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RESUMO

Os fungos pertencentes ao género Trichoderma possuem grande potencial
biotecnologico, com aplicac6es na industria de biocombustiveis e no desenvolvimento de
biofungicidas. O uso da biomassa vegetal para a producéo de bioprodutos de alto valor
agregado, incluindo o bioetanol, tem motivado a busca por novas enzimas/proteinas a
serem utilizadas nesses processos. No entanto, uma ampla gama de enzimas que atuam
sinergicamente é necessaria para a decomposicéo eficiente da matéria lignocelul6sica.
Dessa forma, enzimas mais eficientes que atuam em diferentes tipos de agucares podem
ser uma solucdo para a obtencao de coquetéis melhores elaborados para esses fins. As a-
L-arabinofuranosidases (ABFs) sdo enzimas que, além de atuarem sobre a L-arabinose,
também podem exercer esse papel multifuncional. Alguns ABFs da familia da glicosil
hidrolase 54 (GH54) possuem esse mecanismo de atuacdo em diferentes substratos.
Assim, este projeto bioprospeccédo in silico um ABF pertencente a familia GH54 de
Trichoderma harzianum dependente de metal com atividade expandida para outros
substratos. Também foi possivel verificar que a familia GH54 possui excelente
diversidade funcional. Esses resultados demonstram que o ABF estudado pode ser
aplicado nas industrias sucroalcooleiras para a producdo de etanol 2G e demonstram 0
potencial enzimatico da familia GH54.

Palavras-chave: a-L-arabinofuranosidase; GH54; Trichoderma harzianum.



ABSTRACT

Fungi belonging to the genus Trichoderma have great biotechnological potential, with
applications in the biofuels industry and the development of biofungicides. The use of
vegetable biomass to produce bioproducts with high added value, including bioethanol,
has motivated the search for new enzymes/proteins to be used in these processes.
However, a wide range of enzymes synergistically acting is required for the efficient
breakdown of lignocellulosic matter. In this way, more efficient enzymes that act in
different types of sugars can be a solution to obtain better cocktails designed for these
purposes. a-L-arabinofuranosidases (ABFs) are enzymes that, in addition to acting on L-
arabinose, can also play this multifunctional role. Some ABFs of the glycosyl hydrolase
54 (GH54) family have this acting mechanism on different substrates. Thus, this project
bioprospecting in silico an ABF belonging to the GH54 family of Trichoderma harzianum
dependent metal with expanded activity for other substrates. It was also possible to verify
that the GH54 family has excellent functional diversity. These results demonstrate that
the ABF studied can be applied in the sugar and alcohol industries for the production of
2G ethanol and demonstrate the enzymatic potential of the GH54 family.

Keywords: a-L-arabinofuranosidase; GH54; Trichoderma harzianum.
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1 INTRODUCAO GERAL

Os biocombustiveis surgiram devido as crises enfrentadas nos setores econdmico
e ambiental (NAKANISHI et al., 2018). O etanol de segunda geracdo (2G) tem como
uma das vertentes o aproveitamento maximo de insumos industriais que em sua maioria
séo descartados como a biomassa vegetal (CHANDEL et al., 2018). No Brasil o bagaco
de cana-de-aclcar € a principal fonte de biomassa para a producdo de etanol 2G
(SANTOS; MAGRINI, 2018). Sdo necessarias diversas etapas para a producao do etanol
2G que podem ser resumidas basicamente em pré-tratamento, sacarificacdo, fermentacéo
e destilacdo (BORIN et al., 2017).

A sacarificacdo é fundamental nesse processo pois € onde ocorre a hidrolise
enzimatica da biomassa lignoceluldsica. E necesséario um complexo de multiplas enzimas
atuando de maneira sinérgica para conversdo dos carboidratos complexos em mondémeros
de aglcares (GUPTA et al., 2016; HORTA et al., 2018). Estas enzimas podem ser
encontradas em diversos microrganismos como nos fungos ascomicetos filamentosos do
género Trichoderma (DRUZHININA et al., 2018). As espécies desse género podem ser
encontradas em diferentes habitats e por isso, podem ser aplicados industrialmente, seja
ela no ramo de produtos alimenticios, na producdo de biofungicidas ou biocombustiveis
(DRUZHININA et al., 2018). O T.harzianum é uma espécie promissora para a produgao
de enzimas hidroliticas, podendo ser aplicada na producéo de etanol 2G (HORTA et al.,
2014). Essas enzimas produzidas por estes fungos, entre outros, sdo fundamentais para a

degradacéo da celulose, lignina e hemicelulose (YEO et al., 2019).

Polissacarideos como a hemicelulose possuem uma grande complexidade
estrutural devido a presenca de diversos acUcares ligados a sua cadeia principal
(CHANDEL et al., 2018). Para que ocorra sua degradacdo € necessario uma grande
variedade de enzimas. Neste contexto, a sacarificacdo da hemicelulose € um dos desafios
enfrentados na producgéo de etanol 2G (BIELY; SINGH; PUCHART, 2016). Uma das
solucBes seria 0 emprego de enzimas que atuam em uma grande variedade de agUcares
presentes nas cadeias laterais (CHEN et al., 2018; FRY, 2016).

As a-L-arabinofuranosidases (ABFs) é um grupo de enzimas com um importante
papel na hidrolise da hemicelulose (JORDAN; BRAKER, 2011). Elas agem nas ligagdes

glicosidicas de L-arabinose da estrutura da arabinoxilano e tem capacidade de atuar
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sinergisticamente com outras enzimas, além de algumas serem bifuncionais (atuando em
dois ou mais substratos) (BENOCCI et al., 2018; HU et al., 2018; WANG et al., 2014).
As ABFs podem ser encontradas em diferentes familias de glicosil hidrolases (GH), sendo
uma delas a GH54 (LAGAERT et al., 2014). Este grupo de enzimas tem membros com
atividade em diferentes substratos e bifuncionais, no entanto, ela € pouco explorada. Desta
forma, as ABFs desta familia sdo potenciais candidatas com capacidade de catalisar
diferentes reagOes enzimaticas, sendo aptas a hidrolisar uma variedade de substratos
(YANG et al., 2017).

Diante do exposto, as ABFs pertencentes a familia GH54 de Trichoderma harzianum sao
alvos promissores para serem estudados. Neste estudo, foi selecionada uma ABF
multifuncional através da bioprospeccdo in silico e sua atividade em diferentes substratos
foi determinada. Os resultados obtidos neste trabalho ampliam as informacGes sobre a
atuacdo enzimatica da familia GH54 além de poder ser uma nova enzima a ser aplicada

no aprimoramento da tecnologia da producéo de etanol 2G.
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2 REVISAO BIBLIOGRAFICA

2.1 Panorama geral da producéo de etanol

A producdo de etanol no mundo emanou-se de uma crescente necessidade de
novas fontes energéticas renovaveis, do esgotamento das reservas de petrdleo e das crises
geopoliticas (NAKANISHI et al., 2018). No Brasil, as crises no setor agucareiro e a
dependéncia de petréleo importado impulsionaram o crescimento das industrias
sucroalcooleiras (DOS SANTOS CASTRO et al., 2014; NAKANISHI et al., 2018).

Existem basicamente dois tipos de etanol produzidos no Brasil. O de primeira
geracgdo que é feito a partir do caldo de cana fermentado e o segunda (2G) que é produzido
através da biomassa vegetal (TURSI, 2019). Ha diversas fontes de matérias organicas que
sdo utilizadas na producdo do etanol 2G, como o bagaco de cana, palha de milho, arroz e
de trigo, sendo que, no Brasil o bagaco de cana-de-acUcar tem uma maior participacéo
(POPP et al., 2016).

O Brasil é 0o maior produtor mundial de cana, sendo presente em 24 dos 27 estados
brasileiros e cinco destes concentram 88% da producdo nacional de acgucar e etanol
(SANTOS; MAGRINI, 2018). A producdo de etanol de segunda geracdo (2G) representa
uma opgdo coerente, segura e ecoldgica, que faz aproveitamento ao maximo deste tipo de
insumo industrial (DIAZ PEREZ et al., 2018).

2.2 Biomassa vegetal e o género Trichoderma spp.

A biomassa lignocelulésica é bastante diversa e pode provir de diferentes fontes
como madeira lenhosa, graminea e residuos agricolas (ISIKGOR; BECER, 2015). Este
ultimo é produzido em abundancia no mundo todo e em sua maioria é descartado ou
gueimado para gerar energia nas usinas como o bagaco de cana (SAINI; SAINI;
TEWARI, 2015). Esses descartes lignocelul6sicos produzidos na agricultura e na
industria alimenticia podem ser matéria-prima em biorrefinarias para a producdo de
etanol 2G (FRANCOCCI; RECA, 2016).

A biomassa vegetal é composta principalmente por lignina, celulose e
hemicelulose (Figura 1) (TURSI, 2019). Estes polissacarideos sdo formados por diversos
polimeros de agucares fermentaveis que mudam a concentracdo e a composicao de acordo

com o tipo de biomassa, condi¢6es climaticas e cultivo (TURSI, 2019). A hemicelulose
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é o polissacarideo que tem maior diversidade em sua composicdo (ZOGHLAMI; PAES,
2019). A sua cadeia principal é formada de D-xilose com agucares laterais de L-arabinose,
D-manose, D-glicose, D-galactose, L-ramnose, L-frutose e acido D-glucurénico, que
podem ser acetilados ou metilados (Figura 2) (CHANDEL et al., 2018).

OH OH OH

& E/ E/
O/ ~ o ] 0/

OH OH OH
p-Coumaryl alcohol Coniferyl alcohol  Sinapyl alcohol

B © ©

Macrofibril

Lignin
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Figura 1- Composicao da biomassa vegetal (RUBIN,2008).
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Figura 2- Tipos de agUcares e acidos encontrados na estrutura da hemicelulose
(MORAIS; NASCIMENTO; MELO, 2005).

Além do etanol a hemicelulose também pode gerar outros produtos com alto valor
agregado como o xilitol, 2,3-butanodiol, acido poli-hidroxibutirico, biopigmentos, entre
outros (HASSAN; WILLIAMS; JAISWAL, 2018). Entretanto ela precisa ser
despolimerizada para obter agUcares fermentaveis e para isso, é necessario um conjunto
de enzimas (MELATI et al., 2019). Outro aspecto importante da bioconversdo da
hemicelulose é o pré-tratamento. Esta etapa é imprescindivel para sua despolimerizacéo,
pois expde os biopolimeros para que as enzimas possam atuar sobre eles (MELATI et al.,
2019).

As enzimas utilizadas nesses processos provém de microrganismos que Sao
encontrados na natureza. Os fungos sdo excelentes produtores de enzimas hidroliticas
devido a diversidade de habitats onde sdo encontrados (YEO et al., 2019). Para que
possam se alimentar eles utilizam coquetéis de enzimas que quebram uma variedade de
biopolimeros (DRUZHININA et al., 2018; KUBICEK; STARR; GLASS, 2014). O
género Trichoderma pode ser encontrado em diversos habitats. Existem varios trabalhos
que abordam a versatilidade funcional dos membros deste género que vdo desde
aplicaces em induastrias sucroalcooleiras até desenvolvimento de biofungicidas
(KUBICEK; STARR; GLASS, 2014).

A espécie do T.harzianum tem demonstrado ter um grande capacidade de produzir
enzimas hidroliticas (FERREIRA FILHO et al., 2017). O potencial desta espécie foi
demonstrado no trabalho de Horta et al. (2014), que publicou primeiro transcriptoma de
T. harzianum 10C-3844 em diferentes condicdes (bagaco, celulose e lactose)
demonstrando sua capacidade para degradacdo da biomassa vegetal. Além deste, outros
trabalhos mostram o potencial dessa espécie na producdo de enzimas hidroliticas,
podendo ser empregada na producdo de enzimas e aplicada em diferentes processos
biotecnologicos (MELATI et al., 2019; ROCHA et al., 2016).

2.3 Hidrolise enzimética

A producdo do etanol de segunda geracao é um processo que envolve basicamente
trés etapas: o pré-tratamento fisico e/ou quimico da biomassa vegetal que auxilia na
remocao de impurezas e a expor os agucares complexos; a sacarificacdo (hidrolise

enzimatica) que envolve a quebra de polissacarideos complexos em monossacarideos; a
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fermentacdo, que é responsavel pela producdo de etanol a partir dos monossacarideos e
por fim, a destilagdo que obtém-se o etanol puro (Figura 3) (BORIN et al., 2017).

O processo de hidrdlise enzimatica € uma das etapas fundamentais e mais criticas
na producdo de biocombustiveis, pois é através dela que a biomassa vegetal serad
convertida em aclcares fermentaveis (BASU, 2010). A composicdo da matéria
lignocelul6sica é um dos fatores que irdo influenciar neste processo, pois as concentragdes
dos agticares podem variar (ZOGHLAMI; PAES, 2019).

Depasito agua
condensada Pré-tratamento Tanque de
l‘.‘- 1 separacao
Depdsito da Seca dor Moinho
biomassa
{
Torres de
destilacdo
Depésito do Fermentador
bioetanol
r Tanque de Tratamento
: Sseparagao enzimatico
l- :i i . » 5 I ; ..L._
| £ J Loy %

Figura 3- Fluxograma do processo de producdo de etanol de segunda geracgdo através da
biomassa vegetal (AZEVEDO et al., 2016).

As enzimas que participam deste processo estdo categorizadas de acordo com sua
funcdo no banco de dados Carbohydrate-Active enzymes (CAZy -http://www.cazy.org),
sendo elas, as hidrolases glicosidicas (GHs) que hidrolisam as liga¢fes glicosidicas de
carboidratos complexos, as glicosiltransferases (GTs) que atuam na transferéncia de
moléculas de acgucar, os polissacarideos liases (PLs) que clivam as cadeias
polissacaridicas contendo &cido urénico, os carboidratos esterases (CEs) que fazem a
hidrélise das ligacdes éster em carboidratos e por ultimo, as de atividades auxiliares
(AAs) que promovem as reacOes de oxidacdo-reducdo na degradacdo da biomassa
vegetal (CONTESINI et al., 2017; GUPTA et al., 2016).
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Figura 4- Enzimas necessarias para a degradacdo da celulose (a) Enzimas que participam

da degradacéo da hemicelulose (b).(FLORENCIO et al., 2017)

Ha trés classes enzimaticas que estdo envolvidas na degradacdo da celulose: as
endo-B-1,4-glucanases (EC 3.2.1.4), celobiohidrolases (EC 3.2.1.91/176), e B-
glicosidases (EC 3.2.1.21). Ja na hidrdlise da hemicelulose é necessario varios grupos de
enzimas, como: endo-1,4-B-xilanases (EC 3.2.1.8), B-xilosidases (EC 3.2.1.37), B-
mananases (EC 3.2.1.78), arabinofuranosidases (EC 3.2.1.55), acetil-xilano esterases (EC
3.1.1.72), feruloil esterases (EC 3.1.1.73), a-glucuronidases (EC 3.2.1.139), entre outras

(Figura 4) (MAITAN-ALFENAS; VISSER: GUIMARAES, 2015).

As reacOes de hidrdlise dependem das proporgdes das enzimas envolvidas e de

suas caracteristicas em que a interacdo enzimatica sera diferente para cada tipo de
substrato (VAN DYK; PLETSCHKE, 2012). Sendo assim, faz-se necessario entender
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melhor as relacOes entre as enzimas e seus papéis no processo de degradagédo da biomassa

vegetal.
2.4 a-L-arabinofuranosidase

As o-L-arabinofuranosidases (ABFs) agem na hidrdlise nas ligacdes glicosidicas
das cadeias laterais de a-l-arabinofuranose no arabinoxilano, além de atuarem de maneira
sinérgica com outras enzimas, como por exemplo as acetil xilano esterases, feruloil
esterases ¢ a-glucuronidases (BENOCCI et al., 2018; HU et al., 2018; WANG et al.,
2014).

As ABFs sdo excelentes candidatas para analisar sistemas bifuncionais pois
grande parte destas enzimas sdo multifuncionais com capacidade atuar sobre diferentes
substratos (YANG et al., 2017). Essas enzimas sdo um interessante alvo para estudar o
aperfeicoamento da degradacdo da hemicelulose uma vez que podem atuar sobre varios
acucares desta (JORDAN; BRAKER, 2011).

As ABFs estdo presentes nas familias das hidrolases glicosidicas (GHs) 3, 43, 51,
54 e 62, e elas, mais as xilosidases sdo enzimas cruciais para a degradacao intensiva da
arabinoxilano (LAGAERT et al., 2014). Na literatura existem estudos relacionados a

algumas ABFs bifuncionais que pertencem principalmente as GHs 3, 43, 51 e 54.

A familia GH54 possui principalmente arabinofuranosidases e xilanases. Alguns
membros desta familia tém atividade em diferentes substratos e também bifuncionais.
Existem até o atual estudo 311 sequéncias depositadas nesta familia sendo que apenas 19
foram caracterizadas e destas 6 testadas com diferentes substratos e duas apresentaram
atividade em varios destes (MARGOLLES-CLARK et al.,, 1996; RAVANAL;
EYZAGUIRRE, 2015).

Assim, se faz necessario o estudo mais aprofundado dos membros desta, uma vez
gue demonstram ter potenciais caracteristicas para serem aplicadas em processos

biotecnologicos como a producéo de biocombustiveis (LAGAERT et al., 2014).
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3 OBJETIVOS
3.1 Objetivos gerais

Bioprospectar in silico uma ABF da familia GH54 de Trichoderma harzianum e

realizar analises funcionais e caracterizacao bioquimica da enzima.
3.2 Objetivos especificos

e Realizar busca em bancos de dados por ABFs caracterizadas e mapear os reads de
RNA-seq de Trichoderma harzianum para obter a sequéncia da proteina alvo;

e Fazer filogenia da sequéncia alvo com a familia GH54;

e Analisar os dominios, fazer predicdo de estrutura e alinhamento com sequéncias
caracterizadas;

e Realizar a clonagem, expresséo e purificacdo da proteina alvo;

e Analisar os componentes de enovelamentos secundario e terciario;

e Caracterizar bioquimicamente a enzima expressa e purificada;

e Avaliar sua atividade na presenca de diferentes ions metalicos e substratos
sintéticos;

e Realizar cinética enziméatica com os substratos que a enzima teve atividade.
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Abstract

Trichoderma genus fungi present great potential for the production of carbohydrate-active
enzymes (CAZYmes), including glycoside hydrolase (GH) family members. From a
renewability perspective, CAZYmes can be biotechnologically exploited to convert plant
biomass into free sugars for the production of advanced biofuels and other high-value
chemicals. GH54 is an attractive enzyme family for biotechnological applications
because many GH54 enzymes are bifunctional. Thus, GH54 enzymes are interesting
targets in the search for new enzymes for use in industrial processes such as plant biomass
conversion. Herein, a novel metal-dependent GH54 arabinofuranosidase (ThABF) from
the cellulolytic fungus Trichoderma harzianum was identified and biochemically
characterized. Initial in silico searches were performed to identify the GH54 sequence.
Next, the gene was cloned and heterologously overexpressed in Escherichia coli. The
recombinant protein was purified, and the enzyme’s biochemical and biophysical
properties were assessed. The GH54 members show wide functional diversity and
specifically remove plant cell decorations including arabinose and galactose, in the
presence of a metallic cofactor. Plant cell wall decoration have a major impact on
lignocellulosic substrate conversion into high-value chemicals. These results expand the
known functional diversity within the GH54 family, showing the potential of a novel
arabinofuranosidase for plant biomass degradation.
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Introduction

Arabinofuranosidases (ABFs) (EC 3.2.1.55) are enzymes that are capable of cleaving
residues of l-arabinofuranosyl present in various oligosaccharides and in polysaccharides
such as hemicellulose; for this reason, they are interesting targets for biotechnological
applications®. These enzymes are part of a group of glycosidases necessary for the
degradation of polymeric substrates, such as arabinane, arabinoxylan and other
polysaccharides, that constitute the walls of plant cells?. ABFs are grouped in glycosidic
hydrolase (GH) families 3, 43, 51, 54 and 62, where GH54 includes some enzymes that
are described as bifunctional®. However, few studies focusing on the functional
specificity of this family have been conducted.

Ravanal et al* characterized an a-L-arabinofuranosidase from Penicillium
purpurogenum and demonstrated that this family includes enzymes that are capable of
acting synergistically with others, both releasing arabinose from different sources and
acting on other substrates. Thus, given the features presented by this group of enzymes,
further studies are still needed to better understand and biotechnologically explore the
enzymes in this family, especially with regard to their application for the conversion of
lignocellulosic substrates into bioproducts, such as biofuels.

Vegetable biomass is a reservoir of sugars organized in complex regular structures
represented by cellulose, hemicellulose and lignin®. Such structures need to be
deconstructed for the release of sugar-free monomers, which can then be converted into
high-added-value chemicals such as second-generation ethanol®. This process requires
the enzymatic conversion of biomass, and hemicellulose is a biopolymer that requires a
large complex of enzymes for its conversion due to its structural composition’.

For the enzymes to access the main chain of hemicellulose, it is necessary to remove side-
chain decorations, as they are one of the main reasons for the recalcintrance of plant
biomass®®. Thus, the search for enzymes that target hemicellulose decorations is a
promising approach for improving the saccharification of lignocellulolytic material®®. It
is of interest to apply ABFs for this purpose because in addition, removing l-arabinose,
some of these enzymes can act on other sugars involved in decorations®.

These enzymes are particularly important in the genus Trichoderma, where they play a
crucial physiological role’. This genus is composed of heterotrophic filamentous
ascomycetous fungi that are capable of growing on different substrates and under
different environmental conditions. There are several studies that have addressed the

versatility of this genus, which range from applications in sugar and alcohol industries to
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the development of biofungicides?. Trichoderma reesei is of particular prominence
within the group because of its recognized potential to produce several hydrolytic
enzymes; however, other species of the genus, especially Trichoderma harzianum, have
been shown to be as efficient as T. reesei in this regard®®.

Therefore, in this study, we conducted the in silico bioprospecting of a new GH54 from
T. harzianum. For this purpose, several approaches were used, such as RNA-seq, in
addition to sequence analysis. The enzyme was also characterized biochemically with

different substrates and metallic salts to determine their influence on the enzyme.

Results

Obtaining the sequence of ThABF and its in silico characterization

Through database searches, a sequence from Trichoderma koningii (AAA81024.1) was
selected and used in the subsequent steps detailed in the methodology. With the resulting
BLAST sequence, the T. harzianum CBS 226.95 genome was mapped the T. harzianum
I0C-3844 RNA-seq reads and obtained the target protein sequence (MT439956). With
this target protein sequence, a BLAST search was performed against the CAZy database,
where our data suggest that ThABF is more similar to the GH54 family and that this
family has several carbohydrate-binding models (CBMs; 1, 2, 6, 13 and 42), as shown in
Supplementary Table S1.

A phylogenetic analysis of ThABF against sequences of the GH54 family (represented
mainly by fungal and bacterial sequences) revealed great diversity between the sequences
(Fig. 1la). The sequences used in the analysis are in Supplementary Table S2. The
phylogenetic tree was divided into five groups that best explained this diversity: a Fungi
group, containing only fungi enzymes, and Bacterium I to IV groups, containing bacterial

enzymes.
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Figure 1. Phylogenetic analysis and sequence domains of the GH54 family. (a)
Phylogenetic tree of the sequences. The star indicates the studied protein. Below the tree
is a legend with the bootstrap values divided into < 60%, 61-80 and 81-100. (b)
Differences in the composition of domains in the sequences distributed in the groups. The

identification of the groups is the same for A and B.

The analysis of the domains of the sequences in the phylogenetic tree (Supplementary
Table S2) showed that all members of Fungi contained ArabFuran-catal (a-L-
arabinofuranosidase B catalytic) and AbfB (a-L-arabinofuranosidase B) domains, in
addition to CBM 42 (Fig. 1b). In Bacterium I, the presence of CBMs 13 and 42 was
observed, in addition to sequences with the following combinations of domains:
ArabFuran-catal and AbfB; ArabFuran-catal, RICIN (ricin B lectin domain), LTD (lamin
tail domain), NPCBM assoc (NEW3 domain of a-galactosidase) and RPT1; and
ArabFuran-catal and RICIN. All Bacterium 1l sequences exhibited only CBM 42 and

ArabFuran-catal and AbfB domains.
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The Bacterium 11l group sequences only CBM 13 and the following combinations of
domains: ArabFuran-catal and two RPT1 domains; ArabFuran-catal and RICIN; and
ArabFuran-catal and two RICIN domains. Bacterium IV was the smallest group; its
sequences included no CBMs and were the most distinct from those of the other groups.

The Bacterium IV members included only the ArabFuran-catal domain.

To analyze the similarity of the ThABF sequence with some arabifuranosidases
characterized as GH54 members in Trichoderma, alignment was performed (Fig. 2a). It
was found that the target sequence was most similar to a sequence from T. virens, with a
percent identity of 92.38%, followed by sequences from T. reesei (88.38%) and T.
koniingi (87.78%). The structure of the ThABF protein was also predicted, and the model
that was used was an Aspergillus kawachii a-L-arabinofuranosidase B with a C-score of
0.95, a TM-score of 0.84 + 0.08 and an RMSD of 5.3 + 3.4 A (Fig. 2b).

a

MT439956-T. harzianum ~MHSRVSKALGLVATSSLVAAGPCDIYSSGGTPCVAAHSTTRALYSAYTGPL TTTISPL QDSFCAGTTCLITIIYDQSGRGNHLTQAPPGGFNGPESNGYD 119
AHC03897.1-T.virens ~MLPPIRTALGLVATGSLATAGPCDIYSSGGTPCVAAHSTTRALYSAYTGPLYQVQRGSDGATTTISPLSSGVANAAAQDSFCAGTTCLITIIYDQSGRGNHLTQAPPGGFNGPESNGYD 119
AAAB1024.1-T.koningii MLSNARIIAAGCIAAGSLVAAGPCDIYSSGGTPCVAAHSTTRALFSAYTGPL TTAISPLS:! Qf AGTTCLITIIY SGPESNGYD 120
CAA93243.1-T.reesei MLSNARITAAGCIAAGSLVAAGPCDIYSSGGTPCVAAHSTTRALFSAYTGPLY TTAISPL AQDAFCAGTTCLITIIY TQ YD 120
Q92455.1-T.reesei MLSNARIIAAGCIAAGSLVAAGPCDIYSSGGTPCVAAHSTTRALFSAYTGPLYQ TTAISPL AGTTCLITIIY TQ YD 120
: R ST S L e : e IRIRNRE,
MT439956-T. harzianum NLASAIGAPVTLNGQKAYGVFISPGTGYRNNAASGTAKGDAAEGMYAVLDGTHYNGACCFDYGNAETSSRDTGNGHMEATYYGDSTVWG ITMADLENGL S 239
AHCO3897.1-T.virens NLASAIGAPVMLNGQKAYGVFISPGTGY] T A AVLDGTHYNGACCFDYGNAETSSRDT AIYFGDSTVWG ENGL 239
AAA81024.1-T.koningii NLASAIGAPVTLNGQKAYGVFVSPGTGYRNNAASGTAKGDAAEGMYAVLDGTHYNGACCFDYGNAETNSRDT! AIYFGDSTVWG IMADLENGL S 240
CAA93243.1-T.reesei NLASAIGAPVTLNGQKAYGVFVSPGTGYRNNAASGTAKGD, AVLDGTHYNGACCFDYGNAETNSRD' AIYFGDSTVWG TMADLENGL S 240
Q92455.1-T.reesei NLASAIGAPVTLNGQKAYGVFVSPGTGYRNNAASGTAKGDAAEGMYAVLDGTHYNGACCFDYGNAETNSRD AIYFGDSTVWG IMADLENGL 240
s ¢ . s
MT439956-T. harzianum ISYRFVTAAVKGQPNQWATRGGNSASGSLSTFY NPMSKEGAITLGIGGI TFYEGVMTSGYPSDATENSVQANIVAAKYAVTSLTSGPALTTGSSVSLRATTAC 359
AHC03897.1-T.virens ISYRFVTAAVKGQPNQWATIRGANAASGSLSTFYSGARPTVSGYNPMSKEGATILGIGGDNSNGAQGTFYEGVMTSGYPSDATENSVQANIVAAKYAVTSLTSGPALTVGSSISLRATTAC 359
AAA81024.1-T.koningii ISYRFVTAAIKGQPNQWAIRGGNAASGSLSTFYSGARPQVSGYNPMSKEGATILGI TFYEGVMTSGYPSDAT IVAARYAVAPLTSGPALTVGSSISLRATTAC 360
CAA93243.1-T.reesei ISYRFVTAAIKGQPNQWAIRGGNAASGSLSTFYSGARPQVSGYNPMSKEGATILGIGGDNSNGAQGTFYEGVMTSGYPSDATENSVQANIVAARYAVAPLTSGPALTVGSSISLRATTAC 360
Q92455.1-T.reesei ISYRFVTAAIKGQPNQWAIRGGNAASGSLSTFYSGARPQVSGYNPMSKEGATILGIGGDNSNGAQGTFYEGVMTSGYPSDATENSVQANIVAARYAVAPLTSGPALTVGSSISLRATTAC 360
B T P
MT439956-T. harzianum CTTRYITHSGSTVNTQVVSSSSATAPKQQASWTVRAGLGNSGCFSFESKDTPGSYIRHNNFVLLLNANDGSKQFAEDATFCPQAGLNGQGSSLRAWGYPTRYFRHYDNVLYVASNGGVHT 479
AHC@3897.1-T.virens CTTRYIAHTGSTVNTQVVSSSSAAALKQSASWTVRTGLGNSGCFSFESKDTPGSYIRHNNFALLLNANDGSKQFAEDATFCPQAGLNGQGSSLRAWGYPTRYFRHYNNILYIGSNGGVHT 479
AAA81024.1-T.koningii  CTTRYIAHSGSTVNTQVVSSSSATALKQQASWTVRAGLANNACFSFESQDTSGSYIRHSNFGLVLNANDGSKLFAEDATFCTQAGINGQGSSIRSWSYPTRYFRHYNNTLYIASNGGVHV 480
CAA93243.1-T.reesei CTTRYIAHSGSTVNTQVVSSSSATALKQQASWTVRAGLANNACFSFESRDTSGSYIRHSNFGLVL FAEDATFCT IRSWSYPTRYFRHYNNTLYIASNGGVHV 480
Q92455.1-T.reesei CTTRYIAHSGSTVNTQVVSSSSATALKQQASWTVRAGLANNACFSFESRDTSGSYIRHSNFGLVLNANDGSKLFAEDATFCTQAGINGQGSSIRSWSYPTRYFRHYNNTLYIASNGGVHV 480
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Figure 2. Alignment and structure prediction of ThABF. (a) Alignment of ThABF
with other Trichoderma sequences belonging to the GH54 family. (b) Prediction of the
ThABF structure by I-TASSER.

Production of recombinant protein and evaluation of the folding components

With the sequence obtained from ThABF in silico, cloning and expression were
performed. The enzyme was present in the insoluble fraction (Fig. 3a), and it was
necessary to use the refolding approach described in the methodology, through which a
protein of 53.44 kDa was purified (Fig. 3b). The recombinant ThABF sequence was used
to evaluate the secondary and tertiary folding components of the enzyme since it was
obtained through refolding. On the basis of the obtained circular dichroism profile, we
identified rich a helices in the ThABF structure (Fig. 3c¢). In the size exclusion
chromatography (SEC), the protein was eluted in a single peak, presenting the
characteristics of a monomer in solution (Fig. 3d). Thus, these analyses demonstrated that

it was possible to obtain a protein with folding components through the refolding method

used.
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Figure 3. SDS-PAGE in 12% gels showing purification results and graphs of
secondary and tertiary folding analyses. (a) Gel containing the soluble (1) and
insoluble (2) fractions; M indicates the marker. (b) Gel containing purified ThABF, with
as size of approximately 53.44 kDa (1), and a marker (M). Both gels a and b were stained
for 30 minutes in a dye solution with coomassie blue. (c) Analysis of secondary folding
components of the recombinant enzyme by circular dichroism. (d) Analytical size

exclusion chromatography of ThABF.

Determination of enzyme specificity and tests with metal ions

In the first experiment, enzyme activity was tested with the pNPAra substrate because in
silico analysis indicated that ThABF would present a relatively high affinity with this
substrate. However, the detected activity was not significant, leading to the hypothesis
that a cofactor is needed to activate the catalytic site of the enzyme. Thus, we evaluated
the effects of different metals on the activity of ThABF (Fig. 4). It was observed that the
enzyme requires a metal ion cofactor to exert its catalytic activity, since the control
exhibited a profile similar to that of ethylene diamine tetraacetic acid (EDTA). CUCI;
had no effect on the enzyme’s activity. MgCl, had the greatest effect on the enzyme’s
activity among the eleven tested metal salts, followed by MnCl>, CoCl», CaCl2 and NiClo.
Despite the demonstration that ThABF requires a cofactor, its activity against a-D-
arabinofuranoside (pNPAra)was not significantly increased; thus, a panel of chromogenic
substrates derived from nitrophenol was tested to obtain information on ThABF
enzymatic specificity (Table 1). The enzyme exhibited the greatest activity against $-D-
galactopyranoside (pNPG), followed by a-D-arabinopyranoside (pNPAp), B-D-
fucopyranoside (pNPF) and finally pNPAra.
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Figure 4. Relative activity of ThABF in the presence of different metallic ions.

Synthetic substrates Relative activity (%0)
B-D-galactopyranoside 1000
a-D-arabinopyranoside 61.72+0

p-D-fucopyranoside 21.79 £ 0.15
a-D-arabinofuranoside 497 +0.13

a-D-glucopyranoside 1.12 +0.03

a-L-fucopyranoside 0.69 +0.60
a-L-ramnopyranoside 0.44 £0.53
B-D-glucopyranoside 0.34 £ 0.09

a-D-xylopyranoside 0.26 £ 0.05

a-D-mannopynoside 0.25+0.05
a-D-galactopyranoside 0.16 +0.09

B-D-cellobioside 0.09 £ 0.04

B-D-xylopyranoside 0.07 +0.09

B-D-mannopyranoside 0+0.05

Table 1. Relative activity of ThRABF against different synthetic substrates.

Optimization of pH and temperature conditions and enzymatic kinetics
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Following the selection of ThABF-specific substrates and ions, the optimization of pH
and temperature was performed under different conditions to identify the ideal
performance of the enzyme. As shown in Fig. 5a and b, maximum ThABF activity was
observed at 55°C and pH 6.5. The enzyme exhibited greater than 50% activity between
temperatures of 45 and 60°C. However, at lower temperatures, in the range of 20 to 40°C,
its activity was below 40%. ThABF exhibited a wide range of performance levels at pH
values from 6.0 to 9.0, and the optimal pH was shown to be 6.5 in Na2HPO4 phosphate
buffer. At pH 4 to 5.5, enzyme activity decreased significantly. Experiments were carried
out to examine the kinetics of ThABF with the substrates selected in the specificity tests;
the parameters Vmax, Km, Kcat and Kcat/Km were calculated, and the results are shown
in Table 2. The curves constructed with the substrates pNPG and pNPAra are shown in
Fig. 5¢c and d.
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Figure 5. Biochemical characterization of ThABF. Relative activity of the recombinant
protein at temperatures of 20 to 70°C (a) and in the pH range of 4 to 10 (b). Enzymatic
kinetics of TiBgal54A with the substrates pNPG (c) and pNPA (d).
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Vmax (mmol.mint.mglenz) km(mM)  Kcat(s?) Kcat/km (M1s?t)
pPNPG 40.85 + 0.27 1.68 +0.12 35.53 2.11. 10*
pPNPAp 15.47 + 0.37 3.30+0.16 13.45 4.07.10°
pNPF 41.03 £4.02 6.51+1.00 35.68 5.48.10°
pNPAra 1.85+0.43 6.75 £ 3.24 1.61 2.38. 102

Table 2. Kinetic parameters of ThABF against selected substrates.

Discussion

Arabinofuranosidases are enzymes that, in addition to acting on L-arabinose, can also
degrade other types of sugars and can be applied in various industrial processes®*4. In this
work, we bioprospected an arabifuranosidase from the metal-dependent GH54 family
from T. harzianum and demonstrated that it showed expanded activity against other
substrates. This enzyme can be introduced in enzymatic cocktails to assist in the
hydrolysis of hemicellulose, since this biopolymer is present in approximately 50% of the
most diverse sources of plant biomass, and its degradation requires highly diverse
enzymes due to its structural complexity*>-28,

Through the in silico analyses carried out in this study, great functional diversity was
revealed in the GH54 family. Some studies have demonstrated that enzymes of this family
exert activity against other types of substrates, in addition to those that are commonly
identified, such as [-D-galactofuranoside, a-L-arabinopyranoside and p-D-
xylopyranoside*!®. Evidence supporting this conclusion was found in a phylogenetic
analysis in which we observed the presence of LTD, RICIN and NPCBM domains
(related to the cleavage of simple sugars such as galactose and lactose) in several not yet
characterized sequences®®?%, We also identified several types of CBMs related mainly to
enzymes that act on hemicellulose from both the phylogenetic and BLAST results. CBMs
42 and 13 are the most prevalent in GH54 sequences, possibly because they are present
in some arabinofuranosidases and xylanases?*%.

Through the alignment and prediction of the structure of ThABF, we showed that the
target protein identified in this study has the characteristics of an arabinofuranosidase,
particularly regarding the high conservation of amino acids in the ArabFuran-catal and

ADbfB catalytic domains?#2%2’, The ArabFuran-catal domain was present in all sequences
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analyzed in the family. This domain targets several L-arabinose bonds present in
hemicellulose, as does AbfB2+?6, For the purification of ThABF, it was necessary to use
a refolding method adapted to recover the protein from inclusion bodies in its best
oligomeric state?®. The final protein yield following purification was relatively low, at
0.51 mg/ml, which made it difficult to carry out other types of biochemical tests; however,
the method allowed us to characterize the enzyme and study it, as demonstrated in other
studies?®%°,

In the tests with different substrates, we demonstrated that ThRABF exerted activity on the
substrates pNPG, pNPAp, pNPF and pNPAra. As previously described, some GH54
enzymes exhibit activity against substrates other than those reported in this family;
however, there have been only two studies addressing this topic**°. At the time of writing
the present report, 19 enzymes had been characterized in this family, among which only
6 have been tested on different types of synthetic substrates*!%3%3! In addition, as
demonstrated via in silico analyses, there are several unstudied proteins of this family
harboring domains related to the hydrolysis of galactose, among other types of sugars.
This demonstrates the limitation of studies involving enzymes of this family of GHs.
The data obtained in the tests with metallic cofactors showed that the enzyme was
dependent on metals. This role of Mg?* has been reported for other enzymes; there are
several hypotheses regarding how magnesium acts on these enzymes, one of which is that
it helps maintain the conformation of the active site®’. The analysis of the optimal
conditions of the enzyme showed that ThABF presents characteristics similar to those of
other fungal arabifuranosidases of the GH54 family, making it quite adaptable to changes
in the conditions imposed in several types of biotechnological processes, such as the
hydrolysis of plant biomass.

Based on the results presented above, ThABF has the potential to be used in the
saccharification of lignocellulosic material, mainly because it acts on different types of
sugars that constitute the side chains of hemicellulose®*3*. These side chains contribute
to the recalcitrancy of plant biomass due to its diverse structural composition®*®. The
removal of hemicellulose makes it less recalcitrant, improving the hydrolysis process®?®.
For this purpose, enzymes such as arabinofuranosidases that act on these sugars are
necessary®*,

In conclusion, the present study reports the in silico bioprospection, expression,
purification and biochemical characterization of a GH54-dependent metal with expanded

substrate specificity that acts in a wide pH range. These characteristics indicate the
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potential to use this enzyme in industrial bioprocesses, such as the saccharification of

plant biomass.

Methods

In silico data mining, RNA-Seq read mapping and phylogenetic analyses of ThABF
A search for sequences of bifunctional Trichoderma enzymes that act on hemicellulose
was carried out in the NCBI nonredundant protein®®, UniProt and CAZy databases. With
the selected sequence, a BLASTP search was performed versus the genome of T.
harzianum CBS 226.95 (TaxID: 983964) in the NCBI database. The most similar
sequence was used to map the RNA-Seq reads of the T. harzianum 10C-3844 data
generated in the work of Horta et al.*” and, thus, obtain the sequence of the specific
protein of the target lineage. For mapping, CLC Genomics Workbench software (CLC bio
- v4.0; Finlandsgade, Dk) was used. Analyses of physical-chemical parameters were also
performed with ProtParam; the presence of signal peptides was evaluated on the SignalP-
5.0 server; domain prediction was conducted with SMART; and protein structure
prediction was conducted with I-TASSER.

A BLASTP search of the sequence resulting from mapping was performed versus the
CAZy database, and different enzymes of the GH54 family were then selected to perform
phylogenetic analysis. The sequences were aligned using ClustalW®® implemented in
Molecular Evolutionary Genetics Analysis software, version 7.0%°. Gaps were removed
manually, and incomplete or difficult-to-align sequences were excluded from the
analysis. Phylogenetic analyses were performed with MEGA7 using maximum likelihood
(ML)* inference based on the Jones-Taylor-Thornton (JTT) model with 1000 bootstrap**
repetitions for each analysis. The tree, drawn to scale, was obtained automatically by
applying the neighbor-joining BioNJ algorithms to a matrix of distances in pairs
estimated using the JTT model and the topology with the highest log probability values.

The trees were visualized and edited using the program Figtree??.

Heterologous production and refolding of TiBgal54A

The ThABF gene was cloned into the pET-28a (+)vector using the standard gene cloning
protocol of  Sambrook®®  with the aid of the forward primer
TAAGAATTCGGGCCCTGTGA and the reverse primer
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TGGTCGACTTAAGCAAACTGG. The recombinant plasmids were transformed into
Escherichia coli Rosetta (Novagen, Darmstadt, Germany) for protein overexpression.
Transformed E. coli Rosetta cells were grown to an optical density of approximately 0.8
at 800 nm. To trigger the transcription of the ThABF gene, it was inserted in a culture
containing isopropyl B-D-1-thiogalactopyranoside (IPTG) at 0.4 mM. Then, the cells
were incubated overnight at 25°C, harvested by centrifugation and resuspended in 50 mL
of buffer A (250 mM NacCl, 40 mM sodium phosphate, 20 mM imidazole, 3 mM MgCI2,
1 mM EDTA and pH 8.0), 1 mg/mL lysozyme and 1 mM phenylmethylsulfonyl fluoride
(PMSF) for 30 min with shaking on ice. The cells were disrupted by sonication, and the
soluble fraction was obtained by centrifugation (16,000 rpm, 40 min, 4°C).

After rupturing the cells and resuspending the inclusion bodies, the refolding protocol of
Santos et al.?® was applied. The pellet was resuspended in 15 mL of buffer A containing
1 M urea. Then, sonication and centrifugation (16,000 rpm, 15 min, 4°C) were performed
6 times. Dialysis was subsequently performed under agitation overnight with buffer A
plus 0.4 M arginine, followed by centrifugation (10,000 rpm, 10 min, 4°C). The
concentrations of the purified proteins were determined spectroscopically using the molar
extinction coefficient (€) predicted on the basis of the amino acid sequence, and sample
purity was estimated by polyacrylamide gel electrophoresis with 12% sodium dodecyl
sulfate (SDS-PAGE).

Analysis of folding components

The far-UV CD spectra of ThABF were collected using a Jasco model J-810
spectropolarimeter from the National Biorenewables Laboratory (LNBR) coupled to a
Peltier control system (PFD 425S-Jasco). The CD spectra were generated using the
purified recombinant protein at a concentration of approximately 1.024 mg/ml in 10 mM
sodium phosphate buffer, pH 8.0. A total of 12 accumulations were recorded within the
range of 260 to 208 nm at a rate of 50 nm min using a quartz cuvette with a travel length
of 1 mm, and the results were averaged.

The tertiary folding components of the recombinant refolded ThABF were evaluated by
analytical SEC using a Superdex 200 10/300 GL column (GE Healthcare, Uppsala,
Sweden). The protein sample at a concentration of approximately 0.56 mg/ml was
dialyzed against buffer A, and gel filtration was then performed at a flow rate of 0.5
mL.min. The elution fractions from each chromatographic run were collected and
analyzed by 12% SDS-PAGE.
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Biochemical characterization

The substrate specificity of ThABF was tested with the following pNP glycosides: a-D-
arabinopyranoside (pNPAp), B-D-galactopyranoside (pNPG), a-D-arabinofuranoside
(pNPAra), B-D-fucopyranoside (pNPF), a-D-glucopyranoside, a-D-xylopyranoside, a-
D-mannopynoside, a-L-ramnopyranoside, a-L-fucopyranoside, -D-glucopyranoside, a-
D-galactopyranoside, B-D-xylopyranoside, f-D-cellobioside and - D-mannopyranoside.
A 10 mM concentration of pNPs was used in the tests, which were conducted in 100 mM
phosphate buffer (HPO4), pH 6.5, at 55°C for 10 min. The reactions were stopped with
100 mM calcium carbonate (CaCOs), and the released pNP was quantified
spectrophotometrically at 410 nm.

After selecting the substrates against which ThABF exhibited activity, its activity was
tested with different 1 mM concentrations of different metal salts (CaCl,, KCI, NaCl,
MgClz, MnClz, CoClz, ZnSO4, CuClz, NiCl2, FeCls and BaClz) and EDTA. Before these
tests, any metal ions that could interfere with the analysis were removed via two dialysis
steps performed on the recombinant protein overnight under agitation. First, 15 mM
EDTA was added to chelate the metals present in the sample, and the protein was then
transferred to a buffer containing 10 mM sodium phosphate. Subsequently, the tested
chemicals were individually incubated with the recombinant enzyme; the reactions
occurred at 55°C at pH 6.5 for 10 min with pNPG as the substrate.

After the selection of the ion with the greatest effect on the enzyme, it was used to
optimize pH and temperature conditions. The optimal pH was determined by incubating
0.12 mg/ml of purified ThABF with 10 mM pNPG in buffers with pH levels ranging from
3.0 to 10.0 [CH3COONa sodium acetate buffer (100 mM, pH 3.0 to 5.0), Na2HPO4
phosphate buffer (100 mM, pH 6.0 to 8.0) and Tris-NaCl (100 mM, pH 7.0 to 9.0)]. The
mixtures were incubated at 55°C for 10 min, and the released pNP was quantified
spectrophotometrically at 410 nm. The same conditions were applied to investigate the
ideal temperature; these tests were conducted with NaoHPO4 phosphate buffer (pH 6.5,
100 mM) at a temperature range of 20 to 70°C. Subsequently, the pH test was repeated at
the identified temperature.

After performing the above tests, assays of enzymatic kinetics were performed at pH 6.5
at 55°C for 10 min, with pNPG, pNPAp, pNPF and pNPAra as substrates. The parameters
Km, Vmax, and Kcat and the Kcat/Km ratio were obtained by plotting using the

Lineweaver-Burk method, where the plots were constructed by plotting the substrate
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concentration on the x axis and the speed of the enzymatic reaction on the y axis using

the OriginPro 8.5.0 program. The experiments were performed in triplicate at an ideal

temperature and pH. A unit of enzymatic activity was defined as the amount of enzyme

required to release 1 umol of p-nitrophenol per minute under the tested conditions.
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5 CONCLUSOES GERAIS

De modo geral, este estudo identificou uma ABF de Trichoderma harzianum com
atuacdo enzimatica diferente das demais enzimas encontradas da familia GH54. Nas
andlises in silico foi possivel observar que esta familia tem uma grande diversidade
funcional pouco explorada. Através da caracteriza¢ao bioquimica a ABF apresentou uma
ampla faixa de atuacdo de pH e temperatura. 1sso a torna uma potencial enzima a ser
utilizada em processos industriais como a sacarificacdo da biomassa vegetal. No entanto,
mais estudos devem ser conduzidos para compreender melhor a capacidade hidrolitica da
ThABF em substratos mais complexos.
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6 PERSPECTIVAS

Os resultados obtidos nesta dissertacdo envolvendo diferentes abordagens
biotecnologicas devem contribuir para novos estudos envolvendo a busca e caracterizacao

bioquimica de proteinas.

Este estudo fornece uma base para trabalhos que almejam realizar a bioprospec¢éo
in silico de sequéncias alvos e purifica-las utilizando métodos de purificagdo como o
refolding. Além disso, a metodologia empregada no trabalho pode auxiliar no estudo de
proteinas ndo conhecidas como também para o aprimoramento ou modificacdo de
enzimas envolvidas na degradacdo da biomassa vegetal. Estes processos sdo
fundamentais para tornar mais eficiente o processo de hidrdlise enzimatica e,
consequentemente aumentar o rendimento da producéo de bioetanol de segunda geragéo

a partir da biomassa lignoceluldsica do Brasil.
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