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RESUMO

O uso intensivo de lipases como biocatalisadores em sintese organica tem
impulsionado a busca por novas lipases e o melhoramento de lipases conhecidas.
Neste contexto, o presente trabalho apresenta os estudos realizados com duas lipases
isoladas de uma biblioteca metagendémica, construida a partir de solo contaminado
com gordura animal (SCGA). A primeira parte do trabalho investigou os efeitos da His-
tag na estrutura, atividade, estabilidade e imobilizacdo de LipC12, uma lipase
previamente caracterizada. LipC12 foi purificada com a His-tag na regido N-terminal
por cromatografia de afinidade, em seguida, a His-tag foi removida utilizando a
protease do virus do mosaico do tabaco (TEV). A estrutura geral de LipC12 nao foi
afetada pela remocgao da His-tag, como confirmado por analise de dicroismo circular.
As atividades de hidrdlise especificas contra os substratos naturais e artificiais foram
significativamente maiores com LipC12 sem His-tag. No entanto, esta variante de
LipC12 apresentou menor atividade e estabilidade na presengca de solventes
organicos polares em relagao a LipC12 com His-tag. A eficiéncia de imobilizacdo em
Immobead 150 foi de 100% para as duas variantes de LipC12 e estudos de dessorcao
de proteinas confirmaram que a His-tag nao participa de ligacbes covalentes com o
suporte. Para LipC12 imobilizada, a His-tag também influenciou negativamente a
atividade de hidrélise, mas influenciou positivamente na atividade de esterificacao. Isto
abre a possibilidade de modular a atividade de LipC12 para diferentes reacdes: a His-
tag pode ser mantida para reag¢des de hidrélise ou removida para reagdes de sintese.
A segunda parte do trabalho foi a caracterizagdo da nova lipase LipMF3. Esta lipase
requer uma foldase para o seu correto enovelamento, de modo que os genes lipMF3
e lifMF3, que codificam para a lipase e sua foldase, respectivamente, foram
amplificados e clonados. Estes genes foram co-expressos em Escherichia coli, em
seguida, o complexo Lip-LifMF3 foi purificado por cromatografia de afinidade e
caraterizado bioquimicamente. A estrutura tridimensional do complexo também foi
determinada por modelagem por homologia. Através de analise filogenética, LipMF3
foi classificada como pertencente a subfamilia 1.1 de lipases bacterianas,
apresentando identidade de sequéncia de 68% e 67% com lipases de
Chromobacterium violaceum e C. amazonense, respectivamente. LipMF3 apresenta
alta atividade de hidrélise contra triacilglicerdis de cadeia curta, média e longa (1650
+ 46 U mg™' para tributirina, 1314 + 68 U mg™ para tricaprilina e 862 + 62 U mg' para
Oleo de oliva). A maior atividade de LipMF3 foi a 40 °C e pH 6,5. A enzima foi estavel
por 3 horas em solventes organicos, apresentando atividade residual em torno de
100% na presencga de 25% (v/v) de DMSO, isopropanol, metanol, etanol, propanol e
butanol. Apresentou estabilidade também em uma ampla faixa de pH (5,5 a 11) com
atividade residual acima de 80%. LipMF3 foi imobilizada em um suporte hidrofilico
(Immobead 150P) e em um suporte hidrofébico (Sepabeads FP-BU), com melhores
resultados de imobilizacao obtidos com Sepabeads. Esta preparacado apresentou uma
conversao de 94% em 5 h de reagao para sintese de oleato de etila. Na resolugao
cinética de (R, S)-1-fenil-1-etanol, apresentou um excesso enantiomérico (ee) de 90%
para o produto (R)-1-feniletil acetato. Esta nova lipase possui, portanto, potencial de
aplicacao em reagdes biotecnoldgicas.

Palavras-chave: Lipases. Metagendmica. Estrutura Tridimensional. Biocatalise.
Imobilizacao.



ABSTRACT

The intensive use of lipases as biocatalysts in organic synthesis has driven the
search for new lipases and the improvement of known lipases. In this context, the
current work presents the studies undertaken with two lipases isolated from a
metagenomic library constructed from fat-contaminated soil. The first part of the work
investigated the effects of the His-tag on the structure, activity, stability and
immobilization of the LipC12, a lipase that has previously been characterized. LipC12
was purified with a His-tag at the N-terminal region by affinity chromatography, then
the His-tag was removed using protease from Tobacco Etch Virus (TEV). The overall
structure of LipC12 was not affected by the removal of His-tag, as confirmed by circular
dichroism analysis. The specific hydrolytic activities against natural and artificial
substrates were significantly higher for LipC12 without His-tag. However, this form of
LipC12 had a lower activity and stability in the presence of polar organic solvents than
LipC12 with His-tag. The efficiency of immobilization on Immobead 150 was 100% for
the two LipC12 variants and protein desorption studies confirmed that the His-tag does
not participate in covalent bonding with the support. For immobilized LipC12, the His-
tag also negatively influenced the hydrolytic activity, but positively influenced the
esterification activity. This opens up the possibility of modulating the activity of LipC12
for different reactions: the His-tag can be maintained for hydrolysis reactions or
removed for synthesis reactions. The second part of the work was the characterization
of the new lipase LipMF3. This lipase requires a foldase for correct folding, so the
genes lipMF3 and lifMF3, which code for the lipase and its foldase, respectively were
amplified and cloned. These genes were co-expressed in Escherichia coli, then Lip-
LifMF3 complex was purified by affinity chromatography and characterized
biochemically. The three-dimensional structure of the complex was also determined by
homology modeling. Through phylogenetic analysis, LipMF3 was classified as
belonging to the subfamily I.1 of bacterial lipases, presenting sequence identities of
68% and 67% with lipases of Chromobacterium violaceum and C. amazonense,
respectively. LipMF3 has high hydrolytic activity against short-, medium- and long-
chain triacylglycerols (1650 + 46 U mg-! for tributyrin, 1314 + 68 U mg™" for tricaprylin
and 862 + 62 U mg™" for olive oil). The highest activity of LipMF3 was at 40 °C and pH
6.5. The enzyme was stable for 3 hours in organic solvents, with residual activity
around 100% in the presence of 25% (v/v) of DMSO, isopropanol, methanol, ethanol,
propanol and butanol. It also showed stability over a wide range of pH (5.5 to 11) with
residual activity above 80%. LipMF3 was immobilized onto a hydrophilic support
(Immobead 150P) and a hydrophobic support (Sepabeads), with better results for
immobilization obtained with Sepabeads. This preparation gave 94% conversion in 5
h for the synthesis of ethyl oleate. In the kinetic resolution of (R, S)-1-phenyl-1-ethanol,
it gave an enantiomeric excess (ee) of 90% for the product (R)-1-phenylethyl acetate.
This new lipase therefore has potential for application in biotechnological reactions.

Keywords: Lipases. Metagenomics. Three-dimensional Structure. Biocatalysis.
Immobilization.
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1 INTRODUGAO

As lipases sao enzimas de grande interesse biotecnoldgico e alvo de intensas
pesquisas nas ultimas décadas, sendo o terceiro grupo de enzimas hidroliticas mais
comercializadas no mercado de biocatalisadores (LI et al., 2012). Este destaque se
deve ao fato de que as lipases sdo enzimas versateis e catalisam uma ampla gama
de reacbes, entre as quais estdo as reacdes de hidrélise, esterificacio,
transesterificacao, lactonizacdo, entre outras, desempenhando, assim, um papel
importante em quimica organica (JAEGER; EGGERT, 2002).

Desta forma, o estudo de novas lipases, assim como a modificagao estrutural
de lipases ja caracterizadas, se faz necessario para viabilizar aplicagdes destas
enzimas em biocatalise. Portanto, esta tese de doutorado teve como objetivo o estudo
de duas lipases da biblioteca metagenémica de solo contaminado com gordura animal
(SCGA), visando a caracterizagdo de uma nova lipase, denominada de LipMF3 e a
modificagdo estrutural de outra lipase ja caracterizada anteriormente (LipC12).

O Capitulo 1 desta tese apresenta os resultados obtidos em relagéo a LipC12,
uma lipase clonada e caracterizada por Glogauer et al. (2011). Esta enzima é
considerada uma lipase verdadeira, pois apresenta alta atividade contra triacilglicerois
de cadeia longa (1722 U mg" para éleo de oliva). Madalozzo et al. (2015) realizaram
estudos de imobilizagdo de LipC12 em Immobead 150 e aplicagdo desta enzima
imobilizada em sintese de ésteres de biodiesel. Neste trabalho, os autores
propuseram que a cauda de histidina (His-tag) presente na LipC12 poderia influenciar
no processo de imobilizagdo, que ocorre em pH 7,5, pois neste pH os residuos de
histidina encontram-se majoritariamente desprotonados (pKa 6,0) e seriam mais
reativos ao ataque nucleofilico dos grupos oxirano do suporte. Para confirmar esta
hipétese, foram realizados estudos para avaliar a influéncia da His-tag na atividade,
estabilidade e na imobilizacdo de LipC12. Os resultados referentes a LipC12 foram
compilados em um manuscrito intitulado: " Tailoring recombinant lipases: keeping the
His-tag favors esterification reactions, removing it favors hydrolysis reactions",
publicado na revista Scientific Reports.

No Capitulo 2 estdo apresentados os resultados referentes a nova lipase
LipMF3, isolada da mesma biblioteca metagenémica, uma enzima dependente de
uma foldase, denominada LifMF3, codificada pelo gene lifMF3, que esta localizado a

jusante do gene da lipase (lipMF3). Assim, o estudo desta lipase incluiu a predigéo da
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estrutura através de modelagem por homologia das proteinas LipMF3 e LifMF3,
clonagem dos genes lipMF3 e lifMF3, superexpresséo heterdloga, purificagao,

caracterizacéo e imobilizagdo desta enzima.

1.1 JUSTIFICATIVA

Nao obstante o grande potencial de aplicagao de lipases, principalmente na
industria de detergentes, alimentos e sintese organica, e as humerosas publicagcbes
em relagdo ao isolamento e selegao destas enzimas descritas nas ultimas décadas,
relativamente poucas lipases apresentam as propriedades desejadas para aplicagao
em processos industriais.

Desta forma, existe uma necessidade de lipases com alta atividade,
termoestabilidade e estabilidade em meios reacionais nao-convencionais, como
solventes organicos. Esta demanda pode ser suprida utilizando-se além do isolamento
de micro-organismos do ambiente e a identificagcdo de suas lipases por métodos
convencionais, também a metagenémica. A metagenémica € uma alternativa que vem
se mostrando eficiente para isolar novas lipases com as propriedades cataliticas
almejadas. Além disso, a modificagdo estrutural também € uma opcéao atrativa para
melhorar as lipases ja conhecidas e com potencial de aplicagdo em biocatalise, como

€ o caso de LipC12.
1.2 OBJETIVOS
1.2.1 Objetivo geral

Este trabalho teve como objetivo geral o estudo de duas lipases isoladas da
biblioteca metagendmica de solo contaminado com gordura animal (SCGA),
envolvendo a verificagdo do efeito da cauda de histidina (His-tag) nas propriedades
cataliticas da lipase LipC12 e a caracterizagao bioquimica, molecular e estrutural de

uma nova lipase (LipMF3).

1.2.1.1 Objetivos especificos
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a) LipC12

e Produzir variantes de LipC12 com e sem a His-tag, a partir da clonagem do
gene lipC12 em pET29a(+) (para expressao de LipC12 sem His-tag) e pTEV5 (para
expressdo de LipC12 com His-tag e um sitio de clivagem da protease TEV), assim
como pela expressao de LipC12 em pTE28a(+) previamente clonada por Glogauer et
al. (2011).

e Determinar as propriedades cataliticas das duas variantes de LipC12, com
e sem His-tag, quanto a atividade de hidrélise em meio aquoso e em solventes
organicos, estabilidade a solventes organicos, efeito de detergentes e a determinagéo
dos parametros cinéticos Km, Kcat, Km/Kcat;

e Determinar mudangcas na estrutura secundaria e temperatura de
desenovelamento das duas variantes de LipC12, com e sem His-tag, por dicroismo
circular;

+ |Imobilizar as duas variantes de LipC12 em Immobead 150 e caracterizar os
preparados imobilizados, para verificar o efeito da His-tag na imobilizacdo e nas

propriedades cataliticas de LipC12 imobilizada;

b) LipMF3

e Construir um modelo tridimensional do complexo Lip-LifMF3 através de
modelagem por homologia;

¢ Realizar a amplificacdo e clonagem em vetores de expressao dos genes
identificados da lipase (lipMF3) e foldase (lifMF3);

e Determinar o melhor sistema de expressao para a co-expressao heterdloga
dos genes lipMF3 e lifMF3 em E. coli,

o Purificar e caracterizar LipMF3, determinando-se a massa molecular, ponto
isoelétrico (pl), preferéncia por substratos, estabilidade em solventes organicos, efeito
da temperatura e do pH na atividade e estabilidade;

e Avaliar o efeito da imobilizagdo de LipMF3 em diferentes suportes
hidrofébicos e hidrofilicos e medir os principais parametros de imobilizagdo, como
retencao de atividade, atividade de hidrdlise e atividade de esterificagao;

o Utilizar LipMF3 imobilizada, em reacdes de sintese de oleato de etila e na
resolugcdo cinética do alcool (R,S)-1-fenil-1-etanol em solventes organicos, para

determinar o seu potencial de aplicagao em biocatalise.
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2 REVISAO DA LITERATURA

2.1 LIPASES

As lipases (EC 3.1.1.3 - triacilglicerol hidrolases) sdo enzimas que
naturalmente hidrolisam ligacdes éster de triacilglicerdis, mas podem catalisar uma
ampla variedade de reagdes quimicas e reconhecer como substrato muitos outros
compostos, o que as tornam importantes em diversas aplicagées biotecnoldgicas
como nas industrias de detergente, alimentos, biodiesel e farmacéutica (JAEGER,;
EGGERT, 2002; GUPTA; GUPTA; RATHI, 2004).

Lipases possuem em geral uma estrutura tridimensional com elementos em
comum, apresentando uma forma globular e uma conformacgao o/ hidrolase, ou seja,
formada por um nucleo central composto por folhas-B, circundadas por a-hélices.
Como exemplo, pode-se citar a lipase de Pseudomonas aeruginosa (PDB: 1EX9), a
primeira lipase da familia 1.1 a ter a sua estrutura elucidada por cristalografia (FIGURA
1). O sitio ativo das lipases é formado pelos residuos de Ser, Asp (Glu) e His (JAEGER
et al., 1994), sendo que a serina catalitica se encontra no pentapeptideo altamente
conservado GlyXSerXGly (onde X representa qualquer residuo de aminoacido)
(JAEGER; REETZ, 1998).

b1 b2

D 220
582 H 251

Cc
N

B4 of B3 o2 PS5 o3 P6 of BT P8 G2
c1 B8 o9

LEGENDA: A: representacdo das estruturas secundarias a-hélices, folhas-f3 e algcas, o dominio /id esta
representado pelas a-hélices em vermelho. B: diagrama de topologia da estrutura secundaria a/f
hidrolase. A triade catalitica € composta pelos residuos Ser82, Asp229 e His251, a-hélices e folhas-3
sao representados por retangulos e setas, respectivamente. FONTE: Nardini et al. (2000).

Outra caracteristica estrutural interessante das lipases, é a presengca de uma

tampa hidrofébica, chamada lid, uma cadeia de aminoacidos que recobre o sitio ativo,
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que é responsavel pelo fendmeno de ativagao interfacial. Quando a lipase é colocada
em um meio com substratos hidrofébicos, a lid se move, expondo o sitio ativo para a
catalise. No entanto, ndo séo todas as lipases que apresentam esse fendmeno, e
muitas lipases também n&o possuem uma Jid. Khan et al. (2017) classificaram as
lipases, de acordo com a estrutura do dominio /id, em trés grupos diferentes: lipases
sem lid, lipases com a lid composta por apenas uma a-hélice e lipases com duas ou
mais a-hélices formando a lid, observando-se uma tendéncia de maior
termoestabilidade para lipases com lids maiores.

A maioria das lipases utilizadas industrialmente sdo de origem microbiana,
notadamente, fungos e bactérias. Um dos grupos de lipases mais utilizados e
estudados sdo as lipases bacterianas (JAVED et al., 2018), principalmente dos
géneros Pseudomonas, Burkholderia e Bacillus, que possuem ampla aplicagdo em
biocatalise (GUPTA; GUPTA; RATHI, 2004).

Uma classificagéo proposta para lipases bacterianas foi realizada por Arpigny
e Jaeger (1999). Os autores classificaram as lipases em oito familias, com base na
homologia de sequéncia de aminoacidos e caracteristicas estruturais. A TABELA 1
mostra a familia |, formada por lipases verdadeiras, que hidrolisam triacilglicerdis de
cadeia longa, € a familia mais conhecida e abundante, sendo subdividida em 7
subfamilias. As lipases das subfamilias I.1, 1.2 e 1.3 apresentam um sitio de ligagcédo ao
calcio formado por residuos de aspartato. Além disso, na maioria das lipases das
subfamilias 1.1 e 1.2, dois residuos de cisteina formam uma ponte dissulfeto. A
subfamilia 1.2 apresenta lipases com peso molecular maior do que as lipases da
subfamilia 1.1, devido a uma inser¢ao formada por duas B-folhas antiparalelas na
superficie das proteinas. A maioria das lipases da subfamilia 1.1 e 1.2 necessita de
uma proteina auxiliar denominada de foldase especifica para lipases (Lif), que é
necessaria para obtencao de lipases ativas (ROSENAU; JAEGER, 2000).

A classificagdo de Arpigny e Jaeger (1999) foi atualizada por Jaeger e Eggert
(2002), com a inclusao de outras enzimas descritas posteriormente. No entanto, ao
longo do tempo foram adicionadas a essa classificacdo mais dez familias (TABELA
2), pois muitas lipases ndo se enquadravam nas oito familias a priori caraterizadas.
Em fungao disso, atualmente existem 18 familias de lipases bacterianas. As familias
mais recentes foram caracterizadas principalmente por diferencas em motivos

conservados e na cavidade oxianion.
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TABELA 2 - NOVAS FAMILIAS DE LIPASES
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Familia Enzima/Fonte Referéncia
IX Depolimerase Pha_Z?/Eseudomonas Handrick et al. (2001)
lemoignei
o Levisson, Van Der Oost e

X Esterase EstD/Thermotoga maritima Kengen, (2007)

XI LipG/metagenémica Lee et al. (2006)

Xl LipEH166/metagenémica Kim et al. (2009),

. Ewis, Abdelal e Lu (2004); Liu

Xl EST30/Bacillus sp. et al. (2004) Rao et al. (2013)
XIV EstA3/ Thermoanael\r/?éajcter tengcongensis Rao et al. (2011)

XV EstDZ2/metagendmica Zarafeta et al. (2016)

XV L|pSM54/Stenotrcg)£$Tonas maltophilia Li et al. (2016)
XVII LipJ2/Janibacter sp. R02 Castilla et al. (2017)
XVIII LipSm/Stenotrophomonas maltophilia Psi-1 Parapoull et al. (2018)

2.2 FOLDASES ESPECIFICAS PARA LIPASES (LIF)

Muitas proteinas necessitam de outras proteinas auxiliares para tornar sua
estrutura biologicamente ativa dentro das células. Existem dois grupos de proteinas
auxiliares: as chaperonas moleculares e as foldases (WANG; TSOU, 1998).

As foldases sao representadas pelas proteinas PDI (protein disulfide
isomerase) e PPI (peptidyl-prolyl isomerase) que realizam a formagao de ligagdes
covalentes como formacado de pontes dissulfeto e a isomerizagdo de ligagdes
peptidicas N-terminais a residuos de prolina, respectivamente (GUPTA; TUTEJA,
2011). Estas foldases sao consideradas enzimas, pois apresentam atividade de
isomerase, mas também apresentam atividade de chaperona, pois auxiliam no
enovelamento das proteinas auxiliadas (WANG; TSOU, 1998).

Por outro lado, o termo chaperona molecular tem como definicdo proteinas
que assistem a correta montagem nao-covalente de outras proteinas nascentes, mas
nao sdo componentes da proteina enovelada (ELLIS, 1987, 1993). Dentre as
chaperonas moleculares estdo as proteinas Hsp (Heat shock proteins), proteinas
auxiliares dependentes de ATP que ajudam no enovelamento correto de muitas
proteinas induzidas por choque térmico em bactérias. Outro grupo de chaperonas
moleculares sao as Lifs, cuja denominagéao (Lif, lipase-specific foldase) foi proposta
por Jaeger et al. (1994) e designa chaperonas moleculares especificas para lipases.

As Lifs compdem uma familia de chaperonas moleculares estéricas, que ficam

ancoradas na membrana interna das células bacterianas voltadas para o periplasma
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e tém como funcdo modificar as lipases para sua forma ativa (WILHELM et al., 2007).
Além disso, essas Lifs possuem um papel importante no sistema de secrecdo de
muitas lipases, que ocorre via sistema de secrecao tipo I, descrito abaixo. Além do
seu papel no enovelamento de proteinas, as Lifs aumentam a resisténcia a
degradacgéao das lipases assistidas (EL KHATTABI et al., 2000).

2.2.1 Sistema de secrecao de lipases

As lipases bacterianas sao enzimas extracelulares e necessitam de um
sistema de secregdo para transportar as lipases do meio intracelular até o meio
extracelular; para isso, precisam passar pela barreira da membrana interna,
periplasma e membrana externa em bactérias gram-negativas e membrana
citoplasmatica para as bactérias gram-positivas. Existem 3 tipos de sistemas de
secregao em bactérias gram-negativas para lipases: tipo |, tipo Il e tipo lll
(autotransportador). As lipases pertencentes a subfamilia 1.1 e 1.2 apresentam o
sistema de secrecédo tipo Il, enquanto as lipases da subfamilia 1.3 apresentam o
sistema de secrecgao do tipo | (FIGURA 2) (ROSENAU; JAEGER, 2000).

Tipo | Tipo Il Tipo 1l
Transportador ABC Secrecao mediada Autotransportador

@ @ Lipase matura @
meio extracelular
membrana externa .

periplasma

membrana interna

citoplasma
peptideo sinal

e
’g Pré-lipase

FIGURA 2 - VIAS DE SECRECAO DE ENZIMAS LIPOLITICAS PRESENTES EM BACTERIAS
FONTE: O autor (2019).

O sistema de secrecao do tipo |, apresentado por lipases da subfamilia 1.3,
ocorre em um unico passo, diretamente do citoplasma para o meio extracelular, com
gasto de energia (ANGKAWIDJAJA; KANAYA, 2006). Este sistema é formado por trés
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componentes: proteina ATP-binding cassette (ABC), associada a membrana interna;
proteina de fusdo de membrana (MFP) associada a membrana interna e externa e
proteina OMP, associada somente a membrana externa (AKATSUKA et al., 1997). As
lipases transportadas pelo sistema do tipo | ndo apresentam peptideo sinal na regido
N-terminal. Entretanto, € comum a presenca de um sinal de secre¢cé&o na regiao C-
terminal, como observado nas lipases de P. fluorescens (DUONG et al., 1994) e
Serratia marcescens (AKATSUKA et al., 1995).

No sistema de secrec¢ao tipo Il, a lipase é excretada do citoplasma para o
periplasma através do peptideo sinal presente na regido N-terminal da lipase, através
do sistema Sec. Na passagem para o espago periplasmatico, a lipase perde o
peptideo sinal e ocorre o correto dobramento da lipase em sua forma ativa, através
da acao da foldase. No periplasma existem outras proteinas auxiliares inespecificas,
incluindo proteinas Dsb, que catalisam a formagao de ligagdes dissulfeto. Entdo, a
lipase é excretada para fora da célula através de um intrincado sistema de secrecao
composto por mais de 12 proteinas diferentes (ROSENAU; JAEGER, 2000; GREEN;
MECSAS, 2015). Este sistema de secregao foi descrito para lipases de P. aeruginosa

e esta apresentado na FIGURA 3.

lipA lif

Operon da lipase

Transcrigao
RNAm

Tradugao

citoplasma

g membrana interna
H

Maquinaria Xcp

Enovelamento

Enovelamento

eriplasma
da lipase perip

l a membrana externa

@ Lipase extracelular

FIGURA 3 - SECRECAO E DOBRAMENTO DE LIPASE DE Pseudomonas aeruginosa
FONTE: Adaptado de Rosenau; Tommassen e Jaeger (2004).

Secrecgao
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No sistema do tipo Il (autotransportador), as proteinas contendo um peptideo
sinal N-terminal sdo primeiramente transportadas através da membrana
citoplasmatica interna pela maquinaria Sec. Apoés a remogao do peptideo sinal e
liberagao no periplasma, as proteinas maturas cruzam a membrana externa, por uma
via de secrecao autotransportadora, ndo requerendo nenhuma proteina acessoria. Os
dominios C-terminais destas lipases se inserem na membrana externa, formando um
poro que permite o transporte da regiao N-terminal para a superficie da célula. A
por¢do matura da proteina &, entdo, liberada desta estrutura de poro por clivagem
proteolitica. Um exemplo de lipase transportada por esse sistema € a lipase PalA de
P. aeruginosa (ROSENAU; JAEGER, 2000; SANDKVIST, 2001; LEE; BYUN, 2003).

2.2.2 Classificacao e estrutura das Lifs

Devido a importancia das Lifs no entendimento dos processos de
enovelamento e de secrecdo de muitas lipases, Rosenau, Tommassen e Jaeger
(2004) sugeriram uma classificacéo de Lifs de bactérias gram-negativas em 4 familias,
baseada na homologia de sequéncia de aminoacidos. A familia | é formada por Lifs
do género Pseudomonas, a familia Il, por Lifs de Burkholderia, a familia lll, por Lifs de
Acinetobacter e a familia IV, por Lifs de Vibrio. As Lifs destas familias, em geral,
apresentam baixa similaridade de sequéncia e exibem apenas um motivo conservado,
formado pelos residuos de aminoacidos RXXFDY(F/C)L(S/T)A (onde X representa
qualquer aminoacido).

Além do motivo conservado, as Lifs possuem algumas caracteristicas em
comum, como uma regidao N-terminal transmembrana composta por aminoacidos
hidrofébicos (FRENKEN et al., 1993). Essa regido transmembrana nao é requerida
para a funcdo bioldgica da Lif, existindo varias evidéncias experimentais de Lifs
recombinantes sem a regido transmembrana N-terminal que exibem normalmente a
sua atividade de dobramento de lipases (EL KHATTABI; OCKHUIJSEN, 1999).
Apesar de a regiao transmembrana nao ter uma fungao bioldgica, a expressao
homologa da Lif de Burkholderia glumae sem essa regiao resultou na secrec¢ao da Lif
junto com a lipase para a regido periplasmatica da célula, evidenciando a importancia
da regiao N-terminal para ancorar a proteina na membrana interna das bactérias. Por
sua vez, a regiao C-terminal das Lifs € um grande dominio periplasmatico, e € a por¢ao

responsavel pela acao da Lif, sendo que para a Lif de B. glumae uma porgao de 138
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residuos de aminoacidos da regido C-terminal determina a especificidade da interagao
da Lif com a lipase cognata (EL KHATTABI; OCKHUIJSEN, 1999).

A unica Lif a ter a sua estrutura tridimensional elucidada por cristalografia foi
a Lif de B. glumae, cristalizada complexada com a sua lipase cognata (PAUWELS et
al., 2006). A Lif de B. glumae € composta por onze a-hélices que englobam a lipase
(FIGURA 4). A determinacdo da estrutura tridimensional dessa Lif trouxe novos
conhecimentos sobre estrutura e funcéo das foldases especificas para lipases, como
por exemplo, a presenca de dois mini-dominios identificados entre as a-hélices 1-3 e
9-11, que fazem parte da regiao C-terminal e N-terminal, respectivamente. Estes dois
mini-dominios s&o as unicas regides da Lif que apresentam uma estrutura terciaria na
forma globular, indicando que provavelmente estas regides sao importantes para o
reconhecimento e atividade de dobramento da Lif. O motivo conservado
(RXXFDY(F/C)L(S/T)A) esta localizado na a-hélice 1 (regido em vermelho na FIGURA
4). Além disso, Pauwels et al. (2006) destacam que ha uma interacao de alta afinidade
entre Lip-Lif formada por 20 ligagdes de hidrogénio e uma ponte salina (Glu63 e

Arg343), fazendo com que o complexo seja estavel e de dificil dissocia¢ao.

FIGURA 4 - COMPLEXO LIP-LIF DE Burkoholderia glumae
LEGENDA: A: estrutura da Lif composta pelas a-hélices a1 a a11, o motivo conservado esta
localizado na a-hélice a1 em vermelho. B: complexo Lip-Lif.
FONTE: Adapatado de Pauwels et al. (2006) (PDB: 2ES4). Estrutura gerada no programa UCSF
Chimera.

2.2.3 Expressao de lipases e Lifs em sistema heterdlogo

A expresséo de lipases em hospedeiro heterélogo é amplamente difundida e

visa maximizar a producao destas enzimas, e também evitar o cultivo de organismos
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potencialmente patogénicos (WU et al., 2012). Hospedeiros procarioticos sdo os
organismos mais utilizados para expressdo de proteinas recombinantes,
principalmente a bactéria Escherichia coli, pois séo faceis de cultivar e atingem alta
densidade celular em pouco tempo (BORRELLI; TRONO, 2015).

A expressao de lipases em E. coli muitas vezes pode ser mais eficiente do
que a expressao no organismo original, como demonstrado por Ogino et al. (2008),
que conseguiram melhorar a produtividade da lipase LST-03 em 807 vezes, em
comparagao a produgédo no organismo original P. aeruginosa. No entanto, um fator
limitante para a superexpressao de muitas lipases na forma ativa é a necessidade da
presencga da Lif para o seu correto enovelamento (WU et al., 2012). As lipases das
subfamilias I.1 e |.2 sdo codificadas no mesmo operon das suas Lifs, sendo que os
genes da lipase e foldase encontram-se em tandem (ROSENAU; TOMMASSEN;
JAEGER, 2004).

Apesar de E. coli ser o sistema mais utilizado para expressao de proteinas
heterélogas, uma grande parte destas proteinas sdo expressas como corpos de
inclusdo, que sao agregados inativos e insoluveis de proteinas (PALMER,;
WINGFIELD, 2004; VALLEJO; RINAS, 2004; BETIKU, 2006). Esta caracteristica pode
ficar ainda mais acentuada quando é realizada a expressao concomitante de duas
proteinas, como € o caso das lipases com suas Lifs cognatas.

Existem trés principais técnicas utilizadas para expressao heterdloga de
lipases e Lifs (QUYEN; VU; THU LE, 2012). A primeira é a expressao da lipase e Lif
separadamente em E. coli, para entdo, com as proteinas purificadas, realizar o
processo de dobramento in vitro, a fim de recuperar a lipase ativa. Esta técnica ja foi
utilizada para a expressao das lipases e foldases de Pseudomonas sp. cepa 109
(IHARA et al., 1995), Pseudomonas cepacia DSM 3959 (HOBSON et al., 1993),
Pseudomonas sp. KWI 56 e Chromobacterium viscosum (TRAUB et al., 2001).

A segunda estratégia de expressao heterdloga € o sistema de co-expressao,
no qual os genes da lipase e da foldase sdo clonados em plasmideos diferentes e
entdo inseridos conjuntamente em E. coli para superexpressao das duas proteinas,
obtendo-se lipases ativas in vivo. Esta técnica ja foi utilizada para a expressao de
lipase e foldase de P. aeruginosa, cujos genes foram clonados nos vetores
pET32Xa/LIC e pET29a(+), respectivamente (MADAN; MISHRA, 2010). Esta
estratégia foi utilizada também por Martini et al. (2014) para co-expressao da lipase

LipG9 e foldase LifG9, isoladas da mesma biblioteca metagenémica, com os genes
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clonados em pET28a(+) e pT7-7, respectivamente, e também para a co-expressao da
lipase LipBC e foldase LifBC de B. contaminans LTEB11, cujos genes foram clonados
em pET28a(+) e pT7-7, respectivamente (ALNOCH et al., 2018). Dentro desta
estratégia ha a possibilidade de uso de plasmideos de expressao dual, ou seja,
plasmideos que apresentam dois promotores num unico plasmideo para a expressao
de duas proteinas simultaneamente. Esta técnica foi utilizada para expressao dos
genes lipA (lipase) e lipB (foldase) de Ralstonia sp. M1 no vetor pELipA-LipB derivado
do plasmideo pET22b(+) (QUYEN; VU; THU LE, 2012). Wu et al. (2012) testaram
diferentes plasmideos para co-expressao de lipases e foldases, incluindo dois
plasmideos de expressao dual (pPACYCDuet e pETDuet), e observaram que o tipo de
plasmideo pode influenciar na expressao da lipase ativa, sendo que a atividade de
hidrélise observada nas lipases expressas a partir dos plasmideos duais foram
maiores. Em pETDuet-lipA-lipB a lipase apresentou uma atividade de 3200 U L' e em
pACYCDuet-lipA-lipB apresentou uma atividade de 8500 U L', atividades maiores se
comparadas a atividade da lipase e foldase expressas em pET28a-lipAB (1300 U L).

Outra técnica aplicada para expresséao de lipases e foldases é o autodisplay,
na qual as proteinas sdo expressas na membrana externa de E. coli. Nesta técnica, a
proteina recombinante de interesse € transportada via um peptideo sinal através da
membrana interna; ao chegar no periplasma, a regido C-terminal dobra-se em uma
estrutura semelhante a uma porina na conformagao [3-barril; em seguida, a porgao N-
terminal é transportada para a superficie da célula através deste peptideo B-barril,
ficando ancorada na superficie da célula (JOSE; MEYER, 2007). A vantagem desta
técnica é a possibilidade de uso das células inteiras ou fragcbes das membranas
externas em reagoes de interesse, além de conferir maior estabilidade a enzima, uma
vez que elas ficam aderidas a membrana externa das bactérias (KRANEN et al., 2014;
CHANG et al., 2017).

Kranen et al. (2014) co-expressaram a lipase e foldase de B. cepacia na
superficie de E. coli através do método de autodisplay, e obtiveram lipases ativas para
o substrato palmitato de p-nitrofenila, com atividade de 2,7 mU mL-! aplicando as
células inteiras, e 4,0 mU mL-" aplicando fragdes das membranas de E. coli. Chang et
al. (2017), também através do método de autodisplay, expressaram separadamente
lipase e foldase de B. cepacia na membrana externa de E. coli; entdo, incubaram a
fragdo de membrana contendo as lipases com a fragdo de membrana contendo as

foldases e conseguiram recuperar a atividade da lipase. Os autores também
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demonstraram que a atividade pode ser controlada pela razao entre lipase e foldase
adicionada ao meio de reacéo durante o redobramento, sendo que a maior atividade
foi alcangada na razdo molar 1:3 (lipase:foldase) com atividade de 149 mU mg',
enquanto que na razao molar de 1:1(lipase:foldase) a atividade foi de 43 mU mg-".

Apesar das inumeras técnicas de expressao de lipases com foldases
existentes, a expressao heterdloga eficiente ainda é problematica, uma vez que, além
da necessidade do mesmo nivel de expressao de lipases e foldases, os hospedeiros
bacterianos sao incapazes de realizar muitas modificacbes pds-traducionais, como o
correto dobramento das proteinas, fosforilacao, glicosilacao, e a correta formacéao de
pontes dissulfeto (BORRELLI; TRONO, 2015).

2.2.4 Mecanismo de acao das Lifs

Para obtencdo de uma grande quantidade de lipases ativas € necessario a
compreensao de como essas lipases sdo ativadas pelas suas Lifs cognatas. No
entanto, o mecanismo molecular de agdo das Lifs ainda ndo € bem conhecido
(PAUWELS et al., 2012). Os estudos sobre as interagdes de lipases e Lifs sao
escassos, pois determinar essas interagdes experimentalmente é algo complexo. Os
estudos existentes sao geralmente restritos as lipases e Lifs de P. aeruginosa e B.
glumae. Apesar disso, € possivel estabelecer alguns parametros sobre o mecanismo
de interagdo Lip-Lif, a partir de alguns trabalhos que alcangaram com sucesso o
redobramento in vitro de lipases a partir de lipases inativas ou presentes em corpos
de inclusao.

As primeiras evidéncias de que as Lifs desempenham um papel crucial para
obtencdo de lipases ativas de Pseudomonas sp. € B. glumae foram dadas por
Jagrgensen, Skov e Diderichsen (1991) e Frenken et al. (1993), que obtiveram lipases
inativas na auséncia das Lifs.

Para estudar a especificidade das Lifs, EI Khattabi e Ockhuijsen, (1999),
realizaram a co-expressao da lipase de B. glumae e Lif de P. aeruginosa, e vice-versa,
e ainda a co-expressdo de Lif de P. aeruginosa com lipase de Acinetobacter
calcoaceticus. Os autores nao detectaram atividade das lipases, indicando a alta
especificidade das Lifs, que ndo agem em lipases de espécies diferentes.

Uma caracteristica observada foi que as Lifs ndo alteram a estrutura

secundaria nem a estrutura terciaria das lipases, uma vez que, analises de dicroismo
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circular revelaram que ndo houve diferengas significativas no conteudo de estrutura
secundaria das lipases inativas livres sem a presenca de Lif e das lipases ativas
depois da incubagcdo com as Lifs (EL KHATTABI et al., 2000). Através de dados
cristalograficos, observou-se que a lipase livre (ndo complexada com a Lif) de B.
glumae é idéntica estruturalmente a lipase no complexo Lip-Lif, apresentando uma
ponte dissulfeto, um ion calcio ligado e uma ligacao cis-peptidica. Porém, uma
caracteristica interessante € que a Lif apresenta uma mudanca na estrutura
secundaria depois que se liga a lipase, ou seja, na regidao entre os minidominios uma
ou mais a-hélices se formam na Lif durante a formagao do complexo (PAUWELS et
al., 2006).

Desta forma, acredita-se que a acédo das Lifs € semelhante a acdo dos
propeptideos de algumas proteases, como a protease a-litica e a subtilisina. Estas
proteases sao sintetizadas com um propeptideo na regido N-terminal, este
propeptideo age como uma chaperona intramolecular, contribuindo basicamente com
informacgéao estérica. Na presenga dos propeptideos, as proteases inativas conseguem
ultrapassar a barreira energética, adotando uma conformacéo nativa com menor
energia livre do que a sua conformacéo inicial ndo nativa (JASWAL et al., 2005).

Portanto, as Lifs sdo consideradas chaperonas estéricas, ou seja, elas
provavelmente modificam o ambiente das nuvens eletrénicas da molécula da lipase.
As Lifs auxiliam as lipases a diminuirem a barreira energética, fazendo com que elas
entrem em uma via produtiva de dobramento para a forma ativa. Desta forma, as
lipases que necessitam de Lifs ndo possuem a informagdo necessaria na sua
sequéncia de aminoacidos para realizar o auto dobramento na sua forma ativa (EL
KHATTABI et al., 2000), e, devido a isto, ficam presas por uma barreira energética em
uma conformagao nao-nativa. Assim, o papel das chaperonas moleculares & conferir
estabilidade cinética as proteinas. O desdobramento térmico da lipase de B. glumae
nativa € dependente da velocidade de aquecimento, provando que a lipase nativa &
uma conformacao cineticamente controlada, assim como as proteases dependentes
de seus propeptideos (PAUWELS et al., 2012).

Uma hipétese levantada em relacdo a acéo das Lifs € que as moléculas de
agua estabilizam os intermediarios n&o nativos das lipases e quando as Lifs se ligam
a estes intermediarios elas expelem as moléculas de agua, principalmente das regides
hidrofébicas da lipase, fazendo com que a interagéo entre Lif e lipase seja melhor

estabelecida, e isso diminui a barreira energética necessaria para alcangar a
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conformacao ativa (EL KHATTABI et al., 2000; PAUWELS et al., 2012). No entanto,

faltam ainda evidéncias experimentais para comprovar esse mecanismo.

2.3 LIPASES E SUAS APLICACOES EM BIOCATALISE

Os recentes avancos em biocatalise, com o uso de enzimas em diferentes
bioprocessos, tém intensificado a busca por enzimas de interesse industrial. Isso
ocorre porque a utilizagado destes biocatalisadores apresenta vantagens em relagao
aos catalisadores quimicos, como maior qualidade do produto, menores custos de
producéo, menor desperdicio e consumo de energia (SARROUH, 2012). Além disso,
ha uma tendéncia ao desenvolvimento de processos ambientalmente corretos,
seguros e sustentaveis, e a utilizagdo de enzimas € um caminho para alcangar este
objetivo (ALBARRAN-VELO; GONZALEZ-MARTINEZ; GOTOR-FERNANDEZ, 2018;
SARMAH et al., 2018). Até 2030, espera-se que 40% dos processos de sintese
quimica sejam substituidos por processos enzimaticos (FERRER et al., 2015).

Dentre os biocatalisadores, as lipases compdem um dos grupos enzimaticos
mais importantes utilizados em biotecnologia, devido a sua multifuncionalidade na
catalise de diferentes tipos de reagdes como esterificagdo, interesterificacdo e
transesterificagcao, (JAEGER et al.,, 1994; JAEGER; EGGERT, 2002). A grande
versatilidade desta classe de enzimas se deve ao fato de que, além de naturalmente
hidrolisarem liga¢des do tipo éster em triacilglicerdis, gerando acidos graxos livres e
glicerol, as lipases podem aceitar como substrato uma ampla gama de compostos,
dependendo do meio e condigdes em que atuam. As lipases apresentam ainda quimio,
regio e enantiosseletividade (GUPTA; GUPTA; RATHI, 2004). Além disso, algumas
lipases apresentam caracteristicas imprescindiveis para aplicagdo industrial como
termoestabilidade, estabilidade em uma ampla faixa de pH, estabilidade em solventes
organicos, entre outras (SARMAH et al., 2018).

As lipases pertencem ao terceiro grupo de enzimas hidroliticas mais
comercializadas mundialmente, atras somente das carboidrases e proteases (LI et al.,
2012). O mercado de lipases microbianas (bacterianas e fungicas) foi avaliado em
USD 400,6 milhdes em 2017 e esta projetado para atingir USD 590,2 milhdes até
2023, crescendo a uma taxa composta anual de 6,8% a partir de 2018. As principais
areas de aplicagdo das lipases comerciais sdo na industria de detergentes, na

producdo de ragao animal, produtos lacteos, produtos de panificagdo, produtos de
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confeitaria, biocombustiveis e papel e celulose (TABELA 3) (MICROBIAL lipases
market worth 590.2 million USD by 2023, 2018).

TABELA 3 - PRINCIPAIS AREAS DE APLICAGAO DE LIPASES

Areas Aplicacdes Referéncias
s gs | o e e e e, | Hasan,Shiah o
detergentes e éleog »ag ¢ 9 Hameed (2006)

Hidrolise de gorduras do leite e maturagao de queijo
Modificacdo de gorduras para a produg¢do de manteigas
o Melhprla ije aromas e sabores de bebidas e produtos de Aravindan (2007);
Industria de panificagao . .
. L - ~ Ferreira-Dias et
alimentos Fabricagcao de produtos nutracéuticos por reagdes de

hidrélise e transesterificagdo de dleos e gorduras
Sintese de ésteres de aromas a partir de 4cidos graxos
de cadeias curtas e médias

al. (2013)

Industria de papel e
celulose

Controle do pitch (depdsitos de composi¢cao graxa
derivados do processamento da madeira) na fabricagao
de papel

Bajpai (1999)

quu§trla de Reagdes c}g est~er|f|cac;;ao de acidos graxos e Tan et al. (2010)
biodiesel transesterificacdo de 6leos
Gotor-Fernandez,
_— Sintese assimétrica, como resolucao cinética de Brieva e Gotor
Industria . i SR X . . ;
farmacautica compostos racémicos (alcoois, acidos, ésteres, aminas), | (2006); Garcia-

e dessimetrizagdo de compostos pro-quirais

Urdiales, Alfonso

e Gotor (2005)

Basicamente, as reacbes catalisadas por lipases s&do divididas em dois
grupos: reacgoes de hidrolise, que ocorrem em meio aquoso, e reagdes de sintese, que
ocorrem na presenca de solventes organicos ou em outros ambientes aquo-restritos.
As reacdes de sintese sdo classificadas em reacdes de esterificagdo, amindlise e
transesterificagdo, sendo a ultima dividida em reacées de interesterificagao, alcodlise,
aciddlise e lactonizagdo (KAGEYAMA; NIHIRA; YAMADA, 1990; VILLENEUVE et al.,
2000).

Uma das areas de maior interesse para aplicacdo de lipases € na industria
farmacéutica com as reacbes enantiosseletivas (RAY, 2012). A producédo de
compostos enantiomericamente puros € a area mais importante no desenvolvimento
de drogas, pois em torno de 80% de todos os medicamentos desenvolvidos séo
moléculas quirais (BHARDWAJ; GUPTA, 2017).

Além disso, nas ultimas décadas, € crescente a aplicacdo de lipases em
reacdes ndo convencionais, como condensacao alddlica, reagao de Hantzsch, reacao
de Canizzaro, reacdo de Mannich,

reacdo de Baylis-Hillman, condensagéo
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Knoevenagel, adicdo Michael, reacdo de Ugi, oxidagdo (DWIVEDEE et al., 2018) e
reacao de amidacédo (LIU; NAG; SHAW, 2001).

Todas estas caracteristicas tornam as lipases cada vez mais interessantes,
revelando novas aplicagdes e ampliando o interesse cientifico e industrial neste grupo
de biocatalisadores (DWIVEDEE et al., 2018). A TABELA 4 traz alguns exemplos de
reacdes catalisadas por lipases, dentre elas, algumas reagcdes ndao convencionais.

Apesar da grande variedade de reagbes que podem ser catalisadas por
lipases, a diversidade destas enzimas que efetivamente sdo aplicadas € baixa. Como
observado na TABELA 4, é mais comum o uso de lipases comerciais ou lipases ja
bem conhecidas, como as lipases A e B de C. antarctica e lipases de Pseudomonas
sp. e Burkholderia sp. Isso evidencia o potencial existente de exploragao de lipases
mais eficientes para aplicacdo em determinadas reacoes.

Para a prospecgdo e isolamento de novas lipases, existem algumas
estratégias modernas, como a exploragdo da biodiversidade atravées da

metagendmica, utilizada neste trabalho, e que sera descrita a seguir.

2.4 METAGENOMICA COMO FERRAMENTA DE PROSPECGAO DE LIPASES

O termo metagendmica surgiu em 1998 e foi proposto por Handelsman e
colaboradores (HANDELSMAN et al., 1998), com o intuito de obter acesso global da
biodiversidade do solo, atraves do isolamento direto do DNA dos organismos contidos
neste ambiente. A metagendmica maximiza as chances de isolamento de sequéncias
de DNA, codificadoras de enzimas e moléculas bioativas, provenientes de micro-
organismos nao cultivaveis em laboratério, uma vez que menos de 0,1% dos micro-
organismos presentes no solo sao passiveis de isolamento e cultivo em laboratorio
(TORSVIK; SORHEIM; GOKSYYR, 1996). Técnicas classicas para obtencdo de
culturas puras sao muitas vezes demoradas, dificeis e desafiadoras para micro-

organismos que possuem requisitos metabodlicos complexos (YARZA et al., 2014).
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Na técnica de metagendmica, os fragmentos de DNA obtidos s&o inseridos
em vetores e expressos em hospedeiro heterdlogo, geralmente E. coli, gerando assim
uma coleg¢ao de clones, denominada de biblioteca metagenémica (FIGURA 5). Essa
biblioteca metagendmica pode entdo ser submetida a identificagdo de genes de
interesse, através de triagem baseada em sequéncia de DNA, ou, os clones podem
ser submetidos a triagem funcional para identificacdo de clones com producéo de
moléculas de interesse como enzimas, biosurfactantes e antibioticos (HANDELSMAN
et al., 1998; HANDELSMAN, 2004; SOLIMAN et al., 2007).

Clonagem em Screening
vetores de expressao funcional

Comunidade microbiana O (O ) k. y
do ambiente Biblioteca Metagenémica &
u Isolamento de
genes de interesse
Isolamento de DNA Expressdo em
Metagendmico hospedeiro bacteriano

FIGURA 5 - ESQUEMA DA CONSTRUCAO DE UMA BIBLIOTECA METAGENOMICA
FONTE: Adaptado de Mirete, Morgante e Gonzalez-Pastor (2016).

Atualmente a metagendmica € aplicada para isolamento de DNA de diversos
ambientes, sendo que o conteudo metagendmico de aproximadamente 2192
diferentes ambientes ao redor do mundo ja foi analisado, dentre os quais estao
diversos ambientes terrestres, marinhos, agua doce, além de ambientes extremos
como lagos salinos ndo marinhos e alcalinos, sistemas de drenagem de minas acidas,
lamas de tratamento de aguas residuais e microbiomas associados a eucariotos
(esponja marinha, intestinos de cupins e minhocas, guelras de camarao, ruimen e
microbiota humana) (FERRER et al., 2015). Assim, a maior parte dos ambientes
representativos de diferentes habitats ja foram amostrados. No entanto, enzimas
foram isoladas e parcialmente caracterizadas em apenas 256 (11,6%) dos ambientes
amostrados, comprovando que, embora os ambientes naturais sejam ricos em
biodiversidade, eles ainda precisam ser mais bem estudados para obtengao de novas
enzimas (FERRER et al., 2015).
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As enzimas lipoliticas (lipases e esterases) sdo as enzimas mais
representativas de bibliotecas metagendmicas. De acordo com Ferrer et al. (2015), de
um total de 6038 clones ativos, enzimas ou sequéncias codificadoras, isolados e
caraterizados dos 256 ambientes onde enzimas foram encontradas por prospecgao
metagendmica, 68% destas enzimas sao lipases ou esterases, sendo que do total,
4034 foram selecionadas por triagem funcional e 77 por triagem baseada em
sequéncia. Esta caracteristica também foi confirmada pelo trabalho de revisdo de
Berini et al. (2017), que avaliaram 332 enzimas isoladas de metagenémica no periodo
de janeiro de 2014 a marco de 2017, e desse total, 161 enzimas (48%) eram lipases
e esterases.

Os ambientes mais comuns onde lipases e esterases foram encontradas, a
partir de um estudo com a analise de 288 sequéncias destas enzimas derivadas de
diferentes bibliotecas metagendmicas, foram em ambiente de solo (35,7%), ambientes
marinhos (31,7%), microbiota de diversos hospedeiros (16,4%), agua doce (8%),
composto (adubo) (5,1%) e aguas residuarias 2,9%. Foi possivel observar uma
diversidade nas sequéncias, tendo sido encontrados representantes das 14 familias
até entdo documentadas (FERRER et al., 2016).

2.4.1 Métodos de triagem de bibliotecas metagenémicas

A descoberta de novas enzimas por meio da metagenémica esta atrelada a
dois principais fatores: a eficiéncia dos métodos de triagem e a diversidade genética
da amostra coletada (XING; ZHANG; HUANG, 2012). A etapa de identificagdo de
clones contendo genes de interesse € um dos desafios da metagendmica, pois
encontrar um método de triagem de alta eficiéncia para a atividade desejada nao é
simples. Uma vez que as bibliotecas metagenémicas sao, em geral, grandes (milhares
de sequéncias de DNA), é necessario o desenvolvimento de métodos de triagem em
grande escala e economicamente viaveis (CHOI et al., 2014). Estima-se que sao
encontrados apenas aproximadamente 0,08% de clones positivos em relagao ao total
de clones em uma biblioteca metagendémica, através de protocolos de triagem simples
(FERRER et al., 2015).

A identificacdo de clones com genes de interesse em uma biblioteca

metagendmica é realizado principalmente através de dois métodos: triagem funcional
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e triagem baseada em sequéncia, sendo que ambos apresentam vantagens e

desvantagens.

2.4.1.1 Triagem funcional

A triagem funcional € o método mais utilizado, pois permite a detecgao da
atividade de novos catalizadores n&o sendo necessario conhecer a sequéncia do gene
a priori (ALMA’ABADI; GOJOBORI; MINETA, 2015; MADHAVAN et al., 2017). E uma
abordagem baseada no fendétipo, onde a atividade desejada pode ser detectada por
métodos simples, principalmente por desenvolvimento de coloragdo resultante de
clivagem de determinados substratos (GUAZZARONI; SILVA-ROCHA; WARD, 2015).

Uma das desvantagens dessa estratégia € a possivel falha na expressao
génica, dependendo do organismo heterdlogo utilizado (MADHAVAN et al., 2017),
podendo apresentar baixos niveis de expressao devido a incompatibilidade da
expressao heterdéloga (CHOI et al., 2014). Essas incompatibilidades na expresséo séo
devidas, principalmente, a dificuldades no reconhecimento do promotor, tradugao
ineficiente da proteina e falta de modificacbes pds-traducionais necessarias para a
obtencgao de proteinas ativas (UCHIYAMA et al., 2005).

Atribui-se o fato de lipases e esterases serem os biocatalisadores mais
encontrados em bibliotecas metagenémicas principalmente a facilidade de se
proceder a triagem funcional (KENNEDY et al.,, 2011; SIMON; DANIEL, 2011).
Técnicas de triagem funcional ja foram utilizadas com sucesso para detectar genes
que codificam para varias lipases em estudos funcionais metagenémicos
(GLOGAUER et al., 2011; REYES-DUARTE; FERRER; GARCIA-ARELLANO, 2012;
FERRER et al., 2015).

Existem muitos métodos de triagem para detecgéo de atividade de lipases e
esterases, nos quais ja foram testadas mais de 200 diferentes moléculas de substratos
(TABELA 5) (PENA-GARCIA et al., 2016).

Um dos métodos mais simples e utilizados para detecgao de lipases € o cultivo
dos clones em placa de Petri, com meio sélido enriquecido com diferentes substratos
oleosos para verificagdo de halo de hidrolise. Também ha a utilizagdo de microplacas
para as reagcdes com diferentes substratos e identificacdo de atividade por reagao
colorimétrica (HOSOKAWA et al., 2015). No entanto, estas abordagens quando

utilizadas na forma tradicional sao limitadas pela baixa quantidade de clones positivos
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encontrados, e por serem métodos trabalhosos e demorados (HOSOKAWA et al.,

2015).

TABELA 5 - METODOS DE TRIAGEM FUNCIONAL PARA LIPASES

Método Base do método Substrato Referéncia
= Formagéao de halo de hidrolise Triacilgliceréis naturais:
Formacgéao de . LS X . Glogauer et al.
S ao redor das colénias em placas | tributirina, tricaprilina,
halo de hidrdlise . o : : (2011)
com agar trioleina, azeite de oliva
Ensaio Formag~ao dg cglpnla com 1-naptil palmitato Korman et al.
- coloracdo. Hidrolise de esteres . . .
cromogénico ; . . Esteres de p-nitrofenila (2013)
de p-nitrofenil em microplaca
Triacilglicerois naturais: Kouker: Jaeger
Formacéo de halo fluorescente tributirina, tricaprilina, (1987) ’ 9
. laranja ao redor das coldnias em | trioleina, azeite de oliva
Ensaio . . e De Monpezat et al.
e placas com agar e corante Esteres de umbeliferil e
fluorimétrico (1990)

fluorescente Rodamina B;
Medida da fluorescéncia

resorufina para reacgoes de
hidrélise e
enantiosseletivas.

Shimura; Tsuzuki;
Suzuki, (1991)

Uso de substratos

Espectrometria isotopicamente marcadpAs na Compostos enantioméricos | Reetz et al. (1999)
de massa forma de pseudo-enantibmeros
ou compostos pseudo-proquirais
Retrotitulagdo com adrenalina
Ensaio de para .dlgtectar, por cqlonmetna s Wahler et al.
) 1,2-didis, 1,2-aminoalcoois e a- Polidis acetatos
adrenalina ; - (2004)
hidroxicetonas, produtos da
reacao de catalise enzimatica
Mistura de ésteres pseudo-
Selegéo de racémicos, com um composto . i
Fernandez-Alvaro

crescimento in

servindo de fonte de carbono e

Compostos enantioméricos

. . et al. (2011)

vivo outro servindo como composto

toxico
Ensaio Baumann;
especifico para Hidroélise de um éster acetato Compostos racémicos Stirmer;
°SP op liberando acido acético acetato/ ésteres quirais Bornscheuer
acido acético

(2001)
Produgéo de acido carboxilico .
. apos a hidrolise do éster, utiliza Compostos enantioméricos Janes; Kazlauskas

Atividade por pH ’ (1997)

um indicador, tipicamente p-

Acidos carboxilicos B-

indicador . ; . Fernandez-Alvaro
nitrofenol, vermelho de fenol ou arilalquil
. (2010)
azul de bromotimol
. Konarzycka-
Ensaio de e ) g
L Transesterificagdo de um éster - - Bessler;
atividade de o ; Esteres de vinila
sintese de vinila e um alcool Bornscheuer
(2003)
Microfluidico Co-encapsulamento de células o . Hosokawa et al.
produzindo moléculas alvo com Dicaprilato de fluoresceina
baseado em X - A (2015)
uma molécula reporter como Compostos enantioméricos
gotas A Ma et al. (2018)
uma substancia fluorescente
Baseados em circuitos genéticos
artificiais, o acumulo de fenol
Sistema dentro das células pela agdo das | o\ iratos fenil sintéticos | Choi et al., (2014)
genético lipases, induzem uma cascata de
eventos genéticos produzindo
um sinal de fluorescéncia celular.
Assim, os métodos de triagem de alto desempenho (High throughput

screening, HTS) tém sido estudadas e desenvolvidas. Estes métodos baseiam-se na
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automacao dos processos tradicionais de triagem (XIAO; BAO; ZHAO, 2015). Um
método de alto desempenho deve permitir a determinagao rapida e confiavel de forma
a ser reprodutivel principalmente com uma frequéncia de 10% a 10* amostras por dia
(SCHMIDT; BORNSCHEUER, 2005). Desta forma, melhorar as técnicas de triagem
de alto desempenho para enzimas pode trazer vantagens significativas (PENA-
GARCIA et al., 2016).

Dentre os métodos citados na TABELA 5, podemos destacar os métodos de
sistema genético de triagem de enzimas e microfluidico baseado em gotas, pois séo
métodos de alto desempenho que se apresentam como uma ferramenta eficiente para
a avaliagdo do comportamento celular em células unicas.

O sistema genético de triagem de enzimas ocorre por deteccdo de
fluorescéncia de células unicas, e quando combinado com citometria de fluxo, permite
explorar mais de 107 células por hora (CHOI et al., 2014). Foi confirmado que dois
substratos marcados com fenol (fenil fosfato e organofosfatos) e trés substratos
marcados com p-nitrofenol (p-nitrofenil butirato, p-nitrofenil celotriosideo e metil
paration) podem ser usados para rastrear enzimas de metagenémica (KIM et al.,
2015).

No método microfluidico baseado em gotas, as células sao co-encapsuladas
com o substrato, produzindo as proteinas-alvo com uma molécula repérter, como por
exemplo, uma substancia fluorescente. Essa compartimentalizagao das células pode
ser usada para isolar reag¢des individuais, eliminar o risco de contaminagao cruzada e
promover a mistura uniforme dos reagentes existentes dentro da gota (HOSOKAWA
et al., 2015). Recentemente este método foi utilizado para selegcdo de mutantes da
esterase de Archaeoglobus fulgidus de uma biblioteca de evolugao dirigida. A selegao,
realizada para reagdes enantioseletivas, baseou-se na avaliagdo de dois canais de
reagdo simultaneamente. Este método permite a triagem de aproximadamente 107
variantes de enzimas por dia e pode ser usado para identificacdo de lipases

enantioespecificas, quimioespecificas e regioespecificas (MA et al., 2018).
2.4.1.2 Triagem baseada em sequéncia
Na triagem baseada em sequéncia, os genes sao identificados por PCR ou

hibridizagao utilizando primers e sondas derivadas de regides conservadas de genes

conhecidos (HANDELSMAN, 2004). Como essa técnica tem como alvo regides
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internas dos genes, como dominios e motivos conservados, as regides que
flanqueiam estes motivos precisam ser clonadas para se obter o gene inteiro. Caso a
biblioteca ja tenha sido sequenciada, utilizam-se primers para regides proximas ao
gene de interesse (UCHIYAMA; MIYAZAKI, 2009). A triagem baseada em sequéncia
nao requer a expressao dos genes clonados em hospedeiro heterdlogo. Portanto,
consegue contornar as limitagdes de expressao neste sistema (YUN; RYU, 2005).

A consolidacao das técnicas de sequenciamento de DNA de nova geragéo,
como sequenciador de genoma 454, plataforma SOLID, o analisador de genoma
Illumina, a plataforma lon Torrent, PacBio e Oxford Nanopore, permitiu a analise de
um enorme volume de dados de bibliotecas metagenémicas, dos mais variados
ambientes. Isso gerou uma grande expansdo dos bancos de dados de genes de
proteinas funcionais hipotéticas (AMBARDAR et al., 2016; PENA-GARCIA et al., 2016;
KUSNEZOWA; LEICHERT, 2017; MADHAVAN et al., 2017).

No entanto, a triagem baseada em sequéncia também apresenta algumas
desvantagens. Apenas novas variantes das mesmas classes funcionais de enzimas
podem ser encontradas, pois o método esta baseado em homologia de sequéncia
(SCHLOSS; HANDELSMAN, 2003; LEE et al., 2010; SIMON; DANIEL, 2011). Além
disso, nas bibliotecas metagenémicas, o DNA das espécies mais abundantes fica
melhor representado do que dos membros mais raros da comunidade, o que diminui
ainda mais a probabilidade de encontrar novas enzimas e aumenta as chances de se
encontrar produtos génicos com alta homologia (entre 50% a 98%) com sequéncias
ja conhecidas (TUFFIN et al., 2009).

Um outro grande problema desta abordagem é a baixa qualidade das
informacbes das sequéncias de metagenomas depositadas, com erros de
sequenciamento (MARTINEZ-MARTINEZ et al., 2013) e dados incompletos sobre a
funcdo das proteinas (FERNANDEZ-ARROJO et al., 2010; MARTINEZ-MARTINEZ et
al., 2013). Isso faz com que a analise de bibliotecas metagenémicas em busca de
enzimas pelas vias funcional e sequencial resultem em dados divergentes (TUFFIN et
al., 2009).

A expansdo do uso da triagem baseada em sequéncia depende de uma
revisdo criteriosa das informagdes dos bancos de dados de genes e do
desenvolvimento de novas ferramentas de bioinformatica, capazes de predizer a
estrutura da proteina e atividade catalitica com base na sequéncia primaria do gene
(TUFFIN et al., 2009).
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Finalmente, é importante ressaltar que a triagem baseada em sequéncia ndo
dispensa a caracterizagdo experimental da fungdo das proteinas (KUSNEZOWA;
LEICHERT, 2017). Porém, como a velocidade de geracdo de dados de novas
sequéncias € muito grande, necessita-se de uma abordagem combinada dos dois

tipos de triagem, a funcional e a sequencial (TUFFIN et al., 2009).

2.4.2 Biblioteca metagenémica SCGA e as lipases LiC12, LipG9 e LipMF3

A biblioteca metagenémica SCGA foi construida por Glogauer et al. (2011), a
partir de amostras de solo contaminado com gordura animal, presente nas margens
de uma lagoa de tratamento de efluentes de uma industria de processamento de
carnes e laticinios, na cidade de Carambei - PR. Esta biblioteca foi construida com
fragmentos de DNA com cerca de 36 kb, clonados no vetor pCC2FOS, gerando uma
biblioteca metagendmica com aproximadamente 500.000 clones em E. coli EPI300. A
biblioteca esta depositada no Departamento de Bioquimica e Biologia Molecular da
Universidade Federal do Parana.

Esta biblioteca foi submetida a uma triagem funcional através do cultivo dos
clones em placas de Petri com meio LB (Luria Bertani) enriquecido com diferentes
triacilglicerdis para identificacdo de halos de hidrdlise. Essa selecao foi realizada em
trés etapas subsequentes com os substratos tributirina, tricaprilina e trioleina. Na
primeira etapa, com tributirina, foram identificados 2661 clones; destes,127 clones
apresentaram halo de hidroélise contra tricaprilina, e por ultimo, dos 127 clones, apenas
32 apresentaram halo de hidrdlise para trioleina.

Os clones foram selecionados de acordo com o tamanho do halo de hidrélise.
A partir do ultimo grupo de 32 clones foram isolados os clones C12 e G9, sendo que
o clone C12, que codifica para a lipase LipC12, foi objeto de estudo de Glogauer et al.
(2011) e o clone G9, que codifica para a lipase LipG9 foi estudado por Martini et al.
(2014).

LipC12 possui uma massa molecular de 33 kDa e apresenta 72% de
identidade com a lipase putativa de Yersinia enterocolitica subsp. palearctica Y11. A
analise filogenética classificou LipC12 como pertencente a familia I.1 (GLOGAUER et
al., 2011). Além disso, LipC12 ja teve a sua estrutura tridimensional determinada por
cristalografia (MARTINI et al., 2012). Outra caracteristica fundamental € que LipC12

se dobra em sua forma nativa sem a necessidade de uma Lif, facilitando a sua
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expressédo. LipC12 apresenta altos niveis de expressao em E. coli atingindo 20% do
total de proteinas expressas e é de facil purificagao (>95% de pureza).

A caracterizagao de LipC12 livre em meio aquoso revelou que a enzima
apresenta elevada atividade de hidrolise (1722 U mg™' em oleo de oliva) e mantém
atividade e estabilidade em uma ampla faixa de pH (6,5 - 11) e temperatura (0 °C — 60
°C). A enzima também se mostrou estavel em solu¢des aquosas contendo diferentes
solventes organicos polares (metanol, etanol, propanol, acetona, DMSO) quando
incubada por 48 h em concentragdes de até 30% dos solventes, mantendo 100% da
atividade inicial em todas as solu¢des (GLOGAUER et al., 2011).

Nos estudos de imobilizagdo de LipC12, através de ligagdo covalente ao
suporte Immobead 150, foram alcancadas altas conversdes na producao de biodiesel
(99% de conversao em oleato de etila em 1 h de reagdo) (MADALOZZO et al., 2015a).
LipC12 imobilizada em Immobead apresenta enantiosseletividade e é sn-1,3-
especifica, portanto, pode ser utilizada em aplicagdes mais nobres, como a resolugao
de misturas racémicas para a produg¢ao de compostos quirais e para a sintese de
lipideos estruturados. A capacidade de producéao de lipideos estruturados de LipC12
imobilizada foi verificada pela transesterificagcdo acida do azeite de oliva com acido
caprilico, com produgéo de um lipideo de baixa caloria do tipo MLM contendo 23% de
acido caprilico nas posigdes sn-1 e sn-3 (MADALOZZO et al., 2016).

A segunda enzima caracterizada da biblioteca SCGA, a lipase LipG9,
necessita de uma Lif para seu correto enovelamento; portanto, foi realizada a co-
expressao dos genes lipG9 e lifG9 para caraterizagdo desta enzima por Martini et al.
(2014). LipG9 e LifG9 apresentam 96% de identidade com a lipase de Aeromonas
veronii B565 e 77% de identidade com a foldase do mesmo microrganismo. Através
de analise filogenética LipG9 foi classificada na familia I.1.

LipG9 apresenta alta atividade de hidrélise com 1800 U mg™" em tributirina,
1500 U mg"' em tricaprilina e 820 U mg™! em trioleina; portanto, caracteriza-se como
uma lipase verdadeira. A enzima livre mantém atividade em uma ampla faixa de pH
(6,0 a 9,0) e temperatura (10 °C a 50 °C). LipG9 ja foi aplicada para reacdes de
esterificacao e resolugcdo de compostos racémicos, comprovando o seu potencial para
aplicagcado em biocatalise (ALNOCH et al., 2015; BANDEIRA et al., 2016).

A biblioteca SCGA revelou duas lipases promissoras que serviram de base
para diversos estudos. Além destas lipases, a triagem funcional desta biblioteca ainda

apresentou outros clones com atividade lipolitica. Um deles, denominado D12,
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apresentou halo de hidrdlise para tributirina e tricaprilina. Devido a auséncia de halo
para a trioleina, inicialmente pensou-se que D12 estaria relacionado a producao de
uma esterase. Posteriormente, verificou-se que este clone codifica para uma lipase
denominada LipMF3, e ndo uma esterase, e os resultados referentes a clonagem,
expressao e caracterizagao desta nova enzima estao detalhados no Capitulo 2 desta
tese.

2.4.3 Outras lipases isoladas de bibliotecas metagenémicas

Além das lipases da biblioteca SCGA, outras lipases isoladas de bibliotecas
metagendmicas apresentam carateristicas interessantes para aplicagdes em
processos industriais. No entanto, a maioria dos artigos que reportam lipases de
metagendmica trazem apenas a caracterizagdo bioquimica destas enzimas, sendo
que poucos trabalhos sao realizados com o intuito de aplicar estas enzimas em
reacdes de biocatalise. Isto foi apontado por Ferrer et al. (2016), que reportaram que,
dentre as 288 sequéncias de lipases e esterases estudadas, apenas 5 foram testadas
em reacgoes de sintese.

Na TABELA 6 estao descritas algumas lipases e esterases provenientes de
metagendmica que foram aplicadas em diferentes reagdes e, que, portanto, possuem
um potencial de aplicagdo industrial. Esta tabela foi elaborada com base em uma
busca no portal Web of Science. Através desta pesquisa, foi possivel identificar 24
lipases ou esterases de metagendmica que foram aplicadas em reagbes de
biocatalise, com a finalidade de demonstrar a possibilidade de aplicacao
biotecnoldgica. Dentre elas, 11 sao lipases e 13 sao esterases.

Algumas observagdes podem ser feitas a partir dos dados apresentados na
TABELA 6. Em relacao a biodiversidade, nota-se que a maioria das enzimas possui
menos de 50% de identidade com enzimas de organismos ja conhecidos e somente
3 enzimas apresentaram identidade >90% (2 lipases e 1 esterase) com lipases de
micro-organismos conhecidos. Em relacao as familias, poucas enzimas (5 lipases)
pertencem a familia |, de lipases verdadeiras, sendo a maioria (12 esterases)
pertencentes as familias IV, V, VIl e VIII. Isso mostra que a abordagem metagendémica
é eficiente em isolar novas enzimas. Além disso, a maioria das enzimas foram isoladas
de amostras de solo, com algumas sendo de solo contaminado (com petréleo e

gordura animal), ou sedimentos (marinho, costeiro e zona entremares).
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Em relacdo a atividade de hidrdlise, ndo é possivel estabelecer comparacgoes,
pois foram utilizados diferentes métodos e condigdes para determinagao da atividade
de hidrdlise. Nota-se que a maioria dos trabalhos utilizaram substratos sintéticos
baseados em p-nitrofenila, somente 4 trabalhos utilizaram substratos naturais (6leo
de oliva e triburitina)

Dentre todas as enzimas citadas na TABELA 6, apenas uma lipase (LipG9)
apresenta uma Lif (LifG9), evidenciando a escassez de trabalhos que reportam a
clonagem de lipases e foldases simultaneamente. Isso ocorre provavelmente pela
dificuldade em se encontrar os genes da lipase e foldase no mesmo fragmento de
DNA em uma biblioteca metagendmica (MARTINI et al., 2014). LipG9 foi a primeira
lipase de metagendmica co-expressa com sua foldase cognata reportada até o
momento.

Outra caracteristica interessante mostrada na TABELA 6 € que a maioria das
enzimas (15 enzimas) foram aplicadas na area farmacéutica, principalmente em
reacdes enantiosseletivas, demonstrando uma tendéncia de aplicacdo nesta area,
devido a grande relevéancia do desenvolvimento de drogas por sintese enzimatica e
ao alto valor agregado dos compostos enantiomericamente puros. Os trabalhos mais
representativos apresentaram resultados de transesterificagcdo de diversos alcoois
secundarios e terciarios. Além disso, duas aplicagdes distintas da resolugéo racémica
foram a hidrdlise para a desacetilagao regioseletiva de D-glucal peracetilado, que
pode ser utilizado como bloco construtor de farmacos, catalisada pela lipase LipC12
(ALNOCH et al., 2016), e a hidrdlise de astaxantina esterificada com acidos graxos
para liberacdao de all-trans-astaxantina livre, um terpendide com varias aplicacoes
farmacéuticas, catalisada pela esterase Est3-14 (LU et al., 2018).

A TABELA 6 mostra ainda que a maior parte das lipases foi aplicada de forma
livre em solucgédo ou liofilizadas, sendo que apenas 6 artigos reportam a imobilizagao
em suportes especificos. Dentre os suportes utilizados estdo o Accurel (adsorg¢éao),
Immobead (ligacdo covalente), Epoxi-agarose com aldeido C18 (ligagao covalente e
adsorcgao) e celite (adsorgao).

A segunda area de aplicagdo mais utilizada para lipases e esterases de
metagendmica foi a sintese de biodiesel, com 5 enzimas, sendo que o melhor
resultado foi apresentado por LipC12 imobilizada com conversao de 99% em oleato
de etilaem 1h de reagcéo em presenca de n-hexano (MADALOZZO et al., 2015a). Além
disso, 3 enzimas (EST4, LiplAF5-2 e Est_p6) foram aplicadas na sintese de aromas
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(BRAULT et al., 2014; PENG et al., 2014; GAO et al., 2016b), e 2 lipases foram
aplicadas na sintese de lipideos estruturados (Lipase #8 e LipC12) (BERTRAM et al.,
2008; MADALOZZO et al., 2016). Aplicacao das enzimas em detergentes (Lip906)
(TANG et al., 2017) e para degradacéo de plastico (EstB3 e EstC7) (MULLER et al.,
2017) também foram encontradas (TABELA 6).

Notadamente, as lipases LipC12 e LipG9 foram as enzimas mais aplicadas
em diferentes reacbes em comparacdo com as demais enzimas listadas, sendo que
LipC12 foi aplicada em reagdes na area farmacéutica, biodiesel e sintese de aromas
e lipideos estruturados (MADALOZZO et al., 2015b, 2016; ALNOCH et al., 2016) e
LipG9 foi aplicada na area farmacéutica (transesterificagdo de alcoois secundarios) e
na sintese de biodiesel (ALNOCH et al., 2015; BANDEIRA et al., 2016).

2.5 EFEITO DE TAGS DE AFINIDADE NA ATIVIDADE DE LIPASES

A busca por novas lipases que possam ser aplicadas em biocatalise depende
nao apenas de um método eficiente de prospeccdo, como a metagendmica, mas
também da facilidade em que essas enzimas podem ser expressas em sistema
heterdlogo, para obtencao de enzimas ativas e puras.

Uma ferramenta eficiente para purificagcdo de enzimas recombinantes séo as
tags de afinidade, que sao sequéncias de aminoacidos exdgenas a proteina original,
com alta afinidade por um ligante biolégico ou quimico especifico. Existe uma grande
variedade de tags de afinidade (TABELA 7) e elas sdo adicionadas a proteina de
interesse de acordo com o vetor utilizado na expressao heterdloga. Em geral, essas
fusdes sao utilizadas para purificagao da proteina por afinidade, melhoramento da
solubilidade ou para secrecao das proteinas de interesse (ARNAU et al., 2006). Em
alguns casos, as fags podem aumentar a produgdao de algumas enzimas
recombinantes (WAUGH, 2005) e ajudar no empacotamento durante a cristalizagédo
da proteina (MAJOREK et al., 2014).

As tags de poli-histidina (His-tags) sdao amplamente utilizadas para a
purificacdo de proteinas por cromatografia de afinidade por ions metalicos
imobilizados (IMAC), uma vez que a os grupos doadores de elétrons presentes no
anel imidazdlico da histidina estabelecem facilmente ligagdes de coordenagdao com
um metal de transigdo como o Co?*, Ni?*, Cu?*, Zn?* presentes nas matrizes de

purificacdo (TERPE, 2003). As tags de afinidade do tipo His-tag podem conter, além
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dos residuos de histidina, dependendo do vetor, um local de reconhecimento de
protease para clivagem ou um linker para a regiao C e N-terminal (CARSON et al.,
2007).

TABELA 7 - EXEMPLOS DE TAGS DE AFINIDADE

Tag Sequéncia Aminoacidos Ta(TS;\)h °
Poli-histidina HHHHHH 2-10 0,84
Arg-tag RRRRR 5-6 0,80
FLAG-tag DYKDDDDK 8 1,01
Strep-tag Il WSHPQFEK 8 1,06
c-Myc EQKLISEEDL 11 1,20
S-tag KETAAAKFERQHMDS 15 1,75
HAT-tag KDHLIHNVHKEFHAHAHNK 19 2,31
Peptideo de ligagaoa | oo\ KKNFIAVSAANRFKKISSSGAL | 26 2,96
calmodulina

MDEKTTGWRGGHVVEGLAGELEQL
SBP-tag RARLEHHPQGQREP 38 4,03
Dominio de ligagéo a TNPGVSAWQVNTAYTAGQLVTYNGKT 51 5 59
quitina YKCLQPHTSLAGWEPSNVPALWQLQ ’
Tioredoxina Dominio 109 12
Dominio de ligagdo a Dominio 27-189 3,00 a 20
celulose
Glutationa S-transferase | Proteina 211 26
Proteina de ligagcéo a Proteina 396 40
maltose
NusA Proteina 495 54

FONTE: Terpe (2003), Abdullah; Chase (2005), Arnau et al. ( 2006).

No entanto, as tags podem interferir na estrutura e, consequentemente, na
funcdo das enzimas (TERPE, 2003). O efeito que as proteinas de fusdo exercem
sobre a estrutura terciaria e a atividade das proteinas recombinantes esta relacionado
principalmente a sequéncia de aminoacidos e a localizagdo em que a fag sera
adicionada (N- ou C-terminal da proteina) (BUCHER; EVDOKIMOV; WAUGH, 2002).
Portanto, qualquer proteina de fusdo, independentemente do tamanho, apresenta
potencial de alterar a atividade, interferir no processo de cristalizacdo ou causar
alteragdes no comportamento catalitico das proteinas (WAUGH, 2005).

A atividade das lipases esta profundamente relacionada as suas propriedades
estruturais. Assim, pequenas variagdes na estrutura como a troca de um aminoacido,
a presenca de ponte dissulfeto ou a adicdo de uma tag de afinidade podem causar
efeitos cataliticos significativos. Poucos trabalhados relatam a influéncia de tags de
afinidade sobre a atividade de lipases, como exemplo, pode-se citar o estudo de

Horchani et al. (2009), com uma lipase recombinante de Staphylococcus aureus,
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expressa em E. coli com uma His-tag na regido N-terminal (Hisg-SAL3). Esta lipase

apresentou atividades de hidrolise especificas menores (1300 U mg™" para 6leo de
oliva e 4000 U mg™" para tributirina) do que a lipase selvagem sem His-tag (wt-SAL3)
que apresentou 3500 U mg-" para éleo de oliva e 4500 U mg™" para tributirina. Além
disso, a lipase selvagem foi mais termoestavel, mantendo 95% da atividade apos 60

min a 55 °C, enquanto nas mesmas condigbes Hisg-SAL3 foi inativada em poucos

minutos. Também foi observada uma diferenca de atividade para a lipase imobilizada
em carbonato de calcio, sendo que para a sintese de oleato de butila, a conversao foi
de 71% para wt-SAL3 e 17% para Hisg-SAL3, apds 24 h de reagéao.

Outro trabalho que apresentou a influéncia da His-tag em lipases foi realizado
com a lipase de Staphylococcus simulans (SSL e rSSL) e lipase de Staphylococcus
xylosus (SXL e rSXL). Os autores demonstraram que ambas as lipases nativas sem a
His-tag (SSL e SXL) foram mais termoestaveis. A lipase SSL apresentou 50% de
atividade residual apés 40 min de incubacgéao a 50 °C, enquanto que a lipase rSSL com
His-tag apresentou meia vida de 15 min a 50 °C. Da mesma forma, a lipase SXL
apresentou meia vida de 135 min enquanto a lipase rSXL (com His-tag) exibiu meia
vida de 100 min na mesma temperatura. A presencga da His-tag na regiao N-terminal
também alterou a regioseletividade das lipases rSSL e rSXL contra isbmeros dicaprina
(SAYARI et al., 2007).

Madalozzo et al. (2015) sugeriram que a His-tag poderia ter um efeito sobre a
imobilizacao da lipase LipC12 no suporte Immobead 150. Os autores propuseram que
as histidinas seriam alvos preferenciais ao ataque nucleofilico dos grupos oxirano do
suporte. Assim, confirmar o efeito da His-tag sobre a imobilizagdo e as propriedades
cataliticas de LipC12 foi objeto de estudo deste trabalho e os resultados encontram-

se no Capitulo I.
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Abstract

We determined the effect of the His-tag on the structure, activity, stability and
immobilization of LipC12, a highly active lipase from a metagenomic library. We
purified LipC12 with a N-terminal His-tag and then removed the tag using tobacco etch
virus (TEV) protease. Circular dichroism analysis showed that the overall structure of
LipC12 was largely unaffected by His-tag removal. The specific hydrolytic activities
against natural and artificial substrates were significantly increased by the removal of
the His-tag. On the other hand, His-tagged LipC12 was significantly more active and
stable in the presence of polar organic solvents than untagged LipC12. The
immobilization efficiency on Immobead 150 was 100% for both forms of LipC12 and
protein desorption studies confirmed that the His-tag does not participate in the
covalent binding of the enzyme. In the case of immobilized LipC12, the His-tag
negatively influenced the hydrolytic activity, as it had for the free lipase, however, it
positively influenced the esterification activity. These results raise the possibility of
tailoring recombinant lipases for different applications, where the His-tag may be

retained or removed, as appropriate for the desired activity.
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3.1 INTRODUCTION

Affinity tags have gained importance over the last decades as a purification
tool for recombinant proteins'. Such tags include arg-tags, the calmodulin-binding
peptide, cellulose-binding domains, DsbA, the c-myc-tag, glutathione S-transferase,
the FLAG-tag, the HAT-tag, the maltose-binding protein, NusA, the S-tag, the SBP-
tag, the Strep-tag, thioredoxin and His-tags?. Of these, His-tags (i.e. the polyhistidine
affinity tag) are the most used, with approximately 25% of all protein structures in the
Protein Data Bank (PDB) having been obtained for His-tagged proteins?. His-tagged
proteins are purified by metal affinity chromatography, since the imidazole ring of the
histidine establishes coordination bonds with immobilized ions (such as Co?*, Ni®*,
Cu?* or Zn?*)?. His-tags can be used for purifying proteins, under either non-denaturing
or denaturing conditions, and the recombinant proteins can be eluted under mild
conditions*5. In addition to simplifying purification, His-tags are designed to optimize
protein expression and therefore result in high yields. They also allow the detection of
the recombinant protein®”.

His-tags are bulky and might affect the conformation of the enzyme. The
polyhistidine region typically consists of six consecutive histidine residues, but it can
vary from two to ten histidine residues. In addition, His-tagged heterologous proteins
that are expressed in Escherichia coli using the pET vector series? contain several
other amino acid residues. For example, use of the vector pET28a leads to the addition
of a total of 20 residues at the N-terminal, of which only six are histidine residues.

His-tags are often used in the expression of recombinant lipases. Lipases are
of great industrial interest due to their diverse biotechnological applications. They are
efficient catalysts not only in conventional aqueous media, but also in non-conventional
media, such as organic solvents, ionic liquids, supercritical fluids, and eutectic
solvents®'°, Depending on the medium, they catalyze reactions of hydrolysis,
esterification, transesterification, acetylation and lactonization.

Despite the potential that His-tags have to affect conformation and activity, to
date, few studies have assessed their influence on the properties of lipases. In one
study, the His-tagged Staphylococcus xylosus lipase (His-SXL), overexpressed in E.
coli, had altered kinetic parameters, altered stereo- and regioselectivity and altered

thermostability, compared to the native lipase (SXL)'?'3. In another study, S. aureus
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lipase (SAL), expressed in E. coli with a His-tag at the N-terminal, had a lower specific
activity for the hydrolysis of tributyrin than the native lipase'.

In our laboratory, LipC12, a recombinant lipase containing a His-tag at the N-
terminal, was originally isolated from a metagenomic library and characterized by
Glogauer et al.’>. Later, LipC12 was immobilized on Immobead 150. One immobilized
preparation was obtained using the crude extract obtained after expression of the
enzyme and cell breakage, while another was obtained using a preparation that had
been purified from the crude extract using a nickel affinity column'17, During these
immobilization studies, Madalozzo et al.'® suggested that the presence of the His-tag
might contribute to selective immobilization of His-LipC12 from the crude extract onto
Immobead 150. Their argument was that, at the pH of 7.5 used for the immobilization,
the histidine residues in the tag would be mostly deprotonated (the pKa of the histidine
side chains in the His-tag is reported as 6.0)'® and this would favor nucleophilic attack
by these side chains on the oxirane group of the support. However, they did not
undertake studies to confirm that the His-tag was actually involved in immobilization.

In this work, we systematically investigated the effects of the His-tag on the
structure, activity, stability and immobilization of LipC12. We used two strategies for
the expression and removal of the His-tag from LipC12: (1) the lipC12 gene was cloned
into pET28a for the expression of the His-tag on the N-terminal of the enzyme'® and
this homolog was compared with the other recombinant form of LipC12, which was
produced by cloning the lipC12 gene into pET29a for the expression of recombinant
LipC12 (denominated rLipC12) without the His-tag; (2) the lipC12 gene was cloned
into pTEVS for the expression of the His-tag at the N-terminal of the enzyme, with the
inclusion of a tobacco etch virus (TEV) cleavage site, enabling posterior His-tag

removal'®.

3.2 RESULTS

All results in this section are presented as mean of triplicate determinations +

standard deviation of the mean.

3.2.1 Properties of LipC12 expressed with and without His-tag
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Although previous reports have suggested that the His-tag negatively affects
the hydrolytic activity of lipases'?'3, it is not a consensus. In this work, we compared
the activities and the immobilization behavior of LipC12 expressed with and without
the His-tag. In order to do so, the lipC712 gene was cloned into pET28a(+) and
pET29a(+), producing CSF-His-LipC12 (crude soluble fraction containing LipC12 with
His-tag) and CSF-rLipC12 (crude soluble fraction containing LipC12 without His-tag),
respectively, through overexpression in E. coli BL21(DE3). In each case, the cell pellet
was disrupted by sonication, the crude extract was then centrifuged, and the crude
soluble fraction, containing either His-LipC12 or rLipC12, was used for activity and
immobilization tests.

The specific hydrolytic activities of these crude soluble fractions were
determined in a pHStat against olive oil. The crude soluble fraction containing rLipC12
had a significantly higher specific activity (1938 + 82 U mg™") than did the crude soluble
fraction containing His-LipC12 (1469 + 63 U mg™") (P < 0.05). This difference in specific
hydrolytic activity was not due to differences in protein expression: densitometry
analysis of SDS-PAGE gels of the two crude soluble fractions showed that the lipases
contributed similar percentages of the overall protein. In the case of His-LipC12, the
lipase band (at ~33 kDa) contributed 18.6% + 0.8% of the overall protein, while in the
case of rLipC12, the lipase band (at 31 kDa) contributed 18.0% * 0.3% (Supplementary
Fig. S2).

Subsequently, we investigated the suggestion that the covalent immobilization
of CSF-His-LipC12 on the commercial support Immobead 150 involves the His-tag'®.
We used previously established conditions'® (i.e. a loading of 200 mg of protein per
gram of support) for immobilization of CSF-His-LipC12 and CSF-rLipC12. The kinetics
of immobilization were followed by monitoring the residual olive-oil-hydrolyzing activity
of the supernatant. The profiles were very similar (Fig. 1), with immobilization
efficiencies of 80% being obtained at 8 h for both preparations (Supplementary Table
S1). Hereafter, the immobilized preparations are referred to as |-CSF-His-LipC12 and
[-CSF-rLipC12.

After immobilization, the olive-oil-hydrolyzing activities of the two LipC12
preparations were determined in the pHStat. As had occurred with the soluble
preparations of LipC12, I-CSF-rLipC12 had a significantly higher hydrolytic activity
(421 £ 24 U g™' support) than I-His-LipC12 (303 + 21 U g' support) (P < 0.05).
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Both immobilized preparations were then used to esterify oleic acid with
ethanol in n-hexane. The esterification activities for both preparations were not
significantly different, 66 + 0 U g' for I-CSF-rLipC12 and 61 + 1 U g for I-CSF-His-
LipC12 (P > 0.05).
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Figure 1. Kinetics of immobilization of CSF-His-LipC12 and CSF-rLipC12 on Immobead 150. The
residual hydrolytic activities of the supernatants in aqueous medium were measured against olive oil by
the titrimetric method, at 30°C and pH 7.0.

Together, these results suggest that the His-tag decreases the hydrolytic
activity of both the free and immobilized LipC12. Further studies using purified
untagged and His-tagged LipC12 were needed to confirm these results, they are

reported in the next subsection.

3.2.2 Properties of purified LipC12 with and without cleavable Histev-Tag

We cloned lipC12 into the vector pTEVS, which introduces the TEV protease
cleavage site between the His-tag and the target protein. The resulting LipC12 variant,
denominated Histevs-LipC12, was overexpressed in E. coli BL21(DE3) and purified
using immobilized metal affinity chromatography. The His-tag was later cleaved by
TEV protease, with 100% efficiency, as confirmed by western blot (Fig. 2). The cleaved
variant was denominated cLipC12. This strategy allowed the cost-effective production
of both Histevs-LipC12 and untagged cLipC12, with high purity being obtained in a
one-step affinity process (Supplementary Fig. S1).
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Figure 2. Cleavage of Histevs-LipC12 by TEV protease. The substrate Histevs-LipC12, containing a TEV
protease cleavage site, was mixed with the TEV protease at mass ratio 10:1 of substrate: TEV. 1 ug of
TEV and 2 ug of other fractions were analyzed by 12% SDS-PAGE followed by western blotting and
incubation with Ni-NTA HPR. The full-length blot is reported in Supplementary Figure S6.

The lipC12 gene encodes 293 amino acids and rLipC12 has a theoretical
molecular weight of 31.2 kDa. Histevs-LipC12 has 27 additional residues at its N-
terminal (MSYYHHHHHHDYDIPTSENLYFQGASH) and has a theoretical molecular
weight of 34.5 kDa. After TEV protease cleavage, four of these additional residues
(GASH) remain at the N-terminal, such that cLipC12 has a theoretical molecular weight
of 31.6 kDa. These theoretical molecular weights were confirmed by SDS-PAGE
(Supplementary Fig. 3S).

Several authors have used TEV protease to cleave the His-tag from different
target proteins. The amount of TEV required is usually empirically determined, with
ratios of target protein to TEV between 100:1 and 5:1 being tested?°. Our results

showed complete cleavage under mild conditions (8 °C for 20 h) using a ratio of 10:1.

3.2.3 Structural analysis of Histevs-LipC12 and cLipC12 by circular dichroism

The far-UV CD spectra of both Histevs-LipC12 and cLipC12 showed typical
negative absorption signals of a-helices at about 208 nm and 222 nm, as well as
negative absorption signals of antiparallel B-sheets at 215 nm (Fig. 3A). Positive
absorption peaks at about 190 nm were not seen because the dynode voltage was
above 600 V, resulting in unreliable data?'. This CD profile is similar to those shown by
other lipases?2232425 The CD spectra for HisTevs-LipC12 and cLipC12 overlap

completely in the far-UV (250-200 nm) and near-UV (350-250 nm) regions, indicating
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that the His-tag does not induce structural rearrangements in LipC12. The CD spectra
of Histevs-LipC12 and LipC12 were further analyzed by K2D3 online software; for each
protein, the estimate was an a-helix content of 36% and a B-sheet content of 20%.
There is no previous study in which CD spectra have been used to characterize the
structural changes of lipases due to the presence of a His-tag, but CD spectra have
been used to show that a His-tag induces structural changes in zinc finger protein
ZNF191 (243-368)%.

We also compared the thermal stabilities of Histevs-LipC12 and LipC12 by
recording CD data at 222 nm to determine the melting temperature (Tm) (Fig. 3B). The
Tm decreased by only 1°C in the presence of the His-tag, which suggests the His-tag
has a minimum impact on the thermal stability of LipC12.
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Figure 3. Circular dichroism analysis of Histevs-LipC12 and LipC12. Proteins were diluted to 5 uM in a
10-mM sodium phosphate buffer, pH 7.4, containing 100 mM NaCl. (A) CD spectra of Histevs-LipC12
and LipC12 were recorded at 25 °C. (B) CD spectra of Histevs-LipC12 and LipC12 in the near-UV (350-
250 nm) regions. (C) Determination of the melting temperatures (Tm) of Histevs-LipC12 and LipC12.
The Tm was calculated by measuring the CD signal at 222 nm with increasing temperature (from 25 to
98 °C) in a continuous ramp mode (1 °C/2 min). The Tm was determined from the first derivative
(GraphPrism 6.0).
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3.2.4 Hydrolytic activity of HisTevs-LipC12 and cLipC12

The specific olive-oil-hydrolyzing activities were 2555 + 17 U mg-" for Histevs-
LipC12 and 4590 + 101 U mg™" for cLipC12. The significantly lower hydrolytic activity
in the presence of the His-tag (P < 0.05) confirms the results obtained above, where
the hydrolytic activity of CSF-His-LipC12 was lower than that of CSF-rLipC12 and the
hydrolytic activity of I-CSF-His-LipC12 was lower than that of I-CSF-rLipC12 (see the
first subsection of the results). We also evaluated the activities of Histevs-LipC12 and
cLipC12 in the hydrolysis of natural substrates with a range of acyl chain lengths. For
all substrates, the activity of Histevs-LipC12 was significantly lower than that of
cLipC12 (P < 0.05) (Table 1).
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Table 1. Relative hydrolytic activities of Histevs-LipC12 and cLipC12 against different triacylglycerols.

Relative hydrolytic activities

Substrate Hisrevs-LipC12 cLipC12
Olive oil 100 = 4 173+ 4
Triolein (C18) 109+ 5 170+ 6
Tricaprylin (C8) 188 £ 2 345+ 9
Tributyrin (C4) 304 + 8 611+ 10

Measurements were performed by the titration method using an automatic titrator pHStat. Values
represent the mean of triplicates + standard deviations of the mean.

3.2.5 Hydrolytic activity of Histevs-LipC12 and cLipC12 against pNPD

Under the standard reaction conditions (see methods section) for the
hydrolysis of p-nitrophenyl decanoate (pNPD), cLipC12 had a specific activity of 325 +
20 U mg™', which is 1.7-fold higher than that of Histevs-LipC12 (192 + 5 U mg™).

The effect of the pNPD concentration on the initial hydrolysis rate was
determined for both Histevs-LipC12 and cLipC12 under the standard reaction
conditions (Supplementary Fig. S4). The Michaelis-Menten equation was fitted to the
data obtained with both enzymes using non-linear regression. In both cases, the
coefficient of determination was greater than 0.99. Table 2 shows the parameter values
that gave the best fits.

The Kwm values obtained for Histevs-LipC12 and cLipC12 were different (their
95% confidence intervals did not overlap). On the other hand, the kcat values were
essentially the same (their 95% confidence intervals overlap almost completely). Due
to the difference in the Kw, the values of kcat/ Km were also different for the two enzymes,
with that for Histevs-LipC12 being only 75% of the value obtained for cLipC12. In other
words, the presence of the His-tag decreases the catalytic efficiency of LipC12 with

pNPD as the substrate.

Table 2. Apparent kinetic constants for p-nitrophenyl decanoate hydrolysis of Histevs-LipC12 and
LipC12.

Enzyme K (mM) Keat (min-') Keat/ Km (MM min-)

Histevs-LipC12 1.77 152 86
(1.56-2.02)a (143-162) (80-92)

cLipC12 1.33 151 114
(1.17-1.51) (144-160) (105-123)

aThe values between parentheses are the 95% confidence intervals.
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3.2.6 Activity and stability in organic solvents of Histevs-LipC12 and cLipC12

The use of organic solvents instead of water in biocatalytic processes involving
lipases has intensified over the last few decades®. Lipases must therefore have both
high activity and high stability in organic solvents if they are to be useful biocatalytic
tools?’. Based on the difference in activity found in aqueous media using untagged
LipC12 (CSF-rLipC12, cLipC12 and I-CSF-rLipC12) and His-tagged LipC12 (His-
LipC12, Histevs-LipC12 and I-His-LipC12), we investigated Histevs-LipC12 and
cLipC12 with respect to their pNPD-hydrolyzing activity and stability in various
concentrations of different polar organic solvents (ethanol, isopropanol, methanol,
propanol, acetone, acetonitrile, DMF and DMSO). The activities were expressed as
relative activities, in other words, as percentages of the corresponding activity in 50
mM Tris-HCI buffer (pH 7.5) used in the standard reaction.

HisTevs-LipC12 showed significantly higher activity in the presence of acetone,
DMF and DMSO than cLipC12. For both variants of LipC12, the relative activities were
lower than 50% for all organic solvents and at all concentrations tested, except for
DMSO (Fig. 4A). For this solvent, concentrations up to 40% activated both enzymes,
with Histevs-LipC12 being activated to a greater extent than cLipC12. It is well known
that polar organic solvents like methanol, ethanol, propanol and butanol inhibit lipase
activity?®. On the other hand, DMSO has been shown to activate lipases several-
fold?22%, Although the mechanism of this activation has not been elucidated, it has been
suggested that DMSO stabilizes the transition state by replacing water in the enzyme-
substrate complex30:31,

To evaluate the stability in organic solvents, Histevs-LipC12 and cLipC12 were
incubated for 3 h at 25 °C in two concentrations (20% and 40% (v/v)) of the polar
organic solvents (Fig. 4B). The hydrolytic activity against pNPD was then determined
under standard conditions (using final enzyme concentrations of 7 nM for Histevs-
LipC12 and 5 nM for cLipC12). In most cases, Histevs-LipC12 was more stable than
cLipC12 (Fig. 4B). However, in 20% ethanol, 40% methanol, 40% acetone, 40%
acetonitrile and 40% DMF, the residual activities of the two enzymes were not
significantly different (P > 0.05). The activity of Histevs-LipC12 increased
approximately 1.2-fold after incubation in 20% methanol, 20% acetonitrile and 20%
DMF. The stability of Histevs-LipC12 in DMSO was not higher than in the other
hydrophilic solvents, since its residual activity was 80% after incubation in 40% DMSO
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(Fig. 4B). Both Histevs-LipC12 and cLipC12 were more stable in polar organic solvents

than lipase P21 of Pseudomonas fluorescens, which had residual activities below 50%

after incubation for 2 h at 30 °C in 3:1 (v/v) solutions of methanol, ethanol, acetone,

isopropanol and butanol in water32,
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Figure 4. Relative activities (A) and stabilities (B), compared to the control, of Histevs-LipC12 and
LipC12 in the presence of different concentrations of polar organic solvents. Activities were determined
by the spectrophotometric method using the hydrolysis of p-nitrophenyl decanoate. The stability in

organic solvents was determined after 3 h incubation at 25 °C.
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3.2.7 Immobilization of Histevs-LipC12 and cLipC12

Purified His-LipC12 was immobilized on Immobead 150 in previous work6.
The authors proposed that the His-tag was involved in the covalent bonding with the
support. To investigate this question, we immobilized Histevs-LipC12 and cLipC12 onto
the same support.

For both Histevs-LipC12 and cLipC12, an immobilization efficiency of 100%
was obtained using a protein loading of 10 mg g-'. Despite this high immobilization
efficiently, the retention of hydrolytic activity in aqueous medium, measured using
triolein, was low (0.21% for Histevs-LipC12 and 0.27% for cLipC12). A possible
explanation for the poor triolein-hydrolyzing activities of the immobilized preparations
is that triacylglycerols like triolein form droplets in aqueous media, with these droplets
being bigger than the pores of the support, such that the substrate is only accessible
to the enzyme immobilized at the outer surface of the support. This can cause the
immobilized lipases to have much lower activities against triacylglycerols than that of
the free enzyme or that obtained in organic medium33:34,

To confirm covalent immobilization, these immobilized preparations were
boiled for 30 min in a solution containing SDS. After SDS-PAGE, in both cases,
approximately 8% of the immobilized protein desorbed. This shows that, for both
immobilized enzymes, most of the protein was covalently attached to Immobead 150.
Since both variants produced the same results, it can be deduced that the His-tag does
not favor the binding covalent of LipC12 to Immobead 150.

In accordance with the findings for the variants of LipC12 that had been
immobilized from the crude soluble fraction (I-CSF-His-LipC12 and I-CSF-rLipC12),
the olive-oil-hydrolyzing activity of I-cLipC12 (123 + 2 U g') was higher than that of I-
HisTevs-LipC12 (54 £ 1 U g'). On the other hand, the presence of the His-tag increased
esterification activity for the substrates octanoic acid, lauric acid, palmitic acid and oleic
acid (Table 3). At longer reaction times, the performance of |-Histevs-LipC12, with
conversions at 9 h above 90%, was also higher than that of I-cLipC12, which gave
conversions at 9 h below 68%. To verify the stability of I-Histevs-LipC12 and I-cLipC12
throughout the reaction, the immobilized preparations were recovered after 10 h by
filtration, washed with n-hexane, dried, and the residual hydrolytic activities against
olive oil were measured. The losses of olive-oil-hydrolyzing activity were about 50%

for I-Histevs-LipC12 and 74% for I-cLipC12, showing that the removal of the His-tag
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decreases the stability of I-cLipC12 in the reaction medium, which initially contains
ethanol and n-hexane, with ethyl caprylate, ethyl laurate, ethyl palmitate or ethyl oleate
being produced during the reactions. This result is in agreement with the lower stability

found for cLipC12 when it was incubated in polar organic solvents (Fig. 4B).

Table 3. Esterification activity of I-cLipC12 and I-Histevs-LipC12 with fatty acids of different chain lengths
and ethanol as the alcohol.

I-cLipC12 I-HistevsLipC12
Fatty acid Activity (U g')  Conversion (%) Activity (U g") Conversion (%)
Octanoic acid (C8:0) 1.51+£0.03 26.1+0.5 5.90 + 0.03 90.8+1.7
Lauric acid (C12:0) 1.65 +£0.08 264 +2.5 6.84 £ 0.15 100.0 £ 0.7
Palmitic acid (C16:0) 2.32+0.19 422 +2.2 7.88 £0.22 97.5+0.2
Oleic acid (C18:1) 5.26 + 0.03 67.9+0.3 9.21 £ 0.01 96.8+0.4

"Conversion of free fatty acids in 9 h of the esterification reactions. Values represent the mean of
triplicates + standard deviations of the means.

3.3 DISCUSSION

Our work represents the first time that a His-tagged lipase (I-Histevs-LipC12)
has shown to have lower hydrolytic activity but higher esterification activity, when
compared to a similar recombinant enzyme without the His-tag (I-cLipC12). Since
lipases are used both for hydrolysis and synthesis reactions, this opens up the
possibility of removing the His-tag or not, after expression, in order to tailor the enzyme
for the specific application that is intended.

Various previous studies have reported the effects of affinity tags on hydrolytic
and esterification activities, as we discuss below. In our comparisons with the literature,
we will use the prefix “wt” to indicate a wild type lipase, indicating that the lipase was

not produced using molecular biology techniques. The prefix “r’ will be used to indicate
a recombinant lipase without a His-tag. Since His-tag proteins are recombinant
proteins, where possible, we will compare the His-tagged lipases with similar
recombinant lipases. Where the authors did not give results for a recombinant lipase,
we will undertake comparisons with the wild type lipase.

The most important result of our work is that a His-tag on LipC12 negatively
affected hydrolytic activity but promoted esterification activity. His-tagged variants of
LipC12 consistently gave lower hydrolytic activities in aqueous media. Both free (CSF-
His-LipC12 and Histevs-LipC12) and immobilized (I-CSF-His-LipC12 and I-HisTevs-

LipC12) enzymes had lower specific olive-oil-hydrolyzing activities than their non-His-
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tagged counterparts in free (CSF-rLipC12 and cLipC12) and immobilized (I-CSF-
rLipC12 and I-cLipC12) forms. Likewise, for the hydrolysis of pNPD, the value of kcat/ Km
for Histevs-LipC12 was 75% of the value obtained for cLipC12. The situation was
different for esterification of oleic acid with ethanol in n-hexane. In this case, |-CSF-
His-LipC12 and I-CSF-rLipC12 had similar activities, but, on the other hand, I-Histevs-
LipC12 had both a significantly higher activity and a better stability in the reaction
medium than did I-cLipC12.

We suggest that these results might be explained as follows: the His-tag is
highly flexible in aqueous medium and some of its movements may temporarily block
access of substrates to the active site. There are two possibilities: the flexible His-tag
may interfere with the opening of the lid or it might interact with the active site of other
lipases in the reaction medium, as has been shown for Majoreck et al.. To investigate
the second possibility, we added two non-ionic detergents (Triton X-100 and Nonidet
P-40) to reaction media during the hydrolysis of pNPD, with the aim of separating
aggregates of enzyme molecules. For both detergents, we used concentrations both
above and below the critical micellar concentration (CMC), which is 0.24 mM for Triton
X-100 and 0.08 mM for Nonidet P-40. The effects of the detergents on the two lipases
were similar, although the activity of the LipC12 variant without the His-tag (cLipC12)
was higher than that of the variant with the His-tag (HisTevs-LipC12) at all detergent
concentrations (Supplementary Figure S7). This result suggests that there is no
interaction between different lipase molecules and, therefore, that the second
possibility does not occur.

On the other hand, proteins tend to be less flexible in hydrophobic organic
solvents of relatively high log P values, such as the n-hexane3® that was used in the
esterification reactions. In this medium, the His-tag would also be less flexible, for
example, it might be trapped within the solvation layer, and therefore unable to interfere
with the access of substrates to the active site. NMR analysis or molecular dynamics
studies of LipC12 with and without His-tag in aqueous solution and in the presence of
organic solvents would be needed to confirm these suggestions. We recognize that
our explanation does not explain why I-Histevs-LipC12 had a significantly higher
esterification activity than I-cLipC12. However, His-tags can have subtle effects on
protein structure®. For example, although a His-tag did not affect the overall structure
of myoglobin, it did alter the picosecond-scale dynamic of the protein; this change can

affect the recognition of ligands?®.
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The effects of His-tags on lipases have been most studied with respect to their
effects on hydrolytic activities (Table 4). Various authors have compared specific
activities of lipases with and without His-tags, using several different substrates.
Results are variable, with His-tags having been reported to have no effect or to cause
decreases and increases of specific hydrolytic activity. In our case, the His-tag
decreased the specific olive-oil-hydrolyzing activities (values were 2555 U mg-* for
HisTevs-LipC12 and 4590 U mg™" for cLipC12). Decreases in specific hydrolytic activity
due to the His-tag have been reported previously. For example, for Staphylococcus
aureus lipase 3 (SAL3), the specific activity of His-SAL3 against tributyrin (4000 U mg-
') was lower than that of the recombinant untagged enzyme (r-SAL3, 4500 U mg-")'4.
Likewise, for the hydrolysis of tributyrin (TC4) and olive oil by the lipase of S. xylosus,
His-SXL had lower specific activities (1500 and 850, respectively, for TC4 and olive oil)
than did r-SXL (2000 and 1400, respectively, for TC4 and olive 0il)3". However, in some
cases, the specific hydrolytic activity was higher with the His-tag. For example, in the
case of SAL3, the specific activity against olive oil of His-SAL3 (1300 U mg') was
higher than that of r-SAL3 (1100 U mg™). Similar results were obtained for the
hydrolysis of TC4 and olive oil by the lipase of S. simulans (SSL). The specific activities
of His-SSL against both these substrates (980 and 940 U mg-', respectively, for TC4
and olive oil) were higher than those of r-SSL (850 U mg™', for both TC4 and olive oil)%’.
In some cases, the His-tag caused no significant difference in specific hydrolytic
activities. This has been reported for the hydrolysis of pNPB, pNPL and
carboxyfluorescein diacetate by Lipase B of Candida antarctica (CALB)%%, for the
hydrolysis of olive oil and TC4 by turkey pancreatic lipase (TPL)° and for the hydrolysis
of TC4, trioctanoin (TC8) and olive oil by the lipase of Fusarium solani*® (Table 4).

Some authors have analyzed the effect of the His-tag on kinetic parameters
(Table 4). Again, the results are quite variable. In our case, the His-tag did not have
any effect on kcat for hydrolysis of p-nitrophenyl decanoate, but increased Kwv 1.3-fold,
such that kcat/Km for Histevs-LipC12 was 75% of the value obtained for cLipC12. In
other words, the presence of the His-tag decreases the catalytic efficiency of LipC12
with pNPD as the substrate. Decreases in kcat/ Km with the presence of the His-tag have
been reported previously: for SAL3 with TC4 as the substrate, kcat/Km for His-SAL3 was
74% of the value obtained with r-SAL3'; for SXL with TC8 as the substrate, kcat/Ku
was 80% of the value obtained for wt-SXL'? and for various variants of CALB with a

fusion protein at the N-terminus and a His-tag at the C-terminus, the His-tagged
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proteins had values of kcat/Km for the hydrolysis of p-nitrophenyl butyrate (pNPB) that
were from 85 to 98% of the value for the unmodified CALB*'. Increases in kcat/Kv have
also been reported for His-tagged lipases with TC8 as the substrate: for SAL3, the
value of kcat/Km for His-SAL3 was 1.5-fold higher than that for r-SAL3" while for SXL,
the value of kcat/Km for His-SXL was 1.2-fold greater than that for wt-SXL'2. There are
also some reports of no significant differences in the kinetic parameters between the
His-tagged and non-tagged forms: this was the case for a CALB, for both pNPB and
p-nitrophenol laurate (oNPL) as substrates3® and for TPL with TC4 as the substrate.

Significantly, our work represents the first report of a His-tag leading to an
increase in esterification activity of a lipase: for the synthesis of ethyl-oleate in n-
hexane, the specific activity of I-Histevs-LipC12 (9.21 + 0.01 U g') was significantly
higher than that of I-cLipC12 (5.26 + 0.03 U g'). The only previous study of the effects
of His-tags on esterification activity, undertaken by Horchani et al.’, involved the
synthesis of butyl oleate in n-hexane with three immobilized variants of S. aureus lipase
3: I-wt-SALS, I-r-SAL3 and I-His-SAL3. Based on the conversions at the first sampling
time of that study, 4 h, one can infer that r-SAL3 and His-SAL3 gave similar initial
esterification rates, which were much lower than that obtained with [-wt-SAL3.
Horchani et al.’* followed the reaction profiles over 24 h, with |1-wt-SAL3 giving a
conversion of around 70% in 20 h and both r-SAL3 and His-SAL3 giving much lower
conversions at this time, of around 20%'4. The key difference from our work is that the
presence of the His-tag did not improve the esterification performance of SAL3.

Our study is also the first study of the effect of a His-tag on the stability of a
lipase in polar organic solvents. Our key result was that, after a 3-h incubation, Histevs-
LipC12 had activities around 1.2-fold greater than cLipC12 in the cases of 20%
methanol, 20% acetonitrile, 20% DMF and 40% DMSO. The only previous direct study
of the effect of a His-tag on the stability of a lipase in solvents was undertaken by
Horchani et al.’. They incubated immobilized variants of SAL3 in non-polar solvents,
including n-hexane, the solvent that they had used in their esterification studies. After
a 24-h incubation in n-hexane, both free and immobilized wt-SAL3 and r-SAL3 retained
100% activity, while free and immobilized His-SAL3 had lower residual activities, of 70
and 80%, respectively. The key difference from our work is that, in the case of SALS3,
the presence of the His-tag decreased stability in the solvents tested, although it should
be noted than n-hexane is much less polar than the solvents that we used in our

stability studies. The results of Horchani et al.’* suggest, indirectly, that both I-r-SAL3
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and I-His-SAL3 are denatured by polar solvents. The low final conversions that they
obtained at 20 h must have been caused by denaturation, as the reaction profiles had
leveled out. Since both I-r-SAL3 and I-His-SAL3 had given residual activities above
80% after 24-h incubations in n-hexane in their stability study, the loss of activity of
these preparations in the esterification reaction was not due to the presence of n-
hexane. It is possible to infer, then, that both I-r-SAL3 and I-His-SAL3 were denatured
by one of the reaction species involved in the synthesis of butyl oleate, possibly the
butanol, with the presence of the His-tag not improving stability. Contrary to these
results of Horchani et al.’, in our case the presence of the His-tag did improve stability
within the esterification reaction medium, with the residual activity after 10 h being 54%
for I-Histevs-LipC12 against only 24% for I-cLipC12.

In the case of immobilization of lipases, only one previous study has addressed
the effect of His-tags. In this study, Horchani et al.’* immobilized wt-SAL3, r-SAL3 and
His-SAL3 on CaCOs. The immobilization yield was high for wt-SAL3 (79%). It was
significantly lower for r-SAL3 (22%) and much lower still for His-SAL3 (2.5%),
suggesting that the His-tag did interfere somehow with immobilization. This effect of
the His-tag is different from the effect in the current work, in which the His-tag did not
affect immobilization.

Our study demonstrates that the His-tag decreases the specific hydrolytic
activities of both the free and immobilized forms of LipC12 against triacylglycerols.
However, in several polar solvents, both the pNPD-hydrolyzing activity and the stability
were favored by the presence of the His-tag. Importantly, our study represents the first
time that a His-tag has increased esterification action. Our work gives insights into
tailoring lipases for specific applications: for hydrolysis reactions, the His-tag should

be removed from LipC12, while for esterification reactions, it should be retained.
3.4 METHODS
3.4.1 Bacterial strains, plasmids and protein expression
LipC12 is a lipase isolated by Glogauer et al.’™ from a metagenomic library
prepared from DNA extracted from fat-contaminated soil of a waste treatment plant.

The gene IlipC12 was cloned into pET28a(+) (this plasmid is referred to as
pET28lipC12) to produce an N-terminal His-tagged protein (denominated His-LipC12)
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that has a theoretical molecular weight of 33.4 kDa. The lipC12 gene was also cloned
into pET29a(+). This was done by digesting pET28lipC12 with Ndel and BamH| and
ligating the lipC12 coding region into the pET29a vector (Novagen, Hertfordshire,
United Kingdom), which had been previously digested with the same restriction
enzymes. The resulting plasmid was called pET29lipC12. It was used to produce
recombinant LipC12 without a His-tag (denominated named rLipC12).

Additionally, the lipC12 gene was cloned into the pTEVS vector to obtain the
plasmid named pTEV5IipC12. This was done by digesting pET28lipC12 with Ndel and
BamHI and ligating the lipC12 coding region into the pTEVS vector, which had been
previously digested with the same restriction enzymes. The LipC12 produced in cells
harboring pTEVSIlipC12 is named Histevs-LipC12 and contains a His-tag at the N-
terminal and a TEV protease site (TEVS) to allow His-tag cleavage with TEV. After
TEV cleavage, the protein is named cLipC12, which is an un-tagged LipC12 that
contains 4 extra amino acids (GASH).

His-LipC12, rLipC12, HisTevs-LipC12 and TEV protease were overexpressed
in Escherichia coli strains harboring the plasmids listed in Supplementary Table S2.
The E. coli strains and expression conditions are also described in Supplementary
Table S2. The overexpression and cells disruption by ultrasonication were done as

previously described 516,

3.4.2 Protein purification

Histevs-LipC12 was purified using a 5-mL HiTrap Chelating column (GE
Healthcare, Uppsala, Sweden) preequilibrated with buffer A (20 mM Tris-HCI pH 7.5,
150 mM NaCl, 10% (v/v) glycerol and 20 mM imidazole). The protein was eluted
stepwise, using increasing concentrations (from 50 to 500 mM) of imidazole in buffer
A, with 2 column volumes of buffer being passed at each concentration. Fractions with
purity over 95%, as judged by SDS-PAGE (Supplementary Fig. S1), were pooled.
Imidazole was removed in a HiTrap Desalting column (GE Healthcare, Uppsala,
Sweden) using a 20-mM Tris-HCI buffer at pH 7.5 that contained 150 mM NaCl and

5% (v/v) glycerol. TEV protease was purified as previously described??.

3.4.3 Cleavage of the His-tag with TEV protease
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Purified Histevs-LipC12 and TEV protease were mixed in 2 mL of buffer (20 mM
Tris-HCI pH 7.5 and 150 mM NaCl), in a mass ratio of Histevs-LipC12 to TEV protease
of 10:1. The mixture was maintained at 8 °C, 90 rpm for 20 h. It was then passed
through a 5-mL HiTrap Chelating column (GE Healthcare). cLipC12 was eluted with
100 mM imidazole and TEV protease was eluted with 300 mM imidazole. Imidazole
was removed from the LipC12 preparation in a desalting column, using a 20 mM Tris-
HCI buffer at pH 7.5 that contained 150 mM NaCl and 5% (v/v) glycerol.

The efficiency of cleavage of the His-tag was confirmed by 12% (w/v) SDS-
PAGE followed by western blotting and incubation with the anti-His antibody Ni-NTA
HPR (Qiagen, Hilden, Germany).

3.4.4 Titrimetric determination of triacylglycerol-hydrolyzing activity

The triacylglycerol-hydrolyzing activities of the soluble fractions of crude
extracts and of purified lipase preparations were determined by the titrimetric method
using an automatic titrator (Metrohm 718 STAT Titrino potentiometric titrator, Metrohm,
Herisau, Switzerland) with 0.05 M NaOH during 5 min. The conditions have been
previously described'®43. The reactions were performed at 30 °C using 20 mL of
emulsion at pH 7.0. One unit of hydrolytic activity in aqueous medium corresponds to

the release of 1 ymol of fatty acid per min, under the assay conditions.

3.4.5 Spectrophotometric determination of pNPD-hydrolyzing activity

The pNPD-hydrolyzing activities of the lipases in aqueous solution were
determined by monitoring the release of p-nitrophenol from p-nitrophenyl decanoate
(Sigma, St. Louis, USA) at 410 nm at 25 °C in an iMark™ Microplate Absorbance
Reader (Bio-Rad, Hercules, USA).

The standard assay conditions have been previously described'. The final
volume of the reaction mixture was 250 pL. It contained 50 mM Tris-HCI buffer, pH 7.5,
1 mM CaClz, 0.6% (v/v) Triton X-100, 1 mM pNPD, 4% (v/v) isopropanol, 1% (v/v)
acetonitrile and an enzyme concentration of 172 nM when Histevs-LipC12 was
assayed and of 123 nM when LipC12 was assayed. One unit of lipase activity was
defined as 1 pmol of p-nitrophenol produced per min. Linear regressions to determine

initial reaction velocities were performed with Microsoft Excel.
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The pNPD-hydrolyzing activities of the lipases in the presence of polar organic
solvents were determined at concentrations varying from 10 to 60% (v/v) of the solvent
(ethanol, isopropanol, methanol, propanol, acetone, acetonitrile, dimethylformamide
(DMF) or dimethylsulfoxide (DMSO)) in water. The activity was determined in a 96-well
plate by monitoring the release of p-nitrophenol from pNPD, according to standard
assay conditions with the addition of the stated solvent concentrations.

The stability of the lipases was determined by measuring the residual activity
after incubation (at final concentrations of 1.72 yM for Histevs-LipC12 and 1.23 uM for
LipC12) for 3 h at 25 °C in the same polar organic solvents described for activity. The
enzymes were then diluted in 50-mM Tris-HCI buffer at pH 7.5, 150 mM NaCl and 2-
mM CacClz in the reaction media to reach the protein concentrations of 172 nM and 123

nM used in the standard assay of pNPD-hydrolyzing activities.

3.4.6 Determination of kinetic parameters

The kinetic parameters were determined using concentrations of pNPD
ranging from 0.1 to 3.5 mM and 10 pL of enzyme (enzyme concentration in the reaction
medium of 6.9 yM for Histevs-LipC12 and 4.9 uM for LipC12). The reaction was
followed for 5 min with the absorbance at 410 nm being read every 30 s. The values
of Km and kcat were determined by non-linear regression, in GraphPad Prism 7, of the
data of initial velocity versus substrate concentration, using the Michaelis-Menten

equation. The program was used to calculate 95% confidence intervals.

3.4.7 Circular dichroism

CD spectra of proteins were recorded between 250 and 350 nm using a
JASCO J-815 spectropolarimeter (Easton, USA) fitted with a Jasco Peltier-type
temperature controller (CDF-426S/15). The optical pathlength was 2 mm and the
concentration of the protein solution was 5 uM in a pH 7.4 buffer containing 10 mM
sodium phosphate and 100 mM NaCl. The spectra were recorded at 25°C. The
percentages of secondary structures (a-helices and B-sheets) were determined with
the software K2D3*4, after conversion of the data to delta epsilon values (Ag), also

referred as the molar circular dichroism?!.
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The melting temperatures (Tm) were determined by measuring the CD signal
at 222 nm with increasing temperature in a continuous ramp mode (1 °C/2 min). The
temperature was increased from 25 to 98 °C. The Tm was determined from the first

derivative using GraphPrism 6.0.

3.4.8 Lipase immobilization

The covalent immobilization of LipC12 preparations was performed using
Immobead 150 (Sigma—Aldrich, St. Louis, USA) according to Madalozzo et al.’®. The
immobilization kinetics of crude soluble fractions containing His-LipC12 and rLipC12
were determined with protein loadings of 200 mg g' during 8-h incubations at 4 °C in
an orbital shaker at 150 rpm. Purified Histevs-LipC12 and cLipC12 were also
immobilized on Immobead 150 with protein loadings of 10 mg g-!, with incubation for 6
h at 4 °C in an orbital shaker at 150 rpm.

A desorption test was done after immobilization. Twenty mg of the support was
added to 200 L of a 2% (m/v) SDS solution. The mixture was heated at 100 °C for 30
min. After that, samples were loaded onto a 12% SDS-PAGE gel for analysis. The
percentage of desorption was calculated based on the protein contents of the samples
(which were estimated using the protein standards supplied by the manufacturer, GE

Healthcare).

3.4.9 Determination of the esterification activity

The esterification activities of the immobilized preparations of LipC12 were
determined based on ethyl-oleate synthesis'®. The reactions were carried out in 25-
mL Erlenmeyer flasks, with 5 mL of reaction medium (210 mmol L' ethanol and 70
mmol L' oleic acid in n-hexane). The flasks were placed in an orbital shaker at 40 °C
and 250 rpm. The reaction was started with the addition of 110 mg of the immobilized
enzyme. At each sampling time, a 100-pL sample was collected and analyzed to
quantify free fatty acids by the colorimetric Lowry-Tinsley method#®. One unit of lipase
esterification activity (U) corresponds to the consumption of 1 ymol of fatty acid per

min, under the assay conditions.



74

3.4.10 Protein analysis

The molecular weight of the proteins was determined using the ProtParam tool
of the online program Expasy. Protein electrophoresis was carried out by 12% SDS-
PAGE*® and gels were stained with Coomassie Blue. Densitometry analysis of the
protein bands from the SDS-PAGE gel was performed using the LabWorks Software
Version 4.0 (UVP Biolmaging Systems, Upland, CA). Protein concentrations were

determined by the Bradford assay using bovine serum albumin as the standard*’.

3.4.11 Statistical analysis

For all assays, the standard deviation of the mean was calculated. The two-
tailed unpaired t test was used to compare activities and stability values of LipC12
variants with and without His-tags. Differences were evaluated for significance at the
5% level (i.e. P < 0.05). The difference of the kinetic parameters was obtained by 95%

confidence intervals (profile-likelihood).

3.4.12 Data availability

The datasets generated and analyzed during the current study are available
from the corresponding author on reasonable request.
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Supplementary Figure S1. Purified fraction of Histevs-LipC12 and TEV protease. 5 ug of each protein
was analyzed on 15% SDS-PAGE and the gel was stained with Coomassie blue. The molecular weight
standard (MW) ladder is shown as kDa. For purification of Histevs-LipC12, the cellular pellet was
resuspended in 30 mL of 20 mM Tris-HCI buffer (pH 7.5) containing 150 mM NacCl, 10% (v/v) glycerol
and 20 mM imidazole. The soluble fraction was loaded onto a 5-mL HiTrap chelating column. After
washing in buffer containing 50 mM imidazole, protein was eluted with a stepwise gradient of imidazole.
The target protein was eluted in 300 mM imidazole. Fractions were pooled and loaded onto a 5-mL
desalting column (2x) and eluted in a 20 mM Tris-HCI buffer (pH 7.5) containing 150 mM NaCl and 5%
(v/v) glycerol. For purification of TEV protease, the cellular pellet was resuspended in 30 mL of 50 mM
sodium phosphate buffer (pH 7.4) containing 300 mM NacCl. The soluble fraction was loaded onto a 1-
mL HisTrap column. After washing in buffer containing 20 mM imidazole, protein was eluted with a
stepwise gradient of imidazole. TEV was eluted in 250 mM imidazole. Fractions were pooled and loaded
onto a 5-mL desalting column (2x) and eluted in a 25 mM sodium phosphate buffer (pH 7.5) containing
200 mM NaCl, 2 mM EDTA, 2 mM DTT and 10% (v/v) glycerol.
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Supplementary Figure S2. Expression of His-LipC12 and rLipC12. Replicates of crude soluble
fractions (CSF) containing His-LipC12 and LipC12 (61 and 64 ug of protein respectively) were analyzed
on 12% SDS-PAGE and the gel was stained with Coomassie blue. The molecular weight standard (MW)
is shown as kDa. The target proteins in the gel were analyzed by densitometry using the LabWorks
program.
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Supplementary Figure S3. Representative profile of His-tag cleavage of LipC12 with TEV. The
substrate Histevs-LipC12 was mixed with TEV protease at a substrate:TEV ratio of 10:1. After incubation
at 8 °C and 90 rpm for 20 h, the mixture was loaded onto a 5-mL HiTrap Chelating column and eluted
with buffer containing 100 and 300 mM imidazole. Lane 1: Reaction at time zero. Lane 2: Reaction at
20 h. Lane 3-7: elution in buffer without imidazole. Lane 8: elution in buffer containing 100 mM imizadole.
Lane 9. elution in buffer containing 300 mM imidazole. The molecular weight standard (MW) is shown
as kDa.
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Supplementary Figure S4. Determination of the Ku for pNPD using Histevs-LipC12 and LipC12. The
enzyme concentrations were 6.88 nM for HisTEVS-LipC12 and 4.92 nM for LipC12. A control reaction
was performed in the absence of enzyme. The Kwu, kcat and kcat/ Km values were determined by non-linear
regression using GraphPad Prism. Vo was measured in terms of umol of product formed per minute.
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Supplementary Figure S5. Analysis of the desorption of Histevs-LipC12 and LipC12 after
immobilization on Immobead 150. 20 mg of each derivative was incubated with 200 pL of a solution
containing 2% SDS at 100 °C for 30 min. Samples of 30 uL were loaded onto a 12% SDS-PAGE gel.
The gel was stained with Coomassie blue. Molecular weight standards (MW) are shown as kDa.
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Supplementary Figure S6. Full-length blot of cleavage of Histevs-LipC12 by TEV protease.

500 —m—cLipC12 —m—cLipC12
] —e—His . -LipC12 —e—His_-LipC12
P
3004 I/ \\
200 \ .
——— L

___)__-—-
_1___'

g

s
IO
88 ¢

Hydrolysis activity (%)
:

—

i=]

=
1

Hydrolysis activity (%)
g

:

(=1

T T
05 0. 6 0.00 0.04 0.08 012 0.16

Triton X-100 (mM) Nonidet P-40 (mM)

Supplementary Figure S7. (A) Effects of Triton X-100 on the hydrolysis activity of cLipC12 and Histevs-
LipC12. (B) Effects of Nonidet P-40 on the hydrolysis activity of cLipC12 and Histevs-LipC12. Activities
were determined by the spectrophotometric method using the hydrolysis of p-nitrophenyl decanoate.
The enzyme concentrations were 172 nM for Histevs-LipC12 and 123 nM for cLipC12. The assays were
done in triplicate. The error bars represent the standard deviations of the means.
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Supplementary Table S1. Efficiency of immobilization of His-LipC12 and rLipC12 on Immobead 150.

Time (h) His-LipC12 (%) rLipC12 (%)
0 0+0 0+0
2 63+3 66 + 1
3 68 +£2 73+1
6 77£1 78+ 1
8 81+1 81+ 1

Activities were measured by the titration method using an automatic titrator pHStat and olive oil as the substrate.
The values are the mean = the standard deviation of the means

Supplementary Table S2. Plasmids, Escherichia coli strains used for protein expression and

expression conditions.

Plasmid Genotype Reference E. coli strains Expr?s'smn
conditions
pET28lipC12 Km" (pET28a). Glogauer et BL21 (DE3) 0.5 mM IPTG at 18
Expresses His-LipC12 ~ al.’® °Cfor 16 h
pET291ipC12 Km" (pET29a). This work BL21 (DE3) 0.5 mM IPTG at 18
Expresses rLipC12 °Cfor 16 h
pTEVS5lipC12 Amp" (pTEVYS). This work BL21 (DE3) 0.4 mM IPTG at 16
Expresses Histevs- °Cfor 16 h
LipC12
pTEVsu Amp" (pTH24). van den Berg Rosetta (DE3) 1 mM IPTG at 20
Expresses TEVsy etal.® pLysS °Cfor22h

protease
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Abstract

LipMF3 is a new lipase isolated from a metagenomic library derived from a fat-
contaminated soil. It belongs to the lipase subfamily I.1 and has identities of 68% and
67% with lipases of Chromobacterium violaceum and C. amazonense, respectively.
Genes encoding LipMF3 and its cognate foldase LifMF3 were cloned and co-
expressed in Escherichia coli. Purified LipMF3 had high hydrolytic activity against
triacylglycerols (1650 U mg™" with tributyrin, 1314 U mg" with tricaprylin and 862 U mg
" with olive oil). The highest activity of LipMF3 was at 40 °C and pH 6.5. It was stable
in hydrophilic organic solvents (25%, v/v in water) with residual activity around 100%.
It also showed stability over a wide pH range (5.5 to 11) with residual activity above
80%. LipMF3 was immobilized by covalent bonding onto Immobead 150P and by
adsorption onto Sepabeads FP-BU. Better results were obtained with the latter
preparation. LipMF3 immobilized on Sepabeads gave a 94% conversion after 5 h for
the synthesis of ethyl oleate and a 90% enantiomeric excess of the product (R)-1-
phenylethyl acetate for the kinetic resolution of (R,S)-1-phenyl-1-ethanol. The results
obtained in this work provide a basis for the development of applications of LipMF3 in

biocatalysis.

Keywords: Lipase, metagenomics, foldase, co-expression, immobilization
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4.1 INTRODUCTION

Lipases (EC 3.1.1.3 triacylglycerol lipases) act upon carboxylic esters,
promoting their hydrolysis in aqueous media or synthesis in water-restricted media.
They can accept a wide range of compounds as substrates with high regio- and
stereoselectivity [1] and have been applied in esterification, interesterification and
transesterification reactions [2,3]. Due to this versatility, they find many applications in
the food, agrochemical, pulp and paper, nutrition, cosmetic and pharmaceutical
sectors. The pharmaceutical sector is of particular importance, given that about 80%
of all drugs developed are chiral molecules [4]: lipases are used in this sector to
produce enantiomerically pure compounds [5].

Despite the great potential for the use of lipases, many of them lack the stability
and activity required for application in industrial processes and relatively few lipases
are produced on an industrial scale [6]. It is, therefore, desirable to find new lipases
that have high activities and stabilities at high temperatures and extremes of pH and
in the presence of organic solvents.

New lipases can be obtained through metagenomics, which allows enzymes
to be obtained non-cultivable microorganisms through the direct isolation of genomic
DNA from environmental samples [7]. Glogauer et al. [8] constructed a metagenomic
library containing 500 000 clones from a fat-contaminated soil. The clones were
screened for lipase activity by culturing them in solid medium enriched with different
triacylglycerols and measuring the diameters of the hydrolysis halos. Two positive
clones expressed lipases that have been purified and characterized by our group,
LipC12 and LipG9. These lipases have important characteristics for application in
biocatalysis, such as activity and stability in organic solvents, high regioselectivity and
high enantioselectivity [8—11]. They were immobilized and used in the synthesis of
biodiesel [10,11], flavor esters and structured lipids [12], in the kinetic resolution of
secondary alcohols [10,13] and in the regioselective hydrolysis of carbohydrate
derivatives [14].

The current work deals with a third clone from the metagenomic library of
Glogauer et al. [8]: clone pCC2FOS-lipMF3-lifMF3, which presented hydrolysis halos
with both tributyrin and tricaprylin. We describe the expression and characterization of
the new lipase, named LipMF3, expressed by this clone. LipMF3 has a lipase-specific

foldase (LifMF3), therefore, LipMF3 and LifMF3 were co-expressed in Escherichia coli
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and characterized. Furthermore, LipMF3 was also immobilized and successfully
applied in the synthesis of ethyl oleate and the kinetic resolution of the (R,S)-1-phenyl-

1-ethanol in organic medium.

4.2 MATERIALS AND METHODS

4.2.1 Bacterial strains, plasmids, enzymes and chemicals

The metagenomic library of fat-contaminated soil was built using Escherichia
coli EPI300™-T1R and pCC2FOS fosmid vector (CopyControl™ Fosmid Library
Production Kit, Epicentre Biotechnologies, WI, USA). Sequencing was performed with
the EZ-Tn5 < KAN-2 > Insertion Kit (Epicentre) and the DYEnamic ET Dye Terminator
Kit (GE Healthcare, Uppsala, Sweden) [8].

In this present work, the system for expressing recombinant proteins was
composed of E. coli strains TOP10 (Invitrogen, CA, USA), BL21(DE3),
BL21(DE3)plysS, Rosetta (DE3)pLysS, Rosetta 2(DE3)plysS (Novagen, MI, USA),
Shuffle Express (New England Biolabs, MA, USA) and BL21 Star (DE3) (Invitrogen,
CA, USA), and the vectors pBluescript Il KS(+) (Agilent Technologies, CA, USA), pET-
28a(+) and pT7-7 (Addgene, MA, USA). Restriction enzymes (Smal, Ndel and Hindlll),
T4 DNA ligase and the protein molecular mass markers were purchased from Thermo
Fisher Scientific (MA, USA).

Phusion polymerase Taq polymerase (New England Biolabs, MA, USA) was
used for DNA amplification. For DNA purification, the Axygen Gel Extraction Kit
(Axygen Biosciences, CA, USA) was used. The HiTrap Chelating HP column was from
GE Healthcare. The substrates triolein (65% purity), tridodecanoin (98%), tricaprylin
(99%), tributyrin (97%), tripropionin (97 %) and triacetin (99%) were from Sigma-Aldrich
(MO, USA). All other chemicals were of analytical grade.

4.2.2 Identification, sequencing and cloning of the lipase and foldase genes

The clone with the lipase (lipMF3) and foldase (lifMF3) genes (pCC2FOS-
lipMF3-1ifMF3) was identified by functional screening performed by Glogauer et al. [8]
and gave larger hydrolysis halos against tributyrin and tricaprylin than other clones in

the library.
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The clone pCC2FOS-lipMF3-lifMF3 was sequenced by the transposon
technique (EZ-Tn5™ <oriV/ KAN-2> Insertion Kit Epicentre® Biotechnologies). The
plasmid was extracted from the clone [15] and sequenced with the ABI 377 DNA
Sequencer (Applied Biosystems/HITACHI, CA, USA) and MegaBACE 1000 (GE
Healthcare) sequencers, from both ends, using the DYEnamic ET Dye Terminator Kit
(GE Life Sciences). Sequence assembly and editing were done with the CodonCode
Aligner software (CodonCode Corporation, Centerville, MA, USA). The open reading
frames (ORFs) were identified with the ORF Finder tool (NCBI) [16]: an ORF for a
lipase and another for a foldase were identified.

The cloning strategy used the vector pBlueScript Il KS (+) digested with Smal
restriction enzyme, giving rise to a linearized blunt-ended vector [17]. The genes were
amplified from the pCC2FOS-lipMF3-lifMF3 fosmid by PCR reactions, with an initial
denaturation at 98 °C for 90 s, followed by 30 cycles (98 °C for 10 s, 60 °C for20 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, MA, USA). PCR fragments were amplified
with the primers described in Table S1 (obtained from Prodimol Biotechnologies, MG,
Brazil) and then ligated to the linearized pBlueScript Il KS (+) vector. After that, the
lipase and foldase genes, both entire and the N-truncated, were digested at 37 °C for
4 h with Ndel and Hindlll, purified with the Axygen Gel Extraction Kit (Biosciences) and
subcloned into the pET28a(+) and pT7-7 vectors (Table S2).

The gene truncation regions were defined with the programs TMHMM v.2.0,
SignalP 3.0 and ProtScale, which identified a signal peptide in the N-terminal region of
the lipase and a transmembrane domain in the N-terminal region of the foldase. The
entire and the N-truncated lipMF3 genes contain 915 bp and 840 bp, respectively, and
the entire and the N-truncated /ifMF3 genes contain 876 bp and 804 bp, respectively.

Nine clones were prepared (Table S2) and combined in nine different co-
expression experiments (Table S3). The vector pET28a(+) was used to add a His-tag

at the N-terminal region of the lipase or foldase.
4.2.3 Expression, analysis and protein purification
Co-expression of the lipase and foldase were carried out in different constructs

and tested with different E. coli strains according to Table S4. The co-transformed cells

were collected and transferred to 5 mL of Luria Bertani (LB) medium, with addition of
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100 yg mL™" of kanamycin (pET28a(+)) and 50 pug mL™" of ampicillin (pT7-7). The
culture was grown overnight and then inoculated into 100 mL of LB (1:100 v/v), with
addition of the appropriate antibiotic (according to the resistance coded by the
plasmid). This antibiotic-containing culture was grown at 37 °C on an orbital shaker at
120 rpm until an optical density (ODsoo) of 0.6 was reached. Isopropyl B-D-1-
thiogalactopyranoside (IPTG) was then added (to give a concentration of 0.5 mmol L™)
and the culture was incubated for another 18 h at 16 °C. The cell suspension was
centrifuged at 4 000 x g for 10 min at 4 °C for cell recovery and the supernatant was
discarded. The cell pellet was resuspended in 3 mL of a buffer containing 50 mmol L™
Tris-HCI pH 8.0, 2 mmol L~' CaClz, 0.25% (v/v) Igepal 630-CA and 500 mmol L~" NaCl.
The cells were sonicated in an ice bath for 12 cycles of 15 s, 90w, with an interval of 30
s using a Sonicator® XL 2020 (Heat systems-Ultrasonics Inc., NY, USA). The sonicated
crude extract was centrifuged for 30 min at 30 000 x g at 4 °C and samples were taken
from the soluble fraction (supernatant) and the insoluble fraction (precipitate). Enzyme
expression was confirmed by 12% SDS-PAGE [18] and by activity assays using the
titrimetric method with olive oil as substrate in a pHStat.

The best construct for co-expression was selected for overexpression and
purification. The soluble fraction of the co-expression obtained from 4 L of culture, after
sonication of cells and centrifugation, was purified using a 5 mL HiTrap Chelating
column (GE Healthcare) preequilibrated with buffer A (50 mmol L' Tris-HCI pH 8.0,
500 mmol L' NaCl, 2 mmol L' CaClz, 0.25% (v/v) Igepal CA-630, 10% (v/v) glycerol
and 10 mmol L-" imidazole). Elution was stepwise, with increasing concentrations (from
50 to 500 mmol L") of imidazole in buffer A, with 2 column volumes of buffer being
passed at each concentration. The fractions with the purified lipase were detected by
SDS-PAGE gel and then were pooled. The purity was determined by densitometric
analysis of the SDS-PAGE gel using the LabWorks Image Acquisition and Analysis
software 4.0 (UVP Biolmaging Systems, CA, USA). Imidazole was removed from
purified fractions by dialysis using a solution containing 50 mmol L' Tris-HCI pH 8.0,
500 mmol L' NaCl, 2 mmol L' CaCl2, 0.25% (v/v) Igepal CA-630 and 10% (v/v)
glycerol.

The ProtParam tool of the Expasy server was used to determine the theoretical
molecular weights and the pl values of the proteins. Protein electrophoresis was

carried out by 12% SDS-PAGE [18] and gels were stained with Coomassie Blue.
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Protein concentrations were determined by the Bradford assay using bovine serum

albumin as the standard [19].

4.2.4 MALDI-TOF/MS analysis

The samples for analysis by matrix-assisted laser desorption/ionization
(MALDI) time-of-flight (TOF) mass spectrometry (MS) were prepared by manually
cutting protein spots from an SDS-PAGE gel corresponding to the N-truncated lipase
and the entire foldase. The spots were in-gel digested with sequencing-grade modified
trypsin (Promega, WI, USA) [20]. The digested samples were eluted with saturated
matrix solution of a-cyano-4-hydroxycinnamic acid in 50% (v/v) acetonitrile and 0.1%
trifluoroacetic acid. Then, an aliquot of each sample was placed on the MALDI plate.
The mass spectra were obtained using a MALDI-TOF/TOF Autoflex Il (Bruker
Daltonics, HB, Germany) system, in the reflector positive ion mode with an acceleration
voltage of 20 kV, delay time of 150 ns and acquisition mass range of 800-3200 Da.
The mass spectra obtained were compared with the peptide masses predicted by in
silico digestion of the N-truncated LipMF3 and entire LifMF3 sequences using the MS-

Digest tool in Protein Prospector [21].

4.2.5 Sequence analysis and homology modeling of lipase and foldase

The amino acid sequences of LipMF3 and LifMF3 were compared to the
sequences of 34 lipases of lipase family | [22] and the sequences of 21 foldases [23],
respectively. Their classifications were based upon conserved motifs and biological
properties. Multiple protein sequence alignment was performed with the ClustalW
algorithm [24]. Phylogenetic analysis was carried out with the neighbor-joining method
using the MEGA software, version 7. Bootstrapping (10 000 replicates) was used to
estimate the confidence levels of the phylogenetic reconstructions [25].

To identify molecular templates for lipase and foldase modeling, the BLAST
(NCBI) [26] alignment tool was used against the PDB [27]. The program DSSP [28]
was used to estimate secondary structure elements and the program Aline [29] was
used to show the protein alignments and the features of the amino acid sequence.

Homology modeling of the Lip-LifMF3 complex was performed by MODELLER

software [30], with multiple templates for the lipase. The templates used as models
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were chosen based on the results obtained in the MHOLIline server according to the
BATS (Blast Automatic Targeting for Structures) score [31] and then obtained from the
PDB (Protein Data Bank). Superposition of the templates was performed with the
Multiprot program [32], and they were structurally aligned with T-Coffee in the 3D mode
[33].

Five hundred models that included the structural calcium ion were generated,
further optimized by means of the variable target function method (VTFM), and then
the one considered best had its loops optimized with the method available within
MODELLER. The quality of the models was assessed by the programs PROCHECK
[34], WHATCHECK [35] and MODELLER with the embedded normalized DOPE [36]
and GA3415 scores [37].

4.2.6 Titrimetric determination of triacylglycerol-hydrolyzing activity

In the purification, lipase and foldase were co-eluted from the affinity column,
therefore, this purified preparation containing LipMF3 complexed with its foldase
(LipMF3), termed Lip-LifMF3, was used in activity and immobilization assays.

Hydrolytic activities were performed by the titrimetric method, using a Metrohm
718 STAT (pHStat) Titrino potentiometric automatic titrator (Metrohm, AR,
Switzerland). The free fatty acids were titrated with 0.05 M NaOH during 5 min under
previously described conditions [11,38,39]. The reaction emulsion consisted of 67
mmol L' of the substrate, 3% (w/v) gum arabic, 2 mmol L' CaClz, 2.5 mmol L' Tris
and 150 mmol L' NaCl, dispersed in distilled water. The reactions were performed in
a glass vessel thermostated at 37 °C containing 20 mL of the emulsion at pH 7.0 and
were initiated by adding 0.025 mg of the enzyme to the reaction medium. Initial reaction
velocities were determined by linear regression using Microsoft Excel. One unit of
hydrolytic activity corresponds to the release of 1 umol of fatty acid per min, under the
assay conditions.

The effects of pH (4.5 to 11.0) and of temperature (10 to 80 °C) on the
tributyrin-hydrolyzing activity of Lip-LifMF3 were evaluated at 30 °C and pH 6.5,
respectively. The temperature stability was investigated by determining the residual
tributyrin-hydrolyzing activity, measured at 40 °C and pH 6.5, after 1.5 h incubation at
30, 40, 50 and 60 °C. To determine the pH stability, LipMF3 was incubated for 24 h at

4 °C in various buffers at 50 mmol L-' concentration: sodium acetate (pH 4.0 to 5.5),
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succinate (pH 5.5 and 6.0), phosphate (pH 6.0 to 7.5), Tris-HCI (pH 7.5 and 9.0) and
glycine-NaOH (pH 9.0 to 11.0). The residual tributyrin-hydrolyzing activities were
measured at 40 °C and pH 6.5.

The stability in polar organic solvents was determined by incubating LipMF3
for 1.5 h at 30 °C in aqueous solutions containing dimethyl sulfoxide (DMSO, log P -
1.3), isopropanol (log P 0.16), ethanol (log P -0.23), methanol (log P -0.77), propanol
(log P 0.25) and butanol (log P 0.8) at the concentrations of 25% and 50% (v/v). A
LipMF3 solution containing 2.5 mg mL-" of protein in 40 uL of the buffer was added to
400 pL of solvent solution. After incubation, 100 yL of the mixture was transferred
directly to the reaction vessel of the pHStat, where the residual tributyrin-hydrolyzing
activities were determined at pH 6.5 and 40 °C. A hundred percent residual activity
was taken as that obtained after incubation in an aqueous buffer (50 mmol L-! Tris—
HCI, pH 6.5) for 1.5 h.

To determine the effects of pH and temperature on the activity, and the effects
of pH, temperature and organic solvents on the stability of LipMF3, the assays were
performed with tributyrin as substrate. Corrections were made for the partial
dissociation of butyric acid, assuming a pKa of 4.57.

The hydrolytic activity of LipMF3 was determined for triolein (C18),
tridodecanoin (C12), tricaprylin (C8), tributyrin (C4), tripropionin (C3), triacetin (C2) and
a commercial olive oil. The reactions were performed at pH 6.5 and 40 °C.

All measurements were performed in triplicate. Results are expressed as the

average of these triplicate measurements + the standard error of the mean.

4.2.7 Immobilization

Lip-LifMF3 was immobilized by physical adsorption onto Sepabeads FP-BU
(which were kindly donated by Resindion SRL, MI, Italy) and by covalent binding onto
Immobead 150P (Sigma-Aldrich, MO, USA). The two immobilized preparations are
referred to hereafter as Lip-LifMF3-Immobead and Lip-LifMF3-Sepabeads. The
support Sepabeads FP-BU was moistened with acetone solution (50%, v/v in water)
for 30 min, then washed with distilled water and filtered. Immobead 150P had no
previous treatment. For both supports, in the immobilization experiments, 0.6 g of the
support was suspended in 30 mL of enzyme solution (protein loading of 20 mg per g

of support) in a 125-mL flask. The flask was agitated on an orbital shaker at 180 rpm
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and 4 °C. The experiments were done in triplicate. The time course of immobilization
was evaluated by removing aliquots of the supernatant over time. The residual
tributyrin-hydrolyzing activity in each aliquot was immediately determined by the
titrimetric method. Finally, the immobilized enzyme was removed from the mixture by
filtration with qualitative filter paper (Whatman No. 1), dried in a vacuum desiccator for
16 h and stored at 4 °C.

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

x 100% (1)

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

The recovered activity (R %) was calculated as:

4,
R ==2x100% 2)
Ar

where Ao is the observed tributyrin-hydrolyzing activity of the immobilized preparation
(U g’ of support) and Ar is the theoretical tributyrin-hydrolyzing activity of the
immobilized preparation (U g™ of support), calculated based on the amount of activity

removed from the supernatant during the immobilization procedure.
4.2.8 Triacylglycerol-hydrolyzing activity in organic medium

For the immobilized preparations of Lip-LifMF3, the hydrolytic activity in
organic medium was determined by adding 5 mL of the reaction medium containing
4.9 mL of n-hexane, 70 mmol L' triolein and 2% (v/v) distilled water to a 25-mL
Erlenmeyer flask. The mixture was incubated in an orbital shaker at 200 rpm and 40
°C and the reaction was started by the addition of either free or immobilized LipMF3 to
the reaction medium. At intervals of 10 min, samples of 100 pL of the mixture were
collected and analyzed for residual free fatty acids by the Lowry-Tinsley method [40].
One unit of lipase activity corresponds to the release of 1 umol of fatty acid per minute,

under the assay conditions.
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4.2.9 Application of immobilized Lip-LifMF3 in ethyl oleate synthesis

The two immobilized preparations, Lip-LifMF3-Immobead and Lip-LifMF3-
Sepabeads, were used for the synthesis of ethyl oleate in organic medium. Each 25-
mL Erlenmeyer flask contained 4.9 mL of n-hexane, 70 mmol L' oleic acid and 210
mmol L' ethanol. The reaction was started with the addition of 150 mg of the
immobilized preparation. The flasks were placed in an orbital shaker at 40 °C and 200
rom and 100-pL samples of the mixture were collected at 30-min intervals and
analyzed for residual free fatty acids by the Lowry-Tinsley method [40]. Calibration
curves were constructed using oleic acid. The percentage conversion of free fatty acids
and the esterification activity of Lip-LifMF3-Immobead and Lip-LifMF3-Sepabeads
were calculated based on the consumption of free fatty acids. One unit of lipase
esterification activity (U) corresponds to the consumption of 1 pymol of fatty acid per

minute, under the assay conditions.
4.2.10 Evaluation of the enantioselectivity of immobilized Lip-LifMF3

Enantioselectivities of Lip-LifMF3-Immobead and Lip-LifMF3-Sepabeads were
evaluated by transesterification of (R,S)-1-phenyl-1-ethanol with vinyl acetate. The
reaction medium contained 2 mL of n-hexane, 0.1 mmol (R,S)-1-phenyl-1-ethanol and
0.4 mmol vinyl acetate. The reaction was started with the addition of 200 mg of the
immobilized preparation and carried out at 35 °C and 150 rpm. Samples were removed
and analyzed by gas chromatography in a GC-2010 chromatograph (Shimadzu, Kyoto,
Japan) equipped with a hydrogen flame ionization detector and a chiral column B-DEX
120 (30 m x 0.25 mm diameter, 0.25-uym film thickness). A sample of 1 yL of the
medium was injected with a split ratio of 1:50, using Hz as the carrier gas. The injector
and detector were set at 220 °C. The oven program was as follows: initial value of 110
°C, heating at 1 °C min~" up to 120 °C, 120 °C maintained for 10 min. Retention times
are: (S)-1-phenylethyl acetate 13.5 min, (R)-1-phenylethyl acetate 14.3 min, (R)-1-
phenyl-1-ethanol 14.8 min and (S)-1-phenyl-1-ethanol 15.6 min.

The enantiomeric excess (ee %) was calculated as:

R-—S
0 3
R+S]X100/0 (3)

e = |
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where R is the concentration of the R-enantiomer and S is the concentration of the S-
enantiomer. For the substrate enantiomeric excess (ees), the concentrations of the R-
and S-enantiomers of the substrate were used; for the product enantiomeric excess
(eep), the concentrations of the R- and S-enantiomers of the product were used.

The conversion (¢ %) and enantiomeric ratio (E, i.e. (kcatr/KMR)/Kcats/Kms)) were
calculated from the values of ees and ee, according to Chen et al. [41]:

ees

C=—"7"<
(ees + eep)

X 100% (4)

~In [(1—c)(1 —eey)]
E= In [(1—¢)(1+ eey)] )

The absolute configurations of the enantiomers were attributed indirectly by
comparing the retention times of the enantiomers produced in reactions catalyzed by
immobilized Lip-LifMF3 with the retention times of the enantiomers produced in the
same reactions catalyzed by the lipase B of Candida antarctica (CALB, Novozymes,
Denmark), which has an (R)-enantiopreference for the substrate (R,S)-1-phenyl-1-
ethanol [42,43].

4.3 RESULTS

4.3.1 Sequence analysis

Sequence analysis of the pCC2FOS-lipMF3-lifMF3 clone identified a contig of
2357 bp. The sequence was compared to the National Center for Biological Information
(NCBI) database using the BLAST program [26]. A lipase gene (lipMF3) with 918 bp
was identified. It had 67% identity and 100% coverage with the triacylglycerol lipase of
Chromobacterium amazonense (GenBank: WP_106076798.1) and 68% identity and
92% coverage with the triacylglycerol lipase of Chromobacterium violaceum
(GenBank: KJH68104.1). The same contig also contained a 882-bp foldase gene
(ifMF3) that had 47% identity and 86% coverage with the lipase secretion chaperone
of Chromobacterium violaceum (GenBank: WP_081527615.1) and 46% identity and

86% coverage with the lipase chaperone of Chromobacterium amazonense (GenBank:
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WP_106076797.1). Since both a lipase gene and a foldase gene were identified in the
same operon in the clone pCC2FOS-lipMF3-lifMF3, the lipase probably needs the
foldase to fold correctly. Therefore, the two genes were cloned. The lipase was referred
to as LipMF3 and the foldase as LifMF3.

LipMF3 is probably secreted via the Sec mechanism (a type Il pathway), since
the SignalP 3.0 server identified a cleavage site of a signal peptide in the N-terminal
region of the lipase. In the foldase, a transmembrane domain was identified by the
TMHMM server v. 2.0. The program ProtScale confirmed the hydrophobicity of the N-
terminal regions of the two proteins (Fig. S1). In the type Il secretion mechanism, the
signal peptide of the lipase is lost during the transport of the lipase to the periplasma
[44] and the transmembrane region of the foldase is not required for the foldase activity
[45]. Therefore, we chose to clone the entire and N-truncated genes of the lipase and
the foldase with specific primers, since removal of the N-terminal region from these
proteins may be advantageous for their expression in a heterologous host. The N-
truncated genes corresponded to deletions of 72 bp for the lipase and 75 bp for the
foldase.

The entire lipase LipMF3 has 305 amino acid residues, corresponding to a
theoretical molecular mass of 32.4 kDa and a theoretical pl of 7.06. Phylogenetic
analysis placed this lipase in family I, subfamily .1 of the bacterial lipases, next to
lipases of Chromobacterium sp. LipMF3 has 68% identity with the lipase of C.
violaceum, 67% identity with the lipases of both C. amazonense and C. piscinae and
65% identity with the lipase of C. subtsugae (Fig. 1A). The main characteristics of
lipases of the 1.1 subfamily are the presence of a foldase cognate, a calcium binding
site formed by two aspartate residues and a disulfide bond formed between two
cysteine residues in conserved positions [22].

The entire foldase LifMF3 has 293 amino acid residues, corresponding to a
theoretical molecular mass of 32.6 kDa and a theorical pl of 5.94. LifMF3 has 47%
identity with the foldase of C. violaceum and 46% identity with the foldases of C.
subtsugae, C. haemolyticum and C. amazonense. LifMF3 does not fit into any of the
four families proposed in the classification of foldases by Rosenau and Jaeger [23],
therefore it probably belongs to a new foldase family, along with the foldases of

Chromobacterium sp. (Fig. 1B).
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Fig. 1 Phylogenetic analysis of (A) LipMF3 and (B) LifMF3. The phylogenetic tree was generated with
MEGA 7. LipMF3 is a member of subfamily I.1, with homology to Chromobacterium sp. lipases. LifMF3
probably belongs to a new family. The protein sequences were acquired from GenBank (NCBI). The
scale represents the number of amino acid substitutions per site.
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4.3.2 Homology modeling

The amino acid sequence of LipMF3 was structurally aligned with the
sequences of other lipases with known 3D structure: the metagenomic lipase LipC12
(PDB code not available), Proteus mirabilis lipase (4HS9) and B. glumae lipase
(2ES4), which have identities of 51%, 42% and 37%, respectively, to LipMF3. This
alignment is shown in Fig. 2A, which indicates the secondary structure elements for
the lipases with known 3D structure and the ones predicted for LipMF3, according to
the obtained homology model. There are many conserved residues, including the
conserved pentapeptide (Gly-X-Ser-X-Gly) (where X represents any amino acid). In
LipMF3, this pentapeptide corresponds to residues 101 to 105 (Gly-His-Ser-GIn-Gly).
The catalytic triad of LipMF3 is predicted to be formed by residues Ser103, Asp249
and His271. LipMF3 has two cysteine residues, Cys205-Cys255, which probably form
a disulfide bond, conserved in many lipases of subfamilies I.1 and 1.2 [22]. However,
in the alignment shown in Fig. 2, only the lipase of B. glumae has this conserved
disulfide bond. In addition, LipMF3 probably has a calcium binding site, formed by
residues Asp231 and Asp273.

LifMF3 has 30% identity with the foldase of B. glumae (2ES4), the only lipase-
specific foldase (Lif) for which the three-dimensional structure has been determined.
The Lifs have a highly conserved motif, RXXFDY(F/C)L(S/T)A (where X represents
any amino acid), located in the a1 helix in the N-terminal domain [23]. This motif is
important for the interaction between the foldase and the lipase [47]. In LifMF3 (Fig.
2B), this motif is formed by the sequence RRLFDYYLA and is, therefore, not totally
conserved. There are two differences. The first is that the 7th residue of this motif is a
tyrosine residue (Y) in LifM3, rather than either a phenylalanine (F) or cysteine (C).
The second is that the 8th and 10th residues of the conserved motif (L and A) are
separated by either a serine (S) or a threonine (T) residue, in LifM3 there is no

intervening residue, the alanine residue (A) directly follows the leucine residue (L).
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Fig. 2 Sequence alignment and secondary structure estimation of the (A) LipMF3 and (B) LifMF3. The
background is colored according to the convention of ALSCRIPT Calcons [46]. Representations of
secondary structures are given above the sequences: arrows represent B-strands and cylinders
represent a-helices. Magenta bars indicate regions that were not modeled in the crystallographic
structures. Stars indicate the catalytic triad, triangles indicate the residues of the binding site for Ca?*,
circles indicate disulfide bonds (where both residues are Cys), diamonds indicate the lid (a-helix 5) and

squares indicate the conserved moitif of foldases.
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To predict the 3D structure of the complex formed by LipMF3 and LifMF3, a
model was built by homology modeling with the MODELLER program, using 2ES4 as
a template for the Lip-LifMF3 complex and LipC12 and 4HS9 as templates for LipMF3.
The model was generated without the 20 amino acids in the N-terminal region of the
lipase and the 30 amino acids in the N-terminal region of the foldase, since these
regions are absent in the templates. The lipase was modeled in the closed
conformation. The models were validated through the programs PROCHECK,
WHATCHECK and VERIFY 3D.

According to the model, LipMF3 presents the typical a/p hydrolase fold, with a
core formed by B-sheets surrounded by a-helices, and LifMF3 is composed of 11 a-
helices (Fig. 3). The best model of the complex had normalized DOPE scores of -1.403
for LipMF3 and -0.114 for LifMF3 and a GA341 score of 1.000. The normalized DOPE
scores of the LipMF3 and LifMF3 models were close to the scores of the templates (-
1.864 for B. glumae lipase, -2.020 for P. mirabilis lipase, -1.717 for LipC12 and -0.424
for B. glumae foldase). The Ramachandran plot generated by the PROCHECK
program showed that, for the LipMF3 model, 92.3% of the amino acid residues are in
the most favorable regions, 7.3% of the residues are in additional allowed regions,
while only the catalytic serine (S103) is in the disallowed region. In the templates, the
catalytic serine is also in disallowed regions, this is expected for the nucleophile amino
acid residue of enzymes with a/3 hydrolase folds [48]. For LifMF3, 96.2% of the amino
acid residues are in the most favored regions of the Ramachandran plot, while 3.3%
of the residues are in additional allowed regions. Only Asp140, which is located at the
beginning of a-helix 5, is in one of the generously allowed regions.

LipMF3 does not have an insertion of 21 amino acid residues between
residues S224 and P225. This insertion is typical of the lipases of subfamily 1.2, which
have this insertion in an antiparallel f-sheet conformation [22,50]. In lipases belonging
to the same subfamily as LipMF3, namely subfamily 1.1, the missing this insert is only
15 amino acid residues, such as is the case for the lipase of P. mirabilis and LipC12.

LipMF3 is predicted to have a lid formed by a-helix 5 (Fig. 3). This lid has
residues that are similar to those of the other lipases shown in the alignment of Fig. 2.
The sequence of amino acid residues in the lids of the lipases of family I.1 are, in
general, poorly conserved, which indicates that the lid opening mechanism and its

interaction with different substrates may be specific for each lipase [50].
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The molecular interaction between the lipase and the foldase in the model of
the Lip-LifMF3 complex was analyzed with the PDBePISA program, which calculated
a total buried interface area of 4883 A2. Eighteen non-redundant hydrogen bonds were
estimated (TableS5). These bonds were mainly present in the N-terminal and C-
terminal regions of the foldase. There were also 3 non-redundant salt bridges (Table
S5). These interactions, together, make a thermodynamically stable complex, as
confirmed by the free energy of dissociation (AGYs%) of 38.49 kJ mol-' calculated by the
PDBePISA program for the Lip-LifMF3 complex. This value of AGYss is equivalent to a
Ka at 25 °C of 1.79 x 10" M.

Fig. 3 (A) 3D model of the Lip-LifMF3 complex build with MODELLER. The secondary structure
elements of LifMF3 are named as in the foldase of the B. glumae [49]. The conserved motif is in the red
a-helix (a1). (B) At 180° rotation (vertical axis) from the orientation shown in (A). (C) At 90° rotation
(horizontal axis) of the orientation shown in (A). (D) Lipase model, highlights are: the active site in yellow,
the disulfide bridge in magenta, the calcium ion (Ca?*) in green, and the a-helix lid in orange. a-helices
and B-sheets are named as for P. aeruginosa lipase [50]. (E) Superposition of the catalytic triads of
LipMF3 (yellow), B. glumae (blue), P. mirabilis (gray) and, LipC12 (lilac).
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4.3.3 Cloning, co-expression and purification of LipMF3 and LifMF3

The genes were cloned into the pET28a(+) and pT7-7 vectors (Table S2) and
co-transformed (Table S3). The co-transformations were evaluated according to the
olive-oil hydrolyzing activity of the soluble fractions of the culture broth after co-
expressions in different E. coli strains (Rosetta (DE3)pLysS, Rosetta 2 (DE3)plysS,
BL21 (DE3), BL21 (DE3)plysS, Shuffle Express and BL21 Star (DE3)) (Table S4).

The highest specific olive-oil hydrolyzing activities (from 23 + 210 39+ 2 U mg"
') were obtained with the co-expression of entire LipMF3-pET28a(+) and entire LifMF3-
pT7-7. Lower specific hydrolytic activities were achieved for the co-expression of N-
truncated LipMF3-pET28a(+) and entire LifMF3-pT7-7 (< 20 + 0 U mg™), entire
LipMF3-pET28a(+) and N-truncated LifMF3-pT7-7 (< 11 £+ 0 U mg™) and entire
LipMF3-LifMF3-pET28a(+) co-expressed in a single vector (< 9+ 0 U mg™) (Table S4).
Among the different E. coli strains, the highest specific activities were obtained with
Rosetta (DE3)plysS and Rosetta 2(DE3)plysS. When the expression plasmids were
changed (i.e. LipMF3 expressed using pT7-7 instead of pET28a(+), and LifMF3
expressed using pET28a(+) instead of pT7-7), tests were done only in Rosetta
(DE3)pLysS and Rosetta 2(DE3)plysS. Lipase activities were low for all these
constructions (Table S4).

No olive-oil hydrolyzing activity was detected in the crude extract when LipMF3
was expressed alone; this shows that LipMF3 needs the foldase LifMF3 to fold into an
active conformation.

Based on the activity results, two constructs were initially chosen for
characterization: the construct entire LipMF3-pET28a(+)/entire LifMF3-pT7-7 and the
construct N-truncated LipMF3-pET28a(+)/entire LifMF3-pT7-7. In the first case, during
purification, entire LipMF3-pET28a(+) did not bind to the nickel-charged affinity
column, in spite of the presence of the His-tag at the amino terminal of LipMF3. It is
possible that the His-tag of the LipMF3 was hindered by LifMF3, preventing it from
binding to the nickel of the purification resin. In the second case, N-truncated-LipMF3
bound to the affinity column, therefore the construct N-truncated LipMF3-pET28a(+)
and entire LifMF3-pT7-7 was selected for the overexpression and purification.

In the selected construct, most of the LipMF3 remained in the insoluble fraction
in the form of inclusion bodies (Fig. 4A). As it was not possible to solubilize LipMF3

with activity, the soluble fraction obtained after co-expressed of this construct in
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Rosetta (DE3)pLysS was used to purify the Lip-LifMF3 complex. The specific olive-oil
hydrolyzing activity of the purified fraction was 860 U mg™', with a purification factor of
60-fold and a recovery of 40% of the activity measured in the soluble fraction after cell
breakage (Table S6).

Fig. 4 Electrophoregrams (SDS-PAGE 12%) for purification steps of LipMF3. (A) Fractions of the
chromatography. MW: molecular weight markers, 1: crude extract, 2: soluble fraction, 3: insoluble
fraction, 4: flow through, 5: washing, 6-10: fractions eluted with 50 mM imidazole, 11-15: fractions eluted
with 100 mM imidazole, 16-20: fractions eluted with 300 mM imidazole, 21-25: fractions eluted with 500
mM imidazole. (B) MW: molecular weight markers; 1: LipMF3 after dialysis, evaluated to be with 41%
purity. (C) Western blot, 1: crude extract of the N-truncated LipMF3-pET28a(+), 2: soluble fraction of the
N-truncated LipMF3-pET28a(+).

The SDS-PAGE gel of the eluate from the affinity column had protein bands
corresponding to the molecular masses of both N-truncated LipMF3 (30.3 kDa) and
entire LifMF3 (32.5 kDa) (Fig. 4A). This result indicates that the lipase and foldase are
complexed in the soluble fraction after cell breakage and during the purification: Since
only the lipase has a His-tag, the foldase cannot bind to the nickel-charged affinity

column by itself.
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The band on the SDS-PAGE gel corresponding to the molecular mass of the
N-truncated LipMF3 was confirmed by Western blot analysis using anti-His antibody
(Fig. 4C). Densitometry analysis showed that the purified fraction contains 41% lipase
and 45% foldase (Fig. 4B), indicating that the complex is eluted from the affinity column
in a 1:1 ratio of LipMF3 to LifMF3.

The bands corresponding to LipMF3 and LifMF3 were cut from the SDS-PAGE
gel (Fig. 4B) and analyzed by mass spectrometry (MALDI-TOF). The mass spectra
obtained were compared with the peptide masses predicted by in silico digestion of the
N-truncated LipMF3 and entire LifMF3 sequences (Table S7). The sequence
coverages obtained were 40% and 38% for lipase and foldase, respectively. Thus, the
sequence coverages and the fragment masses of LipMF3 and LifMF3 confirmed the
identity of the purified complex Lip-LifMF3.

The preparation containing Lip-LifMF3, purified as described above, was used

in all subsequent experiments.

4.3.4 Hydrolytic activity of Lip-LifMF3 against triacylglycerols

Lip-LifMF3 hydrolyzed different substrates from triacetin to triolein (Fig. 5), with
the highest activity being for tributyrin, 1650 U mg'. Despite this result, the good
activity on olive oil and triolein shows that it is a true lipase. In the following

experiments, tributyrin was used as substrate.

4.3.5 Effect of pH and temperature on Lip-LifMF3 activity and stability

The best temperature for Lip-LifMF3 activity was 40 °C (Fig. 6A). On the other
hand, Lip-LifMF3 was most stable at 30 °C, the lowest temperature tested, with 72%
residual hydrolytic activity after 24 h incubation. At 40 °C, it reached half of the initial
activity after 5.25 h (315 min). At 50 °C and 60 °C, the activity declined rapidly, reaching
50% of the initial activity in 60 min and in less than 10 min, respectively (Fig. 6B).

The highest hydrolytic activity was measured at pH 6.0-6.5 (the activities at
these two pH values were not significantly different, p = 0.48) (Fig. 6C), with relative
activities above 70% from pH 5.0 to pH 7.5. Lip-LifMF3 had residual activities above
80% over a wide pH range (5.5 to 11.0) when it was incubated for 24 h at 4 °C (Fig.
6D).
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Fig. 5 Hydrolytic activity of Lip-LifMF3 towards different substrates, at 40 °C, pH 6.5. The error bars
represent the standard error of the mean (n = 3).
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Fig. 6 Tributyrin-hydrolyzing activity of Lip-LifMF3. (A) Effect of temperature, determined at pH 6.5; (B)
Stability at different temperatures, in all incubations the pH was 6.5; (C) Effect of pH determined at 37
°C; (D) Stability at different pH values, Lip-LifMF3 was incubated for 24 h at 4 °C. The error bars
represent the standard error of the mean (n = 3).
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4.3.6 Stability of Lip-LifMF3 in organic solvents

Free Lip-LifMF3 was incubated for 90 min in two concentrations (25% and
50%, v/v) of hydrophilic organic solvents. The residual activity of Lip-LifMF3 was
measured using tributyrin as the substrate (Fig. 7). Lip-LifMF3 maintained around
100% of residual activity for all solvents at 25% (v/v), except for DMSO, in which there
was an increase of 20% in the residual activity. For the solvents at 50% (v/v), the
residual activities of Lip-LifMF3 were 70% or lower, except for DMSO (Fig. 7), in which
the residual activity was 95%. Interestingly, even after incubation in 50% (v/v)
methanol, ethanol and isopropanol, which commonly cause significant denaturation,
Lip-LifMF3 still retained above 40% of its original activity. Significant denaturation did
occur with 50% (v/v) propanol and 50% (v/v) butanol, for which the residual activities
were only 3.25% and 0%, respectively.

The deleterious effect of hydrophilic solvents on lipase activity and stability has
been reported for other lipases and has been attributed either to inhibition or to their
ability of stripping the water molecules from the solvation layer that involves the
enzyme, thereby causing the loss of the catalytically active structure of the enzyme
[51]. The beneficial effect of DMSO on the activity and stability of lipases is also known.
It has been suggested that DMSO replaces the water in the enzyme-substrate

complex, stabilizing the transition state [52].

4.3.7 Immobilization and application of Lip-LifMF3

Lip-LifMF3 was immobilized onto two different supports, Immobead, by
covalent bonding, and Sepabeads, by physical adsorption. Hereafter the two
immobilized preparations will be called Lip-LifMF3-Sepabeads and Lip-LifMF3-
Immobead.

The immobilization efficiency was 92% for Immobead and 96% for Sepabeads
(Fig. 8). The rate of Lip-LifMF3 immobilization was much higher with Sepabeads than
with Immobead: after 3 h, 91% of the enzymes had already been immobilized onto
Sepabeads, while only 65% were immobilized onto Immobead.

Lip-LifMF3-Sepabeads had a higher triolein-hydrolyzing activity (216 + 9 U g
) in organic medium than did Lip-LifMF3-Immobead (16 + 0 U g'). These values
correspond to retentions of hydrolytic activity of 101% and 8%, respectively.
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Additionally, Lip-LifMF3-Sepabeads had an initial esterification activity of 20 + 2 U g-*
for the synthesis of ethyl oleate, giving 94% conversion in 5 h, whereas Lip-LifMF3-
Immobead had no esterification activity.

The enantioselectivities of Lip-LifMF3-Sepabeads and Lip-LifMF3-Immobead
were evaluated for the transesterification of (R,S)-1-phenyl-1-ethanol. Lip-LifMF3-
Sepabeads gave 40% conversion after 24 h, with a product enantiomeric excess (eep)
of 90% to (R)-1-phenylethyl acetate and an enantiomeric ratio (E) of 33. For Lip-
LifMF3-Immobead, the conversion was only 5% after 48 h. The retention time of the
predominant enantiomer produced in reactions catalyzed by Lip-LifMF3-Sepabeads
was the same as retention time of the predominant enantiomer observed in the
reactions catalyzed by the lipase CALB, confirming the enantiopreference of Lip-
LifMF3-Sepabeads for the R-isomer.
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Fig. 7 Effect of hydrophilic organic solvents on the stability of Lip-LifMF3. Lip-LifMF3 was incubated for
1.5 h at 30 °C in aqueous solutions containing different organic solvents. The activity was measured
using the titrimetric method with tributyrin as the substrate, at 40 °C, pH 6.5. The error bars represent
the standard error of the mean (n = 3).
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Fig. 8 Kinetics of immobilization of Lip-LifMF3 onto Immobead and Sepabeads. The residual activity in
the supernatant was determined using the titrimetric method pHStat with tributyrin as substrate. Results
are expressed as the average of triplicate assays + the standard error of the mean (n = 3).

4.4 DISCUSSION

LipMF3 is a new metagenomic lipase belonging to subfamily |.1 of the bacterial
lipases. It has several characteristics of this subfamily, such as the presence of a
cognate foldase, a calcium binding site formed by two aspartate residues and a
disulfide bond formed between two cysteine residues in conserved positions [22].

LipMF3 did not exhibit hydrolytic activity when expressed in the absence of its
cognate foldase. Thus, co-expression was the strategy chosen to overexpress these
two proteins, because it is a simple and efficient strategy for the expression of two
genes simultaneously. However, much of the expressed LipMF3 was in the form of
inclusion body. Many other foldase-dependent lipases have already been expressed
in a heterologous host in the form of inclusion body [53-55].

An approach used to solubilize recombinant proteins is the use of different
strains of E. colifor expression, however, inclusion bodies were formed in all six strains.
The best E. coli strains for LipMF3 expression, in relation to the hydrolysis activity in

the soluble fraction, were Rosetta (DE3)plysS and Rosetta 2 (DE3)plysS. This can be
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explained by the particular feature of these strains: Rosetta (DE3)plysS has tRNAs for
six rare codons (AGG, AGA, AUA, CUA, CCC, GGA) and Rosetta 2 (DE3)plysS has
tRNAs for seven rare codons (AGA, AGG, AUA, CUA, GGA, CCC, CGG). LipMF3 has
six (CCC, GGG, AGG, CGA, GGA, CGG) and LifMF3 has seven (GGG, AUA, CCC,
GGA, CGG, CGA, AGG) rare codons in their nucleotide sequences.

The modeled Lip-LifMF3 complex presents a total buried interface area of
4883 A2 18 hydrogen bonds and 3 salt bridges between the two proteins. Similar
results were found by Pauwels et al. [49], who reported 20 hydrogen bonds, 1 salt
bridge and a total buried interface area of 5400 A? for Lip-Lif complex of B. glumae.
The values of buried interface area of the Lip-LifMF3 complex and Lip-Lif complex of
B. glumae are much larger than the values commonly found for protein complexes in
crystallized structures (1600 + 400 A2?) [56]. Lip-LifMF3 complex has a Kqof 1.79 x 10
7'M, which classifies it as a complex of moderate affinity [57]. On the other hand, the
Ka for Lip-Lif complex of B. glumae is 5 x 10° M, considerably smaller than the Lip-
LifMF3 complex, which classifies the Lip-Lif complex of B. glumae as a complex of high
affinity.

Lip-LifMF3 shows potential for application in biocatalysis reactions, since it
showed high hydrolytic activity (862 + 62 U mg-! with olive oil and 1650 + 62 U mg-"
with tributyrin), comparable to LipC12 (1722 U mg-" with olive oil and 2187 U mg-" with
tributyrin) and LipG9 (1193 U mg-" with olive oil and 1852 U mg-" with tributyrin), other
lipases from the same metagenomic library [8,9] and to commercial lipases (e.g. for
Rhizopus oryzae 100 U mg™ with olive oil and 900 U mg! with tributyrin) [58]. Lip-
LifMF3 immobilized onto Sepabeads presented esterification activity for the synthesis
of ethyl oleate (20 + 2 U g'), higher than that presented by other lipases, such as the
Burkholderia contaminans LTEB11 lipase (4 U g™') co-expressed with its cognate
foldase in heterologous host E. coli, for the same reaction, this lipase also was
immobilized onto Sepabeads [59].

In addition, Lip-LifMF3 immobilized on Sepabeads by adsorption also
presented enantioselectivity for (R,S)-1-phenyl-1-ethanol, with preference for the (R)-
enantiomer with E = 33, which is considered a good enantiomeric ratio [60]. The results
show potential for application of Lip-LifMF3-Sepabeads in kinetic resolution, although
enantiomeric ratio (E) was lower than that reported the metagenomic lipase LipG9 [13]
and CALB, both with E >200, for the same reaction.
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The reactions performed in organic medium, with immobilized Lip-LifMF3,
showed a great difference depending on the support used in immobilization. The bond
between the enzyme and Immobead is covalent, which may render the enzyme more
rigid; in addition, the enzyme can bind in different conformations, with multi-point
attachments, which can prevent access of the substrate to its active site. On the other
hand, the immobilization in Sepabeads occurs by physical adsorption, with mainly
hydrophobic interactions, since the support has the butyl functional group. These
groups interact with the hydrophobic patches of the enzyme, mainly with the lid, which
has a predominantly hydrophobic character, thus favoring the open conformation of
the lipase [61].

Free Lip-LifMF3 is stable over a wide pH range (5.5 to 11.0) with residual
activity above 80%, similar to that found for LipC12, which showed 90% residual
activity after 24 h incubation at pH values from 6.0 to 11.0 [8], and more stable than
LipG9 (activities above 80% in pH range 6.0 to 9.0) [9], which are enzymes identified
from the same metagenomic library. LipMF3 can be classified as mesophilic, acting
better in mild temperatures, up to 40 °C, similar to LipC12 and LipG9, both with
maximum activity at 30 °C. In addition, LipMF3 showed good stability in all polar
organic solvents tested at 25% (v/v). LipMF3 was more stable in DMSO and
isopropanol than LipG9 and showed stability similar to LipG9 in ethanol [9]. LipMF3
also showed higher stability than esterases DMW{18-543 and DMWf18-558, isolated
from a deep-sea sediment metagenomic library, which did not present activity in 15%

of ethanol, isopropanol and methanol [62].

4.5 CONCLUSION

In conclusion, LipMF3 is a new lipase isolated from a metagenomic library from
fat-contaminated soil, with potential application in biotechnological reactions. It has
good stability in a wide range of pH and organic solvents, high hydrolytic activity in
aqueous medium against natural substrates, besides being capable to catalyze
reactions of synthesis and resolution of racemic mixtures in organic medium. In view
of these results, the continuity of studies on LipMF3 is promising. It is necessary to
optimize reactions (different reaction media, temperatures and enzyme/substrate

ratios) to achieve higher activities.
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Fig. S1 Analysis of the N-terminal region of LipMF3 and LifMF3. (A) Prediction of a signal peptide in the
gene sequence of lipMF3 by the SignalP server. (B) Prediction of a transmembrane domain in the gene
sequence of lifMF3 by TMHMM server. (C) Estimation of hydrophobicity of the LipMF3 by Protscale (D)
Estimation of hydrophobicity of the LifMF3 by Protscale.
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Table S1 Primers for amplification of /lipMF3 and lifMF3.

Primer Sequence Restriction sites
Fw - Entire Lipase AGCCATATGAAACGTTTAACGCTTTGG Ndell
Rev - Entire Lipase ATTAAGCTTGCATTACAGGCCCGCTT Hind 1lI
Fw - N-truncated Lipase CGTCATATGGATTACACCCGCACC Nde |
Rev - N-truncated Lipase ATTAAGCTTGCATTACAGGCCCGCTT Hind 1lI
Fw - Entire Foldase TGTCATATG CGTTGGGCAGGGATA Nde |
Rev - Entire Foldase ATCAAGCTT TTAGAATGCGGCCAG Hind 1lI
Fw - Entire Foldase CGACATATG GGTGAGGATAGCTCCC Nde |
Rev - Entire Foldase ATCAAGCTT TTAGAATGCGGCCAG Hind 11l
Fw - Entire Lipase-Foldase = AGCCATATGAAACGTTTAACGCTTTGG Ndel
Rev - Entire Lipase-Foldase ATCAAGCTT TTAGAATGCGGCCAG Hind IlI

Table S2 Cloning of lipMF3 and lifMF3 into pET28a and pT7-7.

Clones Vector Gene (Protein)

1 pET28a(+) entire lipMF3 (entire lipase)

2 pET28a(+) N-truncated lipMF3 (N-truncated lipase)

3 pET28a(+) entire lifMF3 (entire foldase)

4 pET28a(+) N-truncated /ifMF3 (N-truncated foldase)
5 pET28a(+) entire lipMF3-lifMF3 (entire lipase-foldase)
6 pT7-7 entire lifMF3 (entire foldase)

7 pT7-7 N-truncated /ifMF3 (N-truncated foldase)
8 pT7-7 entire lipMF3 (entire lipase)

9 pT7-7 N-truncated lipMF3 (N-truncated lipase)

Table S3 Constructions of lipMF3 and lifMF3 in the expression vectors pET28a(+) and pT7-7.

Co- Lipase Lipase Foldase Foldase
transformation number number
1.6 1 entire LipMF3 + pET28a 6 entire LifMF3 + pT7-7
1.7 1 entire LipMF3 + pET28a 7 N-truncated LifMF3 + pT7-7
2.6 2 N-truncated LipMF3 + 6 entire LifMF3 + pT7-7
pET28a
2.7 2 N-truncated LipMF3 + 7 N-truncated LifMF3 + pT7-7
pET28a
55 entire LipMF3-LifMF3 + (lip e lif na mesma
' pET28a sequéncia)
8.3 8 entire LipMF3 + pT7-7 3 entire LifMF3 + pET28a
8.4 8 entire LipMF3 + pT7-7 4 N'tr“”‘;aé%g;ﬂv":?’ *
9.3 9 N-truncated LipMF3 + 3 entire LifMF3 + pET28a
pT7-7
9.4 9 N-truncated LipMF3 + 4 N-truncated LifMF3 +

pT7-7

pET28a
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Table S4 Olive-oil-hydrolyzing activity of the soluble fractions of the different co-expressions in different
E. coli strains.

Co-expressions E. coli strains Volumetric Specific activity

activity (U mL"") (U mg™)
Control Control BL21 (DE3) plysS 0+0 0+0
Rosetta (DE3)pLysS 72+0 32+0
entire LipMF3-pET28a(+) SE;?tta 2(DE3)plysS 72+2 3912
entire LItMF3-pT7-7 (DE3) 83 24£2
BL21 (DE3)plysS 64 +3 24 + 1
Shuffle Express 44+ 0 23+3
BL21 Star (DE3) 97 +4 322
Rosetta (DE3)pLysS 00 0+0
entire LipMF3-pET28a(+) Slc_);?tta 2(DE3)plysS 3510 1110
N-truncated LifMF3-pT7-7 (DE3)plysS 0+0 0+0
BL21 (DE3) 5+0 20
Shuffle Express 210 10
BL21 Star (DE3) 40 20
Rosetta (DE3)pLysS 47 + 4 20+ 0
Rosetta 2(DE3)plysS 19+0 810
N-truncated LipMF3-pET28a(+) BL21 (DE3) 27 + 1 9+ 1
entire LifMF3-pT7-7 BL21 (DE3)plysS 35+1 1210
Shuffle Express 3112 1211
BL21 Star (DE3) 24 +3 71
Rosetta (DE3)pLysS 00 0+0
Rosetta 2(DE3)plysS 2+0 10
N-truncated LipMF3-pET28a(+) BL21 (DE3) 00 0+0
N-truncated LifMF3-pT7-7 BL21 (DE3)plysS 0+0 0+0
Shuffle Express 00 00
BL21 Star (DE3) 00 00
Rosetta (DE3)pLysS 130 9+0
Rosetta 2(DE3)plysS 120 810
entire LipMF3-LifMF 3- BL21 (DE3) 00 00
pET28a(+) BL21 (DE3)plysS 00 00
Shuffle Express 0+0 0+0
BL21 Star (DE3) 00 00
N-truncated LipMF3-pT7-7 Rosetta (DE3)pLysS 110 0+0
entire LifMF3-pET28a(+) Rosetta 2(DE3)plysS 3+1 1+0
N-truncated LipMF3-pT7-7 Rosetta (DE3)pLysS 210 120
N-truncated LifMF3-pET28a(+) Rosetta 2(DE3)plysS 30 1+0
entire LipMF3-pT7-7 Rosetta (DE3)pLysS 110 0+0
entire LifMF3-pET28a(+) Rosetta 2(DE3)plysS 24+0 9+0
entire LipMF3-pT7-7 Rosetta (DE3)pLysS 4+1 210
N-truncated LifMF3-pET28a(+) Rosetta 2(DE3)plysS 2+0 1+0

*The activity was determined by the titrimetric method with olive oil as the substrate,
using a pHStat at pH 7.0 and 37 °C. Results are expressed as the average of
triplicates assays * the standard error of the mean.
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Hydrogen bonds Structure 1 Distance A Structure 2
1 B:THR 41[ OG1] 3.25 A:TYR 24[OH]
2 B:HIS 199] NE2] 3.19 A:GLN 62[ OE1]
3 B:ARG 288[ NE ] 3.32 A:GLU 79[ OE1]
4 B:ARG 288[ NH2] 3.03 A:GLU 79[ OE1]
5 B:ARG 288[ NE ] 3.01 A:GLU 79[ OEZ2]
6 B:ARG 210[ NE ] 3.19 A:GLU 86[ OEZ2]
7 B:ASN 241[ ND2] 2.76 A:GLU 86[ OEZ2]
8 B:SER 37[N ] 3.67 ALE 263[ O ]
9 B:SER 37[OG ] 2.78 ATYR 267[ OH ]
10 B:ASN 154[ ND2] 2.84 A:PHE 279[ O ]
11 B:THR 41[ OG1] 3.29 A:GLN 295[ O ]
12 B:THR 41[ OG1] 2.84 A:ASN 298] OD1]
13 B:GLU 42[ N ] 3.23 A:ASN 298] OD1]
14 B:ARG 36[ O ] 3.85 A:ARG 299[ NH2]
15 B:SER 37[ 0 ] 2.83 A:ARG 299[ NH2]
16 B:GLN 39[ 0 ] 2.82 A:ARG 299[ NE ]
17 B:GLN 39[ 0 ] 2.97 A:ARG 299[ NH2]
18 B:GLU 42[ 0 ] 2.58 A:TYR 24[OH ]
19 B:GLU 58] OEZ2] 3.44 A:GLN 55[ NE2]
20 B:ASP 65[ OD2] 3.85 A:ASN 288[ ND2]
21 B:TYR 66[ O ] 3.25 A:GLN 295[ NE2]
22 B:ALA 69[ O ] 2.84 ALYS 264[ NZ ]
23 B:GLU 285[ OE2] 2.76 A:ARG 116[ NH1]
24 B:ARG 288[ O ] 3.58 ATYR 111[ OH ]
Salt bridges Structure 1 Distance A Structure 2
1 B:ARG 288[ NE ] 3.32 A:GLU 79[ OE1]
2 B:ARG 288[ NH2] 3.03 A:GLU 79[ OE1]
3 B:ARG 288[ NE ] 3.01 A:GLU 79[ OE2]
4 B:ARG 288[ NH2] 3.98 A:GLU 79[ OEZ2]
5 B:ARG 210[ NE ] 3.19 A:GLU 86[ OEZ2]
6 B:ARG 210[ NH2] 3.59 A:GLU 86[ OEZ2]
7 B:GLU 285[ OE2] 2.76 A:ARG 116[ NH1]
Table S6 Purification of the Lip-LifMF3 complex.
Total Total Specific Purificati Activity
. . . urification
Step protein  hydrolysis hydrolysis factor (fold) recovery
(mg)  activity (U) activity (U mg™) (%)
Crude soluble 1080 15444 143 1 100
extract
Affinity 75 6450 860 60 42
chromatography
Dialysis 7.2 6192 860 60 40

Hydrolysis activity by titrimetric method (pHStat) with olive oil as substrate.
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Table S7 Predicted and measured (MALDI-TOF) masses of LipMF3 and LifMF3 proteolytic fragments.

Lipase
Amino acid Predicted Measured s
. equence
residues masses (m/z) masses (m/z)
60-70 1299.847 1299.701 (K)RGEQLLAEVER(I)
175-487 1403.880 1403.706 (R)JFNQAFPEGVPAAR(C)
79-93 1577.057 1576.891 (R)YKVNLIGHSQGGPTIR(Y)
41-59 1848.061 1847.924 (R)AGGAQVFVAQVSAANSNEK(R)
94-117 2348.322 2348.637 (R)YYVASVRPDLVASVTSVGGVNGG
SR(V)
252-277 3094.900 3094.509 (RYIMNHVDEINQSFGLVSWFEVNPV
TLYR(Q)
Foldase
Amino acid Predicted Measured
. Sequence
residues masses (m/z) masses (m/z)
241-247 859.407 859.416 (R)INAAWQNR(I)
96-105 1121.618 1121.594 (R)TQSALALFDR(Y)
276-284 1181.541 1181.522 (R)YYVSEHFDER(E)
153-164 1353.745 1353.716 (R)YNDFTLALAAVR(A)
178-190 1439.809 1439.774 (R)IAELEAALPEDLR(E)
63-74 1446.768 1446.726 (RILFDYYLASLGER(S)
37-55 1926.972 1926.926 (R)ISQQGTEADGSVHSLQGGLR(T)
136-152 1942.903 1942.856 (K\HYFSDAEAQGLFGTEDRC(Y)
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5 CONCLUSOES

Neste trabalho, foram estudadas duas lipases isoladas da biblioteca
metagendmica de solo contaminado com gordura animal (SCGA), resultando na
avaliacdo do efeito da cauda de histidina (His-tag) nas propriedades cataliticas da
lipase LipC12 e na caracterizagéo bioquimica, molecular e estrutural da uma nova
lipase denominada LipMF3.

A clonagem do gene lipC12 em pET29a(+) e pTEVS foi realizada e as
variantes de LipC12 com e sem His-tag foram produzidas para determinacdo das
propriedades cataliticas, determinagdo das mudangas estruturais e estudos de
imobilizacdo das duas variantes. Esse trabalho mostra pela primeira vez que a His-
tag pode interferir significativamente na atividade de uma lipase e que esta
interferéncia depende do tipo de reacao catalisada pela enzima. As atividades de
hidrolise de LipC12, de ambas as formas livre e imobilizada, contra substratos naturais
e artificiais, foram significativamente aumentadas pela remogao da His-tag. Por outro
lado, LipC12 com His-tag foi significativamente mais ativa e estavel na presenca de
solventes orgéanicos polares do que LipC12 sem His-tag. Assim sendo, para maior
atividade de esterificagdo, em solventes organicos, sugere-se que a His-tag seja
mantida; entretanto, para reagdes de hidrélise em meio aquoso, é recomendavel a
removogao da His-tag. Também foi possivel determinar, por dicroismo circular, que o
efeito da His-tag na atividade de LipC12, ndo se deve a modificagbes na estrutura
terciaria da lipase. A imobilizagdo das variantes de LipC12 (com e sem His-tag) foi
realizada em Immobead 150 e estudos de dessorcao de proteinas confirmaram que a
His-tag nao participa na ligagao covalente da enzima ao suporte.

Em relacdo a nova lipase, LipMF3, este trabalho resultou na clonagem,
expressao, purificacdo e caracterizacdo de uma nova lipase complexada com a sua
foldase LifMF3. A nova lipase pertence a familia 1.1 e apresenta 67% de identidade
com a lipase de Chromobacterium violaceum. E uma lipase verdadeira, com maior
atividade hidrolitica contra tributirina (1650 U mg '), pH 6,5 e temperatura de 40 °C.
Esta lipase apresenta-se estavel em solventes organicos e em uma ampla faixa de
pH. LipMF3 imobilizada apresentou atividade para a sintese de oleato de etila e
enantiosseletividade para (R)-1-fenil-1-etanol, portanto, apresenta potencial para
aplicagao em reagdes biotecnoldgicas, como na sintese de ésteres de biodiesel e na

resolucdo de compostos racémicos.
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5.1 RECOMENDAGCOES PARA TRABALHOS FUTUROS

Os resultados obtidos com os estudos de remocéao da His-tag de LipC2 e de

caracterizacao de LipMF3 sao promissores quando comparados com outras lipases

de metagendmica, abrindo perspectivas para sua aplicagdo em diversos processos

biocataliticos. Portanto, sugerem-se como estudos futuros:

Realizar estudos de dindmica molecular de LipC12 com e sem His-tag,
através de simulagbes destas variantes na presenga de solventes
organicos, a fim de compreender qual o efeito da His-tag nas
propriedades cataliticas de LipC12;

Realizar a clonagem e expressao de LipMF3 em outro sistema de
expressao, como por exemplo, em Pichia pastoris, com o intuito de
melhor a expresséo e solubilidade da lipase;

Realizar a clonagem dos genes lipMF3 e lifMF3 em vetor dual, como por
exemplo pETDuet, a fim de melhorar o nivel de expresséo
principalmente da foldase, para que as duas proteinas sejam expressas
igualmente e assim melhorar a solubilidade da lipase;

Realizar testes de redobramento in vitro de LipMF3, para recuperar as
lipases presentes nos corpos de inclusao;

Aplicar LipMF3 em outras reac¢des de biocatalise, como por exemplo, na
resolucao cinética de alcoois primarios, secundarios e terciarios;
Cristalizar LipMF3 complexada a LifMF3 para determinagao da estrutura
tridimensional deste complexo, uma vez que a Lif de Burkhoderia glumae

€ a Unica Lif a ter a estrutura tridimensional determinada.
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