostatic or hydrophobic adsorptions, entrapment,
encapsulation, or cross-linked enzyme aggregates (CLEAs); and using different materials such as
nanomagnetic particles, microspheres, organic or inorganic materials, porous and/or macroporous gel
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beads, graphene oxides, exfoliated bentonite, and many others [6-19]. The different immobilization
methods have enabled the procurement of lipase catalysts with different properties in terms of
activity, stability, and selectivity [5].

The most successful strategy used for lipase immobilization is adsorption on hydrophobic
supports [5,20]. This strategy has permitted the purification and immobilization of various lipases in a
single step [9,11,21,22]. These protocols are based on the special characteristics and mechanisms of
lipases. In aqueous media, lipases are in equilibrium between closed and open forms. In the closed
form, the lid, which is formed by a short alpha helix, secludes the catalytic site from the medium,
making it inaccessible to the substrate, such that the lipase is in an inactive state. In the open and
active form, the internal side of the lid and the surroundings of the active site form a hydrophobic
pocket that is exposed to the medium. The open form is stabilized upon contact of the lipase with a
hydrophobic surface, as occurs at the oil-water interface when lipases are used to hydrolyze
triacylglycerides in oil-in-water emulsions [9,11]. The adsorption of lipases in the open form at this
interface leads to high activity in a phenomenon that is called interfacial activation. Immobilization by
adsorption on hydrophobic surfaces takes advantage of this phenomenon by fixing the lipase
predominantly in its open conformation. This gives this method a significant advantage over other
methods that immobilize the lipase by other regions and which therefore allow the immobilized lipase
to equilibrate between the open and closed conformations. This method is specific and yields more
active and selective catalysts [23,24], this being especially important for the catalysis of complex
reactions, such as regioselective deprotection reactions with carbohydrates [25]. However, physical
adsorption also has a significant disadvantage: the association between the protein and the support is
reversible, meaning that the lipase can leach from the solid support, especially in the presence of low
concentrations of detergents or solvents [9].

One strategy for preventing the leaching of lipases from hydrophobic supports would be to
create covalent bonds between the adsorbed enzyme and the support. In fact, covalent immobilization
of enzymes using aldehyde-activated supports is a widely used technique [26]. However, a
heterofunctional support that combines hydrophobic and aldehyde groups in the same matrix has not
previously been described.

In the present work, novel tailor-made alkyl-aldehyde supports were prepared (Scheme 1). The
novel supports contain: (i) a very dense layer of different hydrophobic moieties (different alkyl
groups) that are able to absorb lipases at neutral pH; and (ii) a high concentration of aldehyde groups
that are able to react covalently with the enzyme, especially at alkaline pH. The presence of different
groups with different functions on the surface of the support should permit better control of the
immobilization, which occurs through a two-step mechanism: first the enzyme adsorbs onto the
hydrophobic groups and then the aldehyde groups react with it, immobilizing it covalently.

These novel functionalized supports were used to immobilize the novel lipase LipC12, and the
stability, activity, and regioselectivity of the new heterogeneous biocatalyst were tested. The best
heterogeneous biocatalyst that was obtained was used in the regioselective hydrolysis of per-O-
acetylated D-glucal, an interesting building block for the synthesis of various tailor-made di- and
trisaccharides.
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Scheme 1. (A) Preparation of new tailor-made alkyl-aldehyde supports; (B) Mechanism of
immobilization-stabilization of lipases in the open form on new alkyl-aldehyde supports. n = C8 (1-
octanethiol); C12 (1-dodecanethiol) and C18 (1-octadecanethiol).

2. Results and Discussion

2.1. Preparation of New Alkyl-Aldehyde Supports

Agarose beads were utilized as the base matrix for the construction of different bifunctional
supports. The surface of the support, which is rich in primary hydroxyl groups, was activated in
alkaline conditions, with epiclorohydrin, forming epoxy groups and diol groups (Scheme 1A). The
total amount of activated primary hydroxyl groups was around 65 pumol-g-!, with epoxy groups
accounting for 23 umol-g™ and diol groups accounting for 42 umol-g™ (Table 1). The epoxy groups
were functionalized with different bifunctional hydrophobic agents (octane-, dodecane-, and
octadecane-thiol) in order to have supports containing groups with different degrees of
hydrophobicity for interfacial adsorption of the lipase (Scheme 1A). The diol groups were then
oxidized with sodium periodate, producing aldehyde groups. These aldehyde groups are capable of
reacting covalently with different amine groups of the protein. Immobilization of the lipase on this
support occurs in two steps: first, the enzyme adsorbs hydrophobically in an orientation that favors
the open form; second, the aldehyde groups react covalently with the side chains of lysine that are
exposed at the surface of the enzyme, fixing it covalently o the support (Scheme 1B).

Table 1. Quantification of groups on the new alkyl-aldehyde supports.

Support Ligands (umol-g) Diol Groups (umol-g)
Agarose-Epoxy 23+04 42+04

C8-aldehyde 23+1 43+1

C12-aldehyde 21+1.6 41 1.6

C18-aldehyde 19+1.1 38 +1.1

The number of epoxy/ligands groups was calculated from the difference in periodate
consumption between the hydrolyzed support and the initial epoxy support as described in the
methods section. Results are expressed as the average of triplicate assays * the standard error of the
mean.
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2.2. Immobilization of LipC12 on New Alkyl-Aldehyde Supports

Figure 1 shows the immobilization of LipCl2 by adsorption onto the new alkyl-aldehyde
supports. LipC12 was quite rapidly immobilized at pH 7.0 on all bifunctionalized supports, with
complete immobilization (i.e., >95% removal of activity from the supernatant) occurring in less than 2
h.
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Figure 1. Immobilization courses of LipC12 on new alkyl-aldehyde supports. (o) C8-aldehyde; (0) C12-
aldehyde; (2) C18-aldehyde. (¢) Control. Symbols: Black (suspension); Hollow (supernatant). Results
are expressed as the average of triplicate assays + the standard error of the mean.

LipC12 was activated by adsorption onto the support, with the activities measured for the
suspension being significantly higher than that of the original supernatant (Figure 1). The highest
value of recovered activity, 380%, was obtained with the preparation Cl2-aldehyde/LipC12. The
preparations C8-aldehyde/LipC12 and C18-aldehyde/LipC12 also showed high values of recovered
activity (>200%), showing the hyperactivation of lipase LipC12 immobilized these supports (Table 2).
The results show that these new tailor-made supports allowed the immobilization of this lipase in its
open conformation via interfacial activation [9,11].

In order to fix LipC12 covalently to the support, the immobilized preparations were incubated at
different pH values (7.0, 8.5, and 10) for 1 h. After the incubation, the imine bonds formed between the
enzyme and the support were then reduced by adding sodium borohydride. This reduction did not
affect the activity of the immobilized enzyme (Table 2). No leaching of lipase was found after
incubation in surfactants.

Table 2. Principal parameters for immobilization of the lipase LipC12 on new alkyl-aldehyde supports.

Immobilization Efficiency Recovered Activity® Recovered Activity after

Support (%) a (%) Reduction ¢
C8-aldehyde >95 357 346
Cl12-aldehyde  >95 380 370
C18-aldehyde  >95 252 256

2 Calculated as the difference between the initial and final activities in the supernatant after 2 h of
immobilization; ® Recovered activity (%), measured as the ratio between the real activity (U-g™!
support) of immobilized LipC12 and theoretical activity of the immobilized LipC12 (U-g™ support); ¢
Recovered activity (%) after incubation at pH 10 for 1 h and reduction with NaBHa.

2.3. Thermal Inactivation of Different Immobilized LipC12 Preparations

The various immobilized LipC12 preparations previously incubated at different pH values were
incubated in phosphate buffer 25 mM at 55 °C. In all cases, the thermal stability of the derivatives
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incubated at pH 10 was higher than that incubated at pH 8.5 and 7.0 or the only adsorbed
preparations (Figure S1). At pH 7.0, the reactivity of the amino groups of the enzymes was not high
enough to produce a covalent attachment with the aldehyde groups; at pH 10, the increase in the
reactivity of the amine groups of side chains close to the lid that promote the rigidification on this
region resulting in a high stabilization. At 55 °C, C8-aldehyde/LipC12, C12-aldehyde/LipC12, C18-
aldehyde/LipC12 conserved more than 80% of their activity after 24 h (Figure 2A) while the half-life of
the soluble enzyme was 37 min.
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Figure 2. Thermal inactivation of LipCl2 immobilized on different alkyl-aldehyde supports. (A)
Inactivation was performed at pH 7.0, 55 °C after incubation at pH 10 for 1 h; (B) Inactivation was
performed at pH 7.0, 80 °C after incubation at pH 10 for 1 h. (m) Cl2-aldehyde/LipC12; (e) C8-
aldehyde/LipC12; (A) C18-aldehyde/LipC12 and (o) Soluble enzyme. Results are expressed as the
average of triplicate assays + the standard error of the mean.

After 24 h incubation at 80 °C, C8-aldehyde/LipC12 and C12-aldehyde/LipC12 still had
residual activities above 50%, while the residual activity of C18-aldehyde/LipC12 was only
20% (Figure 2B). Intermediary spacer arms (C8 and C12) supports produced a slight
increment in the stability effect achieved when compared with C18. The half-lives were 22 h
for C8-aldehyde/LipC12 and 21 h for C12-aldehyde/LipC12, while the soluble lipase lost 50%
of the activity after only 15 seconds. This means that the alkyl-aldehyde-lipase preparations
were from 2000- to 5000-fold more stable than the soluble enzyme (Table 3). Considering the
retention of activity (Table 2) and stability, the Cl12-aldehyde/LipC12 preparation was
chosen for the remaining studies.

Table 3. Half-lives (in hours) of the different immobilized preparations at 80 °C.

Preparations 2 Half-Life (t%) at 80 °C Stability Factor
Soluble enzyme 0.004 -
C8-aldehyde/LipC12 22 5500
C12-aldehyde/LipC12 21 5250
C18-aldehyde/LipC12 8 2000

2 Preparations were incubated at 80 °C. Aliquots were withdrawn periodically for quantification of
residual enzymatic activity to estimate the half-life according to Henley and Sadana [27].

2.4. Effect of Temperature and pH on Activity of Free and Immobilized LipC12

The optimum temperatures for the activity of free and immobilized LipC12 were determined
over the temperature range of 20-90 °C. The maximum activity of the free enzyme was obtained at 30
°C while the optimal temperature for C12-aldehyde/LipC12 was 70 °C (Figure 3).
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Figure 3. Effect of temperature on free and C12-aldehyde/LipC12 activity. (e) Soluble LipC12; (m) C12-
aldehyde/LipC12. The activity was determined using p-nitrophenyl proprionate (pNPP) as the
substrate, at pH 7.0. Results are expressed as the average of triplicate assays + the standard error of the

mean.

This shift in the optimal temperature was related to the improvement of the stability of the
obtained preparation. The high improvement after adsorption and covalent linkage is important
because it permits the transformation of a mesophilic enzyme into an enzyme with properties that are
similar to, or even better than, those of enzymes from thermophile organisms, such as Bacillus
thermocatenolatus lipase (BTL) and Thermus thermophilus lipase (TTL) [28,29].

In relation to the effects of pH on activity, the maximum activity was obtained at around pH 7.0
for both free LipC12 and C12-aldehyde/LipC12 (Figure 4).
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Figure 4. Effect of pH on free and Cl2-aldehyde/LipC12 activity. () Soluble LipC12; (m) CI12-
aldehyde/LipC12. The activity was determined using p-nitrophenyl proprionate (pNPP) as the
substrate. Results are expressed as the average of triplicate assays + the standard error of the mean.

2.5. Regioselective Hydrolysis of 3,4,6-tri-O-acetyl-D-glucal by Immobilized LipC12

Cl12-aldehyde/LipC12 was used to catalyze the hydrolytic deacetylation of per-O-acetylated-D-
glucal (1). The yield of this reaction depends strongly on the reaction conditions. The principal
variables assayed were the pH and temperature. Additionally, the recovering of the optimal catalyst
with PEG was performed. This treatment has demonstrated that it is able to improve the activity and
stability [30]. The activity of the soluble enzyme was also assayed. However, at 25 °C, its activity was
extremely low, so no attempt was made to assay it at 4 °C (data not shown).
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At 25 °C, low regioselectivity was Cl12-aldehyde/LipC12 at both pH 7.0 and pH 5.0, producing
only around 10% yield of monodeacetylated products at 100% conversion (Table 4). The PEGylated
preparation, C12-aldehyde/LipC12-PEG, had a slightly improved regioselectivity at pH 5.0 and 25 °C,
although the yield of 3-OH product (2) was only 22%.

The regioselectivity was higher at 4 °C than at 25 °C (Table 4). At pH 7.0, 52% of C-3-OH product
(2) was obtained at 77% conversion, with slight conversion into 4-OH product (4) (7%) and 6-OH
product (3) (1%), reducing the undesired product in 17% (Table 4). The PGEylation of this catalyst
(C12-aldehyde/LipC12-PEG) allowed an improvement of the regioselectivity. This catalyst produced
69% of 3-OH product (2) at 81% conversion, and only 3% of 4-OH product (4) (Table 4).

The PEGylated catalyst was reused in three reaction cycles at 4 °C and similar reaction yields
were obtained, demonstrating its reusability (Figure 52). However, the recycle of the catalysts in this
reaction are not reported, these data are similar to others obtained by different authors for the
hydrolysis of esters as reported by Macario et al. [31], where the catalyst (lipase of Rhizomucor miehei
immobilized on zeolites) was used in the hydrolysis of methyl myristate for four cycles or Cao et al.
[12] that recycled the catalyst (nanohybrids of Yarrawia lipolytica lipase) for 12 reaction cycles using
pNPP as substrate.

Table 4. Regioselective hydrolysis of 3,4,6-tri-O-acetyl-d-glucal (1) using C12-aldehyde/LipC12.

OAc OAc OH OAc
Ac Biocatalyst — AcO — AcO —

o) - HO
1 2 3 4
_  Specific e TORl yi0d vield  vield Other
Preparation pH | C Activity ) Conversion 2 (%) 3 (%) (%) Products
(U-mg™) * 2 (%) ° ° 7 (%)

Cl12-aldehyde
[LipC12 70 4 18 9% 77 52 1 7 17
Cl12-aldehyde
[LipC12 50 4 4 9% 34 26 1 1 6
Cl12-aldehyde
/LipC12-PEG 50 4 15 9% 81 69 0 3 9
Cl2-aldehyde -, 5 149 24 100 5 4 0 91
/LipC12
Cl2-aldehyde 5, 5 149 24 100 1 0 0 89
/LipC12
Cl2-aldehyde o, 0 g 24 100 2 2 2 74

/LipC12-PEG
(1)- 3,4,6-tri-O-acetyl-D-glucal; (2)- 4,6-di-O-acetyl-D-glucal; (3)- 3,4-di-O-acetyl-D-glucal; and (4)- 3,6-di-
O-acetyl-D-glucal; * x107%; @ Total conversion of substrate (1) with different products; * D-glucal and

dideacetylated products.
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3. Materials and Methods

3.1. Materials

The strains E. coli TOP10 (Invitrogen, Carlsbad, CA, USA) and BL21(DE3) (Novagen, Madison,
MI, USA) and the vector pET-28a(+) (Novagen, Madison, MI, USA) were used as the recombinant
protein expression system. Agarose 4 BCL was purchased from Agarose Bead Technologies (Madrid,
Spain). Epichlorhydrine, iminodiacetic acid, triethylamine, sodium borohydride, sodium periodate, 1-
octanothiol, 1-dodecanothiol, 1-octadecanethiol, tri-O-acetyl-D-glucal, polyethylene glycol (1.500),
nickel(II) chloride hexahydrate, and high molecular weight protein (Sigma Marker™) were purchased
from Sigma (Sigma-Aldrich). The substrate p-nitrophenyl proprionate (pNPP) was synthesized
according to Ghosh et al. [32]. All other chemicals used were of analytical grade.

3.2. Overexpression of Recombinant LipC12

E. coli BL21(DE3) cells carrying the pET28a(+)/lipC12 plasmid were grown in 500 mL of LB
medium at 37 °C until an ODen of 0.5 and induced by the addition of Iso-propyl B-D
thiogalactopyranoside (IPTG) to a final concentration of 0.5 mM. The induced culture was incubated
for a further 16 h at 20 °C before harvesting the cells by centrifugation (10,000 rpm for 5 min) at 4 °C.
The cell pellet was re-suspended in 30 mL of lysis buffer (50 mM Tris-HCl pH 7.5, 500 mM NaCl, 10
mM p-mercaptoethanol, 1% (v/v) Triton X-100 and 10% (v/v) glycerol) and disrupted by
ultrasonication in an ice bath (15 cycles of 20-s pulses, 90 W, with 30-s intervals), using a
SONICATOR® XL 2020 (Heat Systems-Ultrasonics Inc., New Highway, Farmingdale, NY, USA). The
crude extract was then centrifuged at 15,000 rpm 30 min at 4 °C to pellet the cell debris.

3.3. Protein Content Determination and Electrophoresis Analysis

Protein content was determined by the Bradford method [33] using a Coomassie Protein Assay
Kit (Pierce Biotechnology, Rockford, IL, USA) with bovine serum albumin as the standard.
Electrophoresis of protein samples was done with 12% (w/v) SDS-PAGE [34] and the gel was stained
with Coomassie Brilliant Blue R-250 and destained with methanol/acetic-acid/water (5/1/4 v/v/v). A
mixture of high molecular weight proteins (Sigma Marker™, Sigma-Aldrich®) was used as the
molecular weight standard.

3.4. Lipase Activity Assay

Lipase activity was determined using p-nitrophenyl proprionate (p-NPP) as the substrate. Free or
immobilized enzyme was added to the reaction mixture (0.4 mM pNPP, mM NaH:PO: pH 7.0) and the
increase of absorbance was monitored at 348 nm (at pH 7, €348 nm = 5150 M-cm™) [35]. One unit of
activity (U) was defined as the production of 1 pumoL of p-nitrophenol per minute, under the assay
conditions.

3.5. Preparation of Supports

3.5.1. Epoxy-Agarose

The epoxy-agarose support was prepared according to Mateo et al. [26]. Briefly, 10 g of agarose
BLC (cross-linked 4% agarose beads) was mixed with 44 mL of distilled water, 3.2 g of NaOH, 200 mg
of NaBH4, 16 mL of acetone, and 11 mL of epichlorohydrin. The suspension was stirred for 16 h at 25
°C. The epoxy-agarose was washed with an excess of water, filtered through a glass filter, and stored
at4 °C.

3.5.2. Epoxy-Agarose-IDA-Ni?
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The epoxy-agarose support was treated with 0.5 M iminodiacetic acid in solution at pH 11 for
different durations (1, 3, 5, and 24 h), 25 °C. The support was then chelated with a NiCl2 solution
(30 mg-mL™") for 1 h. Finally, the support was washed, filtered under using a glass filter, and stored at
4°C.

3.5.3. Alkyl-Agarose-Aldehyde

The epoxy-agarose support was treated with 100 mM of different alkyl thiols (1-octanothiol;
1-dodecanothiol and 1-octadecanethiol) in a 25 mM NaHCO:s solution at pH 10 for 24 h, 25 °C. For the
treatment with 1-octadecanethiol, 50% (v/v) acetone was used as a co-solvent. The reagent was
solubilized using a 50:50 (v/v) mixture of acetone and NaHCO:s solution. After that, the supports were
oxidized with NalO4 (100 mM), washed, filtered through a glass filter, and stored at 4 °C.

The number of epoxy/ligand groups was calculated from the difference in periodate consumption
between the hydrolyzed support and the initial epoxy support. Periodate consumption was quantified
using potassium iodide, as previously described [36].

3.6. Purification of Recombinant LipC12

The purification was performed using the IDA-Ni* supports prepared from agarose gel beads
and activated with different amounts of metal chelate groups [37]. The optimal support was that
obtained after 3 h of activation with IDA (data not shown). For the purification, 4 mL of crude extract
(3.2 mg'mL™") was offered for 1 g of support and the residual activity of the supernatant was
monitored over time. After that, the support was washed three times with 25 mM NaH2POs pH 7.0
and resuspended in the same buffer at increasing concentrations of imidazole. Figure S3 shows the
protein band corresponding to the molecular mass of LipC12 (32 kDa) after SDS-PAGE of the eluate
from IDA-Ni? support at 50 mM of imidazole. Table S1 summarizes the results of the purification
step, showing an activity yield of 58%. The specific hydrolytic activity against pPNPP was 6.2 U-mg™.
This preparation was used in further experiments of immobilization.

3.7. Enzyme Immobilization

A standard protocol was established for the immobilization of LipC12 on all supports. One gram
of support was suspended in 4 mL of enzyme solution (containing 0.6 mg of protein) in 25 mM
NaH:POs at pH 7, 25 °C and left under mild stirring. The time course of immobilization was evaluated
by determining the activity (Section 3.4) in aliquots of the supernatant and suspension removed over
time. After the immobilization, the preparations were washed with 25 mM NaH:POs pH 7.0 and
incubated in 4 mL of 25 mM NaHCO:s at different pH values (7.0, 8.5, 10) at 25 °C for 1 h. Finally, the
preparations were reduced by adding NaBHs (1 mg:mL") at pH 10 and leaving the mixture under
stirring for 30 min.

The immobilization efficiency (IE, %) was calculated as:

-A
El :%x 100% (1)

where Ai is the hydrolytic activity (U) of the enzyme solution before immobilization and Ay is the
hydrolytic activity (U) remaining in the supernatant at the end of the immobilization procedure.
The recovered activity (R, %) was calculated as:

R= % x 100% @)

where Ao is the observed hydrolytic activity the immobilized preparation (U-g™ of support) and Ar is
the theoretical activity of the immobilized preparation (U-g™ of support), calculated based on the
amount of activity removed from the supernatant during the immobilization procedure.
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In some assays, immobilized preparations were treated after reduction with PEG (polyethylene
glycol). PEG was used as an additive due to its protective effect on the enzymes described in the
literature [30,38]. To assay, 1 g of immobilized preparation was added to 10 mL phosphate buffer pH
7.0 25 mM containing 40% PEG1500 (w/v). The suspension was stirred for 2 h at 25 °C. After that, the
preparation was washed, filtered under using a glass filter, and stored at 4 °C.

3.8. Thermal Stability

The thermal stabilities of free and immobilized LipC12 were assessed by incubation in sodium
phosphate buffer (25 mM, pH 7.0) in a water bath at 55 and 80 °C. Inactivation was modeled based on
the deactivation theory proposed by Henley and Sadana [19]. Inactivation parameters were
determined from the best-fit model of the experimental data which was the one based on a two-stage
series inactivation mechanism with residual activity. Half-life was used to compare the stability of the
different preparations, being determined by interpolation from the respective models described in
[39].

3.9. Effect of pH and Temperature on the Activity of Free and Immobilized LipC12

The optimum temperature for the activity of free and immobilized LipC12 was determined over
the temperature range of 20-90 °C. The effect of pH on the activity was determined over a range of pH
4.0-8.0, at 25 °C, using citrate (pH 4.0-6.0) and phosphate (pH 6.0-8.0) buffers at 25 mM. The activity
was determined using p-nitrophenyl proprionate (PNPP) as substrate (Section 3.4). The activities were
calculated in relation to controls that were treated identically, but without enzyme to control of
spontaneous hydrolysis of the substrate.

3.10. Hydrolysis of 3,4,6-tri-O-acetyl-D-glucal

For the hydrolysis of peracetylated 3,4,6-tri-O-acetyl-D-glucal, 200 mg of immobilized Lipcl2 was
added to a solution (1.5 mL) of substrate-1 (1 mM) in 25 mM of phosphate (pH 7.0) or acetate (pH 5.0)
buffer. The reaction was carried out at 25 or 4°C, 50 rpm. Samples were removed and analyzed by
reverse phase HPLC (Spectra Physic SP 100,) using a Kromasil C18 column (25 cm x 0.4 cm, 5 pm-O)
and a UV detector (Spectra Physic SP 8450,) set at 220 nm. The mobile phase utilized was acetonitrile
(20%) in milli-Q water. The products were characterized and identified as previously described in [24].
Retention times were: 3,4,6-tri-O-acetyl-D-glucal 1-24.6 min, C-3 monodeacetylated 2-6.3 min, C-6
monodeacetylated 3- 6.6 min and C-4 monodeacetylated 4-8.1 min. One unit of activity (U) was
defined as the hydrolysis of 1 umol of substrate per hour. Activities were expressed as specific
activities (U per mg of immobilized protein). The reutilization of immobilized preparations was
studied using the same reaction conditions as described above.

4. Conclusions

Bifunctional supports with aldehyde and different hydrophobic groups have been synthesized.
The main advantage of the immobilization protocol developed in the current work is the ease with
which the amounts of aldehyde and hydrophobic groups on the surface of the support can be
controlled. This enables modulation of immobilization conditions which may be adapted to the
immobilization/stabilization of proteins which may be limited in commercial supports. This versatile
strategy could also be applied to synthesize supports with other hydrophobic groups to immobilize
different lipases, producing catalysts with different properties. These modulated lipase biocatalysts
could be used to produce products that are difficult synthesize by traditional methods.

The use of different supports allowed us to obtain immobilized preparations of LipC12 with
different activities and stabilities. The best catalyst was 3.5-fold more active and 5000-fold more stable
than the soluble enzyme. Thus, the immobilization procedure converted a mesophilic enzyme into an
enzyme that can operate at high temperature, with a maximal activity obtained at 70 °C.
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The optimal catalyst was used for the regioselective hydrolysis of peracetylated-D-Glucal.
The highest yield of the C-3 monodeacetylated product was 69% with a conversion of 81%, at pH 5
and 4 °C using the PEGylated preparation.

Supplementary Materials: The following are available online at www.mdpi.com/link, Figure S1: SDS-PAGE
analyses of the LipC12 purification; Figure S2: Thermal stability of different preparations of LipC12; Figure S3:
Hydrolysis of 3,4,6-tri-O-acetyl-D-glucal during successive reaction cycles; Table S1: Summary of the purification
of LipC12.
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Figure 5. Thermal stability of different preparations of LipC12. Inactivation was performed at pH 7.0,
55 °C after incubation at different pHs for 1 h. (=) pH 10; () pH 8.5; (A) pH 7.0; (¢) pH 7.0 without
aldehyde groups and (o) Soluble enzyme. (A) C8-aldehyde/LipC12; (B) C12-aldehyde/LipC12; (C) C18-
aldehyde/LipC12. Results are expressed as the average of triplicate assays + the standard error of the
mean.
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Figure 6. Hydrolysis of 3,4,6-tri-O-acetyl-D-glucal during successive reaction cycles. CI12-
aldehyde/LipC12-PEG preparation was repeatedly used to catalyze the hydrolysis of 3,4,6-tri-O-acetyl-
D-glucal at pH 5.0, 25 and 4 °C. Results are expressed as the average of duplicate assays + the standard
error of the mean.
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Figure 7. SDS-PAGE analysis of the lipase LipC12 purification. The lanes were loaded as follows: lane
MW, protein molecular weight standards; lane 1, supernatant of the bacterial cell lysate; lane 2, eluted
fractions of LipC12. Proteins were stained with Coomassie Brilliant Blue R-250.
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7. INTRODUCAO

As lipases (E.C. 3.1.1.3 - triacilglicerol hidrolases) se destacam dentro do
grupo de enzimas mais utilizadas em biocatélise devido a sua habilidade de catalisar
uma grande variedade de reacbes, como por exemplo, reagdes de esterificacao,
transesterificacdo e interesterificacdo. Devido a essa versatilidade, as lipases séo
utilizadas para a sintese de diferente produtos que tém aplicacdo na industria
farmacéutica, agroguimica e em sintese organica (KAPOOR e GUPTA 2012).

Entretanto, apesar do grande potencial de aplicacdo de lipases e dos
inimeros trabalhos sobre isolamento e selecdo de lipases reportados literatura,
poucas lipases apresentam as propriedades requeridas para utilizacdo em
processos industriais. Desta forma, existe uma demanda por lipases que tenham
atividade e estabilidade em diferentes meios reacionais, como aquo-restritos,
bifasicos ou organicos. Assim, uma das estratégias de melhoramento de
desempenho de lipases encontram-se as técnicas de imobilizacdo, que podem
promover aumento de estabilidade, atividade na seletividade da enzima (MATEO et
al., 2007c). Em processos industriais, a utilizagdo de enzimas imobilizadas garante a
recuperacdo do biocatalisador, permitindo o seu reuso em varios ciclos de reacao e
facilitando a purificacdo dos produtos. Essas caracteristicas garantem uma reducao
de custo nos processos enzimaticos, um dos principais desafios para a sua
implantag&o industrial.

No presente Capitulo sdo apresentados o0s resultados parciais e
complementares relacionados a imobilizacdo da lipase LipBC recombinante descrita
no Capitulo 2. O objetivo desta etapa do trabalho foi verificar qual o tipo de
ligagao/interacdo seria ideal para imobilizar a lipase LipBC, e assim, selecionar o
melhor suporte em termos de eficiéncia de imobilizacdo, retencdo da atividade
enzimatica e estabilidade frente a temperatura. A lipase foi imobilizada em diferentes
suportes heterofuncionais (IDA-aldeido, IDA-Ni?*-aldeido e amino-aldeido) propostos
por Mateo et al. (2010) e nos novos suportes hidrofébicos (C8-aldeido, C12-aldeido
e C18-aldeido) descritos no Capitulo 3.
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7.1 MATERIAIS E METODOS

7.1.1 Preparacéao dos suportes

7.1.1.1 Ativacdo da agarose com grupos epoxi

O suporte epoxi-agarose foi preparado de acordo com a metodologia descrita
por Mateo et al. (2010). Em resumo, 10 g de agarose BLC (Cross-linked 4% agarose
beads) foram adicionadas em 44 mL de uma solucdo NaOH 1 mol L* contendo 200
mg de NaBH4, 16 mL de acetona e 11 mL de epicloridrina. A suspenséao foi agitada
durante 16 h a 25 °C. Em seguida, o suporte foi lavado com agua destilada, filtrado a
vacuo utilizando um filtro de vidro e armazenado a 4 °C. Este suporte foi utilizado
como base para a preparacéo dos suportes heterofuncionais como descrito abaixo.

7.1.1.2 Suporte IDA-aldeido

O suporte epoéxi-agarose (10 g) foi tratado com uma solucdo de &cido
iminodiacético (IDA) 500 mmol L* (100 mL, pH 11,0) por 24 h a 25 °C. Apdés o
tratamento, o suporte foi oxidado utilizando uma solucdo de NalO4 (10 mmol L) por
2 h. Em seguida, o suporte foi lavado com agua destilada, filtrado a vacuo utilizando

um filtro de vidro e armazenado a 4 °C.
7.1.1.3 Suporte IDA-Ni%*-aldeido

O suporte epoéxi-agarose-IDA (5 g) foi tratado com uma solucao de NiClz (30
mg mL?) por 1 h a 25 °C. Ap6s o tratamento, o suporte foi oxidado utilizando uma
solucéo de NalO4 (10 mmol L) por 2 h. Em seguida, o suporte foi lavado com agua

destilada, filtrado a vacuo utilizando um filtro de vidro e armazenado a 4 °C.

7.1.1.4 Suporte amino-aldeido
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O suporte epodxi-agarose (10 g ) foi tratado com uma solugéo de trietilamina 1
mol L** (100 mL, 50% de acetona v/v), pH 12 por 24 h a 25 °C. Apds o tratamento, 0
suporte foi oxidado utilizando uma solucdo de NalOs (10 mmol L?) por 2 h. Em
seguida, o suporte foi lavado com agua destilada, filtrado a vacuo utilizando um filtro

de vidro e armazenado a 4 °C.

7.1.1.5 Suporte alquil-aldeido

O suporte epodxi-agarose (10 g) foi tratado com uma solucdo contendo 100
mmol L1 de diferentes alquil-ti6is (1-octanotiol; 1-dodecanotiol e 1-octadecanatiol),
25 mmol L' NaHCOs (100 mL, pH 10), por 24 h a 25 °C. Para o tratamento com 1-
octadecanotiol, foi utilizado acetona 50% (v/v) na solucdo para a solubilizar o
substrato. Apds o tratamento, o suporte foi oxidado utilizando uma solucéo de NalOa4
(10 mmol L) por 2 h. Em seguida, o suporte foi lavado com agua destilada, filtrado

a vacuo utilizando um filtro de vidro e armazenado a 4 °C.

7.1.2 Determinacao da atividade lipolitica

A determinacédo da atividade lipolitica foi realizada utilizando propionato de p-
nitrofenila como substrato. Para o ensaio, a enzima livre ou imobilizada foi
adicionada em uma cubeta contendo 2,5 mL do mix de reacdo (0,4 mmol L do
substrato, tampéo fosfato 25 mmol L* pH 7,0). O incremento da absorbancia foi
monitorado a 348 nm (pH 7,0 € = 5150 M*.cm™) (FERNANDEZ-LORENTE et al.,
2006). Uma unidade de atividade enzimética (U) foi definida como a quantidade de
enzima capaz de promover a producdo de 1 pumol de p-nitrofenol por min nas

condi¢des do ensaio.

7.1.3 Imobilizagao da lipase LipBC em suportes heterofuncionais

Para a imobilizacao da lipase LipBC foi estabelicido um protocolo padréo para
todos os suportes. Incialmente, 1 g de suporte foi colocado em frascos Erlenmeyer
de 25 mL com 4 mL de solucdo enzimatica diluida em tampé&o fosfato 25 mmol L*

pH 7,0, a 80 rpm e 25 °C. A carga de proteina utilizada foi 5 mg g de suporte. O
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processo de imobilizacdo foi seguido removendo-se aliquotas do sobrenadante ao
longo do tempo e a atividade residual no sobrenadante e na suspengéo (enzima
imobilizada) foi determinada pela hidrélise do propionato de p-nitrofenila (item 7.1.2).
A partir dos resultados experimentais, os valores de eficiéncia da imobilizacéo (E) e
retengdo da atividade (R), foram calculados a partir das Equacdes 1 e 2,
respectivamente (YADAV et al., 2005).

-A
:AA ~ x 100% 1)

R =% 100% 2)
A,

Onde: Ai: atividade inicial total de hidrolise antes da imobilizacéo; Ar: atividade
final total de hidrdlise no sobrenadante apds a imobilizacdo; Ao: atividade observada
do imobilizado (U g* do suporte); Ar: atividade tedrica do imobilizado (U g* do

suporte).

7.1.4 Estabilidade de LipBC livre e imobilizada frente a temperatura

A termoestabilidade da enzima livre e imobilizada foi avaliada pela incubacédo
em banho termostatizado a 55 °C por 48 h. Para o ensaio com a enzima livre, 200
uL (0,045 mg ) foram incubados em 600 pL de tampéo fosfato 25 mmol L2, e a
atividade residual foi avaliada pela hidrélise do propionato de p-nitrofenila (item
7.1.2). Em relagcdo a enzima imobilizada, 1 g das diferentes preparacoes
imobilizadas foram incubados previamente em 10 mL de tampéo bicarbonato de
s6dio 25 mmol L* a pH 8,5 e 10 por 1 h, visando a formacéo ligacdes covalentes
multipontuais entre a enzima e o suporte. A essa solucédo foi adicionado o agente
redutor NaBHs (1 mg mL?') e a suspensdo mantida em agitacdo branda (50 rpm)

durante 30 min a 25 °C. Em seguida, as preparacdes foram lavadas com agua
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destilada e filtradas. Finalmente, foram incubados 500 mg das diferentes
preparacdes imobilizadas em 1 mL de tampéo fosfato 25 mmol L* em banho
termostatizado a 55 °C por 48 h. A atividade residual foi avaliada pela hidrolise do

propionato de p-nitrofenila (item 7.1.2).
7.2 RESULTADOS
7.2.1 Imobilizacéo da lipase LipBC em suportes heterofuncionais
A lipase LipBC foi superexpressa e purificada de acordo com protocolos ja
estabelecidos e descritos no Capitulo 2. Para os ensaios de imobilizacdo, a

estratégia adotada foi a de imobilizacdo-estabilizacdo em suportes heterofuncionais
(MATEO et al., 2010), descrita na FIGURA 1.
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FIGURA 1 - IMOBILIZACAO-ESTABILIZACAO DE ENZIMAS EM SUPORTES
HETEROFUNCIONAIS

Em uma primeira etapa, as enzimas sdo adsorvidas em pH neutro sobre o suporte. Na segunda
etapa, condi¢Bes alcalinas promovem ligacdes covalentes pontuais ou multipontuais entre grupos
aldeidos do suporte com diferentes grupos reativos da enzima, como por exemplo, grupos amino
primarios.
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Fonte: Adaptado de MATEO et al. (2010).

Foram escolhidos diferentes suportes com caracteristicas distintas que
possibilitam a imobilizacdo da lipase em uma primeira etapa de adsorcao através de
diferentes regifes da superficie da proteina (regides ricas em cargas negativas ou
positivas, histidinas ou regides hidrofobicas). O processo de imobilizacdo foi
acompanhado ao longo do tempo retirando-se aliqguotas do sobrenadante e
dosando-se a atividade residual pela hidrélise do propionato de p-nitrofenila (item
7.1.2). A partir dos resultados experimentais, o valor de E (Eficiéncia da
imobilizacdo) e R (Retencéo da atividade) foram calculados e sdo apresentados na
TABELA 1.

Considerando-se que a eficiéncia de imobilizacdo (E) € calculada a partir do
desaparecimento da atividade presente no sobrenadante, valores acima de 95%
(TABELA 1) foram obtidos para todos os suportes avaliados apdsl h de incubacao.
Apesar dessa eficiéncia de imobilizacdo, os suportes aniénicos IDA-aldeido e IDA-
Ni*-aldeido apresentaram valores de retencédo de atividade menores de 50%
(TABELA 1), indicando que esse tipo de interacdo leva a uma perda significativa da
atividade de LipBC.

TABELA 1. PRINCIPAIS PARAMETROS DA IMOBILIZACAO DA LIPASE LIPBC EM
SUPORTES HETEROFUNCIONAIS

Suporte Ilig:é?l?;;g;; Rgtgngéo de

(%) Atividade (%)
IDA-aldeido 100 33
IDA- Ni?*-aldeido 100 45
Amino-aldeido 100 78
C8-aldeido 100 115
Cl2-aldeido 100 165
C18-aldeido 100 122

IDA: Acido iminodiacético; C8: 1-octanotiol; C12: 1-dodecanotiol; C18: 1-octadecanotiol.
Eficiéncia (%) — calculada pela diferenca entre a atividade inicial e a atividade final da lipase LipBC no
sobrenadante da imobilizacao.
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Os suportes C8, C12 e C18-aldeido apresentaram valores de retencédo de
atividade (R) acima de 100% (TABELA 1). Entretanto, a atividade de LipBC
imobilizada n&o aumentou proporcionalmente com o comprimento da cadeia
hidrofébica dos suporte (TABELA 1), assim como observado na imobilizacdo da
lipase LipC12 nos mesmo suportes (Capitulo 3).

Os valores de retencdo acima de 100% para os suportes C8, C12 e C18-
aldeido podem ser justificados pela adsorcdo e estabilizacdo da lipase em sua
conformacao estrutural aberta, uma vez que a lid contém residuos de aminoacidos
hidrofébicos, ou seja, a lipase estaria simultaneamente se ligando ao suporte e
sofrendo ativacao interfacial (PALOMO, 2002; MATEO et al., 2007c). Entretanto, era
esperado valores de retencdo de atividade (hiperativacdo) mais elevados, como ja
descrito na literatura para lipases imobilizadas em suportes hidrofébicos que
apresentam lid em sua estrutura (MATEO et al., 2007; PALOMO, 2008), como por
descrito para a lipase LipC12 (Capitulo 3), para a lipase (selvagem) de Burkholderia
cepacia LTEB11 imobilizada em Accurel EP-100 (BARON, 2008), para as lipases de
Mucor miehei e Candida rugosa imobilizadas em octadecil-sepabeads (PALOMO et
al., 2002) e lipase de Humicola lanuginosa imobilizada em octil-agarose (BASTIDA et
al., 1998).

Como descrito no Capitulo 2, a lipase LipBC permanece complexada com sua
foldase (LifBC) apds a purificacdo. LifBC apresenta uma regidao N-terminal rica em
aminoacidos hidrofébicos (residuos 1 - 70) e provavelmente essa regido pode estar
interagindo com o0 suporte. Essa interacdo pode resultar em uma orientagcao
diferente da LipBC durante a imobilizacdo, levando a formacdo de "populacbes"
diferentes da lipase imobilizada, seja pela regido da "lid", o que levaria a
conformacao da lipase "aberta", ou pela regido n-terminal da foldase, mantendo a
lipase em sua conformacédo "fechada". Essa hipotese justifica os baixos valores de
retencdo de atividade de LipBC quando imobilizada nos diferentes suportes
hidrofébicos (TABELA 1).

Na literatura, ha poucos estudos de imobilizacdo envolvendo lipases
complexadas com sua foldase especifica, sendo os trabalhos de Peng et al. (2011) e
Alnoch et al. (2015) os Uunicos reportados na literatura. Peng et al. (2011)
imobilizaram a lipase de P. aeruginosa CS2 co-expressa com sua foldase em Celite-

545 e aplicaram na sintese de acetato de isoamila em n-hexano. Entretanto, os
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autores ndo reportaram valores de retencdo de atividade apOs a imobilizacéo.
Alnoch et al. (2015) imobilizaram uma nova lipase (LipG9), obtida por prospeccéo
metagendémica, complexada com sua foldase, em Accurel MP 1000. Valores de
retencdo de atividade acima de 100% (246%) foram obtidos em comparacdao com a
atividade da enzima livre em meio organico. Nao foram reportados resultados de
retengéo de atividade da enzima em meio aquoso.

A partir dos resultados obtidos na imobilizacdo da lipase LipBC, as
preparacdes C8, C12 e C18-aldeido-LipBC que apresentaram valores de retencao

de atividade acima de 100% foram escolhidas para a continuag&o do trabalho.

7.2.2 Estabilidade de LipBC livre e imobilizada frente a temperatura

Uma das etapas mais importantes do processo de imobilizacdo em suportes
heterofuncionais é a estabilizacdo da enzima através de ligacbes covalentes
multipontuais com o suporte (FIGURA 1). Essa etapa é realizada em pH alcalino e
em um curto periodo de tempo (cerca de 1 h). Em alguns casos, essas condi¢cdes
podem acarretar perda de atividade, dependendo da enzima e sua interagdo com o
suporte (MATEO et al.,, 2010). Entretanto, a perda de atividade pode ser
compensada com um aumento na estabilidade da enzima devido a ligacGes
multipontuais favorecidas nessas condi¢cdes (MATEO et al., 2010; SANTOS et al.,
2015).

Nessa etapa do trabalho, as preparacdes C8, C12 e C18-aldeido-LipBC foram
incubadas em tamp&o bicarbonato de sodio a pH 8,5 e 10,0 por 1 h, visando a
formacao ligacBes covalentes multipontuais entre a enzima e o suporte. Apés a
incubacéo, as preparagdes foram incubadas em um banho termoestatizado a 55 °C
por até 48 h. Ao longo do tempo, a atividade residual foi avaliada pela hidrélise do
propionato de p-nitrofenila (item 7.1.2).

Como se observa na Figura 2, as preparagfes previamente incubadas a pH
10 se mostraram mais estaveis ao longo do tempo, provelmente devido a maior
formacédo de ligacdes covalentes multipontuais com o suporte nessa condi¢cdo. As
preparacdes C8-aldeido-LipBC e Cl2-aldeido-LipBC mantiveram 100% de sua
atividade apés 48 h de incubacdo, garantido um aumento significativo na

estabilidade, quando comparadas com a enzima livre, que perdeu mais de 50% de
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sua atividade inicial em apenas 30 min (FIGURA 2). Esses resultados estao de
acordo com a literatura, onde varios trabalhos tém demonstrado maior estabilidade
térmica para enzimas imobilizadas, principalmente por ligacdo covalente, em relacéo
as enzimas livres (BAYRAMOGLU et al., 2011; MATEO et al., 2007ac). Em geral, a
maior estabilidade se deve as ligagbes entre o suporte e a enzima, que garantem
uma estrutura tridimensional mais rigida, evitando a quebra das interacdes
responsaveis por manter a conformacdo ativa, mesmo em temperaturas mais
elevadas (MATEO et al., 2000).
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FIGURA 2 - ESTABILIDADE DA LIPASE LipBC LIVRE E IMOBILIZADA FRENTE A
TEMPERATURA

(#) enzima livre; C8-aldeido (e); C12-aldeido (m); C18-aldeido (A)
(A): pH 8,5; (B) pH 10.

7.4 CONCLUSAO

Nesta etapa do trabalho, estudou-se a imobilizacdo da lipase LipBC em
diferentes suportes heterofuncionais. A partir dos resultados obtidos, € possivel
concluir que o melhor suporte para imobilizagdo de LipBC foi suporte hidrofébico
Cl2-aldeido, com eficiéncia de imobilizacdo de 100% em apenas 30 min e uma
retencdo de atividade de 165%. A preparacdo Cl12-aldeido-LipBC manteve 100% de

sua atividade apos 48 h de incubacao a 55 °C, garantido um aumento significativo
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na estabilidade quando comparada com a enzima livre, que perdeu mais de 50% de
sua atividade inicial em apenas 30 min.

Esses resultados parciais sdo promissores e motivam a continuacdo do
trabalho em relacdo a caracterizacdo de LipBC imobilizada nesse suporte, assim
como da avaliagao de novos suportes para imobilizacao da lipase LipBC complexada

com a foldase LifBC.
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8. CONCLUSOES

Neste trabalho, estudou-se a producéo, imobilizacdo e a caracterizacdo das
lipases LipC12 e LipBC. Os resultados obtidos sugerem que as lipases LipCl12 e
LipBC imobilizadas apresentam potencial para serem utilizadas em processos
biocataliticos e fundamentam a continuidade dos estudos com estas enzimas para o
desenvolvimento de aplicagcbes de interesse industrial. Em adicdo, as novas
estratégias de imobilizacdo propostas nesse trabalho podem ser aplicadas para
sintetizar novos suportes com diferentes grupos funcionais ou utilizando uma matriz
diferente da agarose, visando sua aplicagdo em meio aquoso ou organico, obtendo

assim, biocatalizadores com propriedades diferenciadas.

Os principais resultados que nortearam esta conclusdo foram os seguintes:

o O sequenciamento gendmico permitiu a identificacdo de dois operons
distintos (lipAB e lipEF), contendo genes que codificam para lipases e foldases
distintas. A andlise do genoma também permitiu a identificacdo molecular da cepa
Burkholderia contaminans LTEB11, anteriormente classificada como Burkholderia

cepacia.

o Os genes lipA e lipB foram amplificados e clonados em vetores de expressao.
Foram realizados testes de expressao e atividade para combinac¢fes individuais e
co-expressdes da lipase e foldase. Os testes de expressao e atividade mostraram
que a lipase LipBC precisa ser expressa concomitantemente com a foldase LifBC
para exibir atividade. A lipase LipBC foi superexpressa e purificada complexada com
a foldase LifBC.

o Os estudos de caracterizacdo da lipase LipBC mostraram que a enzima
possui preferéncia por substratos de cadeia curta (tributirina, 1426 U mg?), e
também apresenta atividade para substratos de cadeia longa (6leo de oliva, 845 U
mg?). LipBC também apresentou atividade e estabilidade em uma ampla faixa de pH
(entre 6,5 a 10) e temperatura (25 - 45 °C).
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o LipBC imobilizada no suporte sepabeads apresentou atividade de
esterificacdo na sintese de oleato de etila em n-hexano (4 U gt), com 90% de
conversdo em 6 h, o que evidencia seu potencial para aplicacdo em reacdes de

sintese em meio organico.

o Foi desenvolvido uma nova classe de suportes bifuncionais a partir de
agarose com grupos hidrofobicos e aldeidos para imobilizacdo de lipases. Esses
suportes possibilitam a imobilizacdo de lipases em sua conformacéo "aberta" por
adsorcdo a pH 7,0 e a estabilizacdo da enzima nessa conformacdo através de
ligacdes covalentes formadas entre a enzima e 0s grupos aldeidos do suporte em
pH alcalino. A imobilizacdo da lipase LipC12 nos novos suportes resultou em uma
hiperativagcdo em termos de atividade (acima de 300%) e um aumento significativo

de estabilidade (acima de 2000 vezes) em compara¢do uma a enzima livre.

o A preparagdo Cl2-aldeido-LipC12 foi aplicada com sucesso na hidrélise
regiosseletiva do substrato peracetilado D-glucal, apresentando 69% de conversao

do produto C-3 mono-desacetilado apos 96 h.

o A lipase LipBC foi imobilizada em diferentes suportes heterofuncionais (IDA-
aldeido, IDA-Ni?*-aldeido, amino-aldeido e alquil-aldeido). A partir dos resultados
obtidos foi possivel concluir que o melhor suporte para imobilizacdo de LipBC foi
suporte hidrofébico C12-aldeido. Nesse suporte foi obtido uma retencéo de atividade
de 165% e a preparacdo Cl2-aldeido-LipBC manteve 100% de sua atividade apdés
48 h de incubacéo a 55 °C.
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9. PERSPECTIVAS

Os resultados obtidos neste trabalho abrem perspectivas de utilizacdo das
lipases LipC1l2 e LipBC imobilizadas em processos biocataliticos. Portanto,

sugerem-se como estudos futuros:

e Clonagem, co-expressao e caracterizacao da lipase e foldase descritas no

operon lipEF indentificado no genoma de Burkholderia contaminans LTEB 11,

e A utilizacdo de diferentes materiais (celulose, silica ou resinas acrilicas) como
suportes para ativacdo com o0s grupos funcionais propostos nesse trabalho,

visando a sua utilizacdo em meios organicos.

e A imobilizacdo de novas enzimas (lipases, esterases e quitinases) obtidas por
prospeccao metagendmica recentemente no grupo de pesquisa nos NOvVos

suportes descritos.

e Realizacdo de ensaios de cristalizacdo da lipase LipBC complexada com a
foldase LifBC e determinar a estrutura tridimensional do complexo, com o
objetivo de obter mais informagdes a respeito da interacao lipase-foldase que

possa contribuir para novos estudos de imobilizacéo.
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