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RESUMO

O solo do Cerrado tem sido foco de poucos estudos, especificamente sua diversidade
microbiana. O solo é um habitat com alta diversidade de microrganismos e, portanto,
pode ser fonte para a prospeccao de enzimas industriais. A identificacdo de novos genes
pela abordagem metagendmica levou a descoberta de novas atividades enzimaticas. As
enzimas lipoliticas sdo produzidas principalmente  por  microorganismos,
frequentemente bactérias, e desempenham um papel vital em iniciativas comerciais. A
fim de isolar genes putativos de lipase, foi realizado um screening com tributirina em
uma biblioteca metagenémica de solo de Cerrado. De 6.720 clones avaliados contendo
um inserto de mediana de 8 Kb, foram isolados trés com atividade lipolitica e dezoito
sequéncias codificantes foram preditas. LipX e lipY se agruparam a enzimas da familia
IV lipolitica, relacionados com lipase de Pseudomonas sp. (AAC38151), Cupriavidus
necator (AAC 41424) e Moraxella sp. (CAA37862). LipW apresentou semelhancas
estruturais com uma enzima lipolitica de Pseudomonas fluorescens e 28% de identidade
de sequéncia, no mesmo ramo de quatro lipases / esterases da bactéria Moraxellaceae.
Além disso, a triade catalitica Ser-Asp-His foi localizada no motivo G-X-S-M-G-G,
similar a outras lipases da familia V. A purificacdo da lipX revelou uma proteina
recombinante de 35 kDa, e da lipY revelou uma proteina recombinante de 32 kDa como
previsto pelos dados de sequenciamento. O peso molecular estimado do LipW foi de 29
kDa, os parametros moleculares puderam ser associados ao monémero do lipW em
correspondéncia com o seu MW tedrico, como também se observou no gel de SDS-
PAGE. A atividade enzimética foi observada de pH 3,0 a 10,0, com atividade 6tima em
pH 7,5,0-9,5 para lipX, pH 8,0-9,5 para lipY e em pH 9,0-9,5 para lipW. Dentro da
faixa de temperatura de 25°C-95°C, a atividade mé&xima foi observada a 55°C para lipX,
60°C para lipY e 40°C para lipW. Os resultados da comparacdo entre o lipX com o
algoritmo BLAST e o banco de dados de proteinas (PDB) exibiu 41% de identidade
com mutante G84S EST2 de Alicyclobacillus acidocaldarius [PDB 2HM7] e dobra
a/Bhydrolase da familia sensivel ao horménio IV Esterase/Lipase. Com 0s residuos
cataliticos: Serl56, Asp259 e His289 localizados entre o dominio o/ e o dominio
helicoidal. O Ser156 est4 localizado no motivo de consenso GDSAGG, e também foi
visto no alinhamento de sequéncia de lipX com outros membros da familia V. LipY
tem uma triade catalitica formada por Ser143, Glu237 e His267. LipY também contém
um dominio CAP (Met1-Val45) além do dominio catalitico (GIn46-Arg306). O Ser143
catalitico esta localizado no motivo GXSAG semi-conservado onde, em vez de Asp
(GDSAG), o mais comum, ha outro residuo de carga negativa, Glu (GESAG). LipX e
lipY contém motivo HGG conservado, que estd envolvido na formacdo do canal
oxianionico. Juntos, os espectros de CD UV distante e a estrutura do modelo 3D
baseada na modelagem por homologia indicam que a estrutura secundaria lipX, Y e W
consistia em a-hélice (~45%) e estruturas de folha-p (~15%), o que é consistente com a
estrutura secundaria predominantemente a-hélice da familia o/p-hidrolase de esterases.
A combinacdo de propriedades estruturais e funcionais demonstra que a abordagem
metagendmica de ambientes nativos é adequada para descobrir novas enzimas lipoliticas
com aplicacéo biotecnologica.

Palavras-chave: Solo, Cerrado, Enzimas lipoliticas, Metagenoma.



ABSTRACT

The Brazilian Cerrado soil has been focus of very few studies about its microbial
diversity. Soil is a habitat with high diversity of microorganisms, thus can be a source
for the prospection of industrial enzymes. The identification of new genes through the
metagenomic approach has led to the discovery of novel enzyme activities. Lipases are
mainly produced by microbes, most frequently bacterial, and play a vital role in
commercial ventures. In order to isolate putative lipase genes, Cerrado soil
metagenomic library was screened with tributyrin. From 6,720 clones evaluated with 8
Kb DNA size, three with lipolytic activity were isolated, and eighteen coding sequences
were predicted. LipX and lipY clustered with lipolytic enzymes from family IV, closely
related to a lipase from Pseudomonas sp. (accession number AAC38151), Cupriavidus
necator (accession number AAC 41424) and Moraxella sp. (accession number
CAA37862). LipW showed structural similarities with a Pseudomonas fluorescens
lipolytic enzyme, and 28% sequence identity in the same branch as four
lipases/esterases from Moraxellaceae bacteria. In addition, the Ser-Asp-His catalytic
triad was localized in the G-X-S-M-G-G motif, similar to other family V lipases. The
purification of lipX revealed a 35-kDa recombinant protein and lipY revealed a 32-kDa
recombinant protein as predicted by the sequence data. Estimated molecular weight of
LipW was 29 kDa, molecular parameters could be associated to the lipW monomer in
correspondence with their theoretical MW, as also observed in the SDS-PAGE gel.
Enzyme activity was observed from pH 3.0-10.0, with optimal activity at pH 7.5.0-9.5
for lipX, pH 8.0-9.5 for lipY and at pH 9.0-9.5 for lipW. Within the temperature range
of 25°C-95°C, maximum activity was observed at 55°C for lipX, 60°C for lipY and
40°C for lipW. The results from the comparison of the lipX with BLAST algorithm
against protein data bank (PDB) exhibited 41% identity with G84S EST2 mutant from
Alicyclobacillus acidocaldarius [PDB 2HM7] and o/Bhydrolase fold from the 1V
Esterase/Lipase hormone sensitive Family. With the catalytic residues: Ser156, Asp259
and His289 located between o/f domain and the helical domain. The Ser 156 is located
in the consensus motif GDSAGG, as also showed in the sequence alignment of lipX
with other members of related Family V. LipY has a catalytic triad formed by Ser143,
Glu237, and His267. LipY also contains a CAP domain (Metl—-Val45) besides catalytic
domain (GIn46—Arg306). The catalytic Ser143 is located in the semi-conserved GXSAG
motif where instead of Asp (GDSAG), the most common; there is another negative-
charged residue, Glu (GESAG). LipX and lipY contain a conserved HGG motif, which is
involved in the formation of the oxyanion hole. Together, the far-UV CD spectra and 3D
model structure based on homology modeling indicate that lipX,Y and W secondary
structure consisted of a-helix (~45%) and [-sheet (~15%) structures, which is consistent
with the predominantly o-helix secondary structure of the o/p-hydrolase family of
esterases. The combination of structural and functional proprieties demonstrates that
metagenomic approach of native environments is suitable for discovering novel
lipolytic enzyme with biotechnological application.

Keywords: Soil, Cerrado, Lipolytic enzymes, Metagenome.
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INTRODUCTION

Biocatalysts were first described at the end of the 18th century, with studies of
meat digestion by stomach secretions. However, it was from the 19th century that the
nature of these catalysts began to understand, with studies regarding starch conversion
by sugars, saliva, and plant extracts. In Germany in 1877 Wilhelm Kihnen introduces
the term "enzyme". Enzymes are capable of performing many different reactions, can
be produced on a large scale, and operate at different temperatures and pH (Salis et
al., 2007). These properties have captured the attention of scientists and engineers for
the use of enzymes as industrial catalysts, used extensively across a wide range of
applications as food industry, organic chemistry, detergency and cleaning, paper
industry, management of waste and toxic compounds, as components of biosensors, in
biofuels production, in leather processing, in hard-surface cleaning, in single-cell
protein production, and in the synthesis of polymers, biodegradable plastics, lubricants
or cosmetics (Choudhury and Bhunia, 2015a).

Lipolytic enzymes are ubiquitous enzymes. In eukaryotes, they may be find
within organelles, such as lysosomes, or they may be found in spaces outside cells,
which play an important role in the metabolism, absorption and transport of lipids. In
lower eukaryotes and prokaryotes, the lipases may be intracellular or secreted for the
purpose of degrading lipid substrates present in the environment One important aspect
of lipolytic enzymes is the unique physico-chemical character of the reactions they
catalyse at lipid-water interfaces. They were previously defined in kinetic terms, based
on the “interfacial activation” phenomenon, in terms of the increase in the activity
which occurs when a partially water-soluble substrate becomes water-insoluble (Khan et
al., 2017).

Several studies are focused to find a different source that can provide
microorganisms accessing uncultivable organisms and enzymes with a great
biotechnological potential and industrial usage.(Berini et al., 2017). From all sources
studied, the soil represents the main source of the majority biocatalysts, antibiotics and
secondary metabolites of importance in industry, medicine and agriculture and only a
small fraction of total microbial species in soil has been characterized by cultivation-
based methods (Torsvik et al., 1990). Bioprospection studies of microbial diversity in
soil revealed that the Proteobacteria, Acidobacteria, Actinobacterium, Firmicutes, and

13
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Verrucomicrobia are abundant (Delmont et al., 2011), as well as several of uncultured
bacteria, which are difficult to access.

Nevertheless, regarding the uncultured bacteria, it is worth to mention that
metagenomics technique made the access to such kind of microorganism possible and it
can be understood as a technique in which a portion of the DNA is extracted and
inserted in a culturable surrogate host (Gu et al., 2015). Considering metagenomics
from a soil, a number of genes encoding novel enzymes, and, as in this work, lipolytic
enzymes, biocatalysts for biotechnological application have been identified and
characterized beside this novel families of esterase/lipase enzymes settle (Lee et al.,
2006).

For the enzymatic technology, a challenge to be overcome is to optimize the
production of these enzymes on a large scale. Currently, some expression systems are
being studied extensively, among them the classics like Gram-negative bacterium
Escherichia coli, as well as alternative systems such as the methylotrophic yeast
Komagataella pastoris and filamentous fungi (Valero, 2012). These latter systems have
gained wide acceptance as host organisms in the production of heterologous or
homologous proteins of industrial interest, due to the efficiency of the process and
because they are more suitable to express new lipolytic genes from eukaryotic origin
using metagenomic aprouch (Berini et al., 2017; dos Santos et al., 2017; Stroobants et
al., 2015). The present work addresses those issues by the functional metagenomic
screening of a metagenomic library from Brazilian Cerrado soil samples, the cloning,
overexpression, functional and structural characterization analysis of tree novel lipolytic

enzymes lipX, lipY and lipW.
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LITERATURE REVIEW

Global market of enzymes

Modern biotechnology encompasses the application of industrial enzymes with
the possibility of finding new biomolecules using improved processes, efficient
microbial producing species, the orientation of enzymes to specific reactions in
metabolic engineering and metagenomics (Borrelli and Trono, 2015). Most of the
enzymes used on industrial scale are currently produced by genetically modified
organisms and are applied in various sectors: pharmaceutical, detergents, textile
finishing, pulp and paper processing, food processing, chemical production.

The global market for industrial enzymes has been growing significantly year
after year. In 2014, the total market reached approximately USD 4.6 billion, while in
2016 it has surpassed the mark of USD 5 billion, an increase of 8,6% in the period. For
2021, the expectation is for the market to reach USD 6,3 billion, with an annual growth
rate (CAGR) of 4.7% (Dewan, 2017). Companies that have successfully developed
commercial enzymes build up the same skills: (i) screening for new enzymes; (ii)
fermentation; (iii) large scale purification; and (iv) formulation of commercial enzymes.
Some of these companies in the Enzymatic Industry are: BASF SE (Germany), E.I.
DuPont de Nemours & Co (U.S.), Koninklijke DSM N.V (Netherlands) and Novozymes
A/S (Denmark).

Nevertheless, the main challenges for the adoption of biocatalysts as a regular
industrial practice are: (i) costs, since the biocatalysis process is more expensive than
ordinary chemical methods; and (ii) although enzymes can show a better performance
than chemical methods in their native habitat, most of them are not suited for
commercial use, since conditions are different in industrial and natural environments.

Despite all such challenges, enzymes as a solid established biotechnology
product are used mainly in the food sector (31% of the global sale of enzyme), with a
significant potential growth in the development countries. It is important to highlight
that there are sectors in which biocatalysts can be a resourceful tool such as wastewater

treatment, and paper and pulp sectors (Sarrouh et al., 2012).
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Lipolytic enzymes

Lipids are essential to all living systems. They are relevant sources of energy,
performing structural roles in the membrane and involved in the cellular signaling. To
perform these functions, they require lipolytic enzymes during metabolism (Facchin et
al., 2013).

Lipolytic enzymes were discovered in 1856 by Claude Bernard while studing the
role of pancreas in fat digestion (Arpigny and Jaeger, 1999). Since then, several
different enzymes capable of acting over lipids have been identified and isolated from
bacteria, fungi, plants and animals. Due to their diversity and catalytic properties, lipase
has a prominent spot as a relevant industrial biocatalyst.

Lipolytic enzymes belong to the group of the carboxyl ester hydrolases, which
are represented mainly by esterase (E.C.3.1.1.1) and “real” lipase or triacylglycerol
hydrolases (E.C.3.1.1.3) that differ in some biochemical aspect. Lipases catalyze the
hydrolysis of the ester connection with triacyclglycerols in a chain with more than ten
carbons; and esterases, which catalyze the hydrolysis of triacyclglycerols constituted by
oily acids with less than ten carbons. However, other enzymes can hydrolyze acyl
glycerol such as the cutinases and phospholipases, considered by some authors as
lipolytic enzymes (Fojan et al., 2000).

Lipase acts in the aqueous/organic interface, catalyzing the hydrolysis of the
ester-carboxylic connections and releasing acids and organic alcohols. However, in the
aqueous-restricted means, the inverted reaction (esterification) or various reactions of
transesterification can also occur. Therefore, lipases are capable of catalyzing hydrolysis
reactions as much as synthesis in triglyceride and fatty. This diversity of reactions
presented by the lipase has a great significance to the industry, especially to the
production of chemical compounds, pharmaceutical cosmetics, detergents and biodiesel.
Lipases can be highly specific regarding the compound they hydrolyze/synthetize.

This specificity is controlled by the molecular properties of the enzyme,
unsaturation size and number of the substrate carbonic chains and by factors that affect
the enzyme-substrate connection. In this context, steric obstructions, as well as the

hydrophobic interactions, are crucial to the enzymatic specificity (Fojan et al., 2000).
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Biological sources of lipolytic enzymes

The lipolytic enzymes can be found in plants, animals and micro-organisms.
Plant lipases are found mainly in tissues, as, for example, in oily seeds, cereal seeds and
tree barks. Thus, they have potential for commercial application in organic synthesis,
food, detergent and pharmacology (Choudhury and Bhunia, 2015b). Alongside with
plant lipases, there are the animal lipases, which include the liver lipase and pancreatic
lipases and the ones sensitive to hormone and the ones stimulated by the bile. Those
with pancreatic origin are used in the acceleration of the cheese maturation and in the
creation of flavor, as well as in the lipolysis of butter, grease and cream (El-Hofi et al.,
2011).

Due to their catalytic properties, the microbial lipases have a prominent position
among the industrially used biocatalysts. The first bacterial lipases acknowledged as
members of the enzyme superfamily were homologous to the ones from animal origin.
The most important bacterial genera that have been studied for the production of lipase
are Pseudomonas, Bacillus e Streptomyces, followed by Burkholderia,
Chromobacterium, Achromobacter, Alcaligenes e Arthrobacter. From all these, a
number of bacterial lipases are used in industrial processes, such as the production of
biodiesel, particularly lipases of Pseudomonas fluorescens, Burkholderia cepacia and
Bacillus thermocatenulatus (Hwang et al., 2014) while the lipases from Pseudomonas
mendocina, Pseudomonas alcaligenes, Pseudomonas cepacia glumae are used as
detergent additives (Gupta et al., 2004). Among the relevant kind of yeasts and fungi
studied for the production of lipases, one can include the Candida, Yarrowia,
Aspergillus, Penicillium, Rhizopus, Rhizomucor e Thermomyces (Hwang et al., 2014).

Classification of the lipolytic enzymes

Due to the difficulty to classify the lipases based on the mechanism of reaction,
Arpigny e Jaeger (1999) proposed a classification system based on the similarity
between the sequence of several enzymes and the lipase from Pseudomonas aeruginosa
(100%). The sequences of amino acids and nucleotides were obtained from the data
stored in the NCBI and the comparison between them relied on the BLAST 2.0.
program (Altschul et al., 1997).

17
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The classification suggested 8 families of lipolytic enzymes, being that families
Il and VIII encompass esterases. Since then, this classification has been largely used
and integrated to various database servers. There are currently 16 families of lipolytic
enzymes.

Family I consists in true lipases defined as enzymes which show maximal activity
towards insoluble long-chain triglycerides. These enzymes are subdivided in:

Sub-family 1: Lipases that present sequence similar to Pseudomonas aeruginosa (P.
aeruginosa) lipase and whose mass is usually between 30-32kDa. These lipases require
chaperone proteins for expression. All members have two conserved aspartic acid residues
for controlling Ca2+-binding site for catalytic activity. Besides, most of them contain an
intramolecular disulphide bridge for stabilizing protein folding. These features are found
near the catalytic histidine and aspartic acid residues.

Sub-family 2: Lipases that show sequence similarity to Burkholderia glumae (B.
glumae) lipase and whose mass exceeds 32 kDa (with two extra B-strands when compared
to sub-family 1). Like sub-family 1, these lipases need chaperone for expression, as well as
the two aspartic acid residues and two cysteine residues forming an internal disulphide
bridge.

Sub-family 3: Lipases from two separate species — Pseudomonas fluorescens (P.
fluorescens) and Serratia marcescens (S. marcescens). Their molecular mass is greater than
sub-families 1 and 2 (50-65kDa), with no N-terminal signal peptide or disulphide bridge.
These lipases are exported from host through type | secretion pathway using a C-terminal
signaling domain.

Sub-family 4: These are the smallest lipases, with a molecular mass of less than
20kDa. Several contain the pentapeptide sequence AXSXG instead of GXSXG. They do
not require Ca2* ion for catalytic activity and bear no cysteine residues.

Sub-family 5: All lipases in this family are from gram-positive prokaryotes, with
molecular mass ~46 kDa due to a unique insertion within the o/p hydrolase fold required for
zinc-binding, theorized to be behind thermal stability.

Sub-family 6: Lipases in this family start as preproproteins ~75 kDa in mass due to
~200 amino acid N-terminal domain used as a translocator signal through the cell
membrane. This precursor is cleaved in the extracellular medium through specific protease
activity, leaving a lipolytic domain ~46kDa. Some members have shown phospholipid as

well as lipolytic activity.
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Sub-family 7: Central region primary structure (i.e. from residues 50-150) shows
significant similarity to sub-family 2. Members of this family have been found to act on a
wide range of substrates, both tri- and mono-glyceride in origin, of varying fatty acid chain
lengths.

Sub-family 8: Recently identified as a novel lipase — Lipl — from
Pseudoalteromonas haloplanktis (P. haloplanktis). The primary structure of this 51 kDa
lipase shows little relation to any previously identified esterase’s. They theoretically lack lid
structures and Ca?* pockets and the active site is not the expected GXSXG or equivalent
pentapeptide, but instead LGG(F/L/Y) STG heptapeptide (Arpigny and Jaeger, 1999)

Family 1l is encompassed by GDSL/SGNH esterases, lacking the pentapeptide
GXSXG sequence and instead containing GDSL/SGNH tetrapeptide at the N-terminus.
Family Il esterases have five sections/blocks bearing conserved amino acid residues,
with the first block containing the GDSL motif (Lenfant et al., 2013). As with GXSXG
esterases, it is the serine residue in these GDSL/SGNH esterases which performs a
nucleophilic attack on the substrate at the binding site of the esterase.

Family I11: Members of this family show sequence similarity (~20%) to human
platelet activating-factor acetylhydrolase (PAF-AH). However, family III esterase’s do
not have a lid, unlike PAF-AH. The first members were the extracellular esterase’s with
a molecular mass of 32-35 kDa from the species Streptomyces and Moraxella. Later
additions included Acidovorax and Thermobifida hydrolases, both of which are capable
of degrading polyesters.

Family IV: A series of esterase’s from distantly related prokaryotes that show
sequence similarity to mammalian HSL (hormone-sensitive lipase). Members of this family
have three sequence domains with conserved motifs, with domains Il and 111 containing the
esterase catalytic triad. Domain | contains a consensus sequence for stabilizing the oxyanion
hole and promoting catalysis. Some members can also have a ‘cap’ which covers the active
site, regulating the hydrolytic activity, but this does not configure them as actual lipases.
Unlike HSL, these enzymes show greater activity on soluble, short-chain esters and
expected kinetics upon substrates.

Family V: These esterases show homology to other, non-lipolytic hydrolases
showing the o/p hydrolase fold and catalytic triad (Lenfant et al., 2013) Like Family IV,
they have three conserved sequence blocks with the active site residues located in
blocks Il and I1I.

19



20

Family VI: Among the smallest of the esterases, with sizes ranging from 23-
26kDa. Like in families IV and V, they have three conserved blocks. Family VI
enzymes show ~40% sequence similarity to eukaryotic lysophospholipase.

Family VII: Members of this family have a mass ~55 kDa and four conserved
sequence blocks. Amino acid sequence homologies to acetylcholine esterase’s and
intestine/liver carboxylesterases (30% identity and 40% similarity) respectively.

Family VIII: Unlike all other carboxylesterases, members of thi family do not
have the o/p hydrolase fold yet show greater similarity to the B-lactamases and DD-
peptidases. The catalytic serine is not found in a triad arrangement, but as part of a
SXXK tetrapeptide as opposed to a GXSXG pentapeptide or a GDSL/SGNH
tetrapeptide. Most members have a mass ~42 kDa. The serine in the SXXK tetrapeptide
acts as in GXSXG or GDSL/SGNH esterase’s (Biver and Vandenbol, 2013).

More esterases that have being discovered are not applicable to the current
definitions of families/sub-families. The metagenomic studies have expanded this
classification to include six new families, ranging from IX to XIV (Zarafeta et al.,
2016). Some of the structural variability within the o / B hydrolase fold family is

showed in Figure 1.

d;
(a) C) S D H
D D H
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S D H
n
S 0,

(c) H

Figure 1 — Structural variability within the o / B hydrolase fold family.

o. Helices and p strands belonging to the ‘canonical’ fold is represented by white rectangles and gray
arrows, respectively. Helices are shown by squares. Secondary structure elements that deviate from the
‘canonical’ fold is represented in black. () Epoxide hydrolase from A. radiobacter AD1; (b) Brefeldin A
esterase from B. subtilis; (c) Carboxylesterase from Pseudomonas fluorescens; (d) Lipase from S.
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exfoliates; t. (e) Lipase from P. aeruginosa; (f) Acetylxylan esterase from P. purpurogenum (Nardini and
Dijkstra, 1999).

Another classification allocates the lipases into three classes according to the
oxoanionic hole: GX, GGGX, e Y. The oxoanionic hole is a pocket that promotes the
stabilization of the intermediary residue charged negatively and generated during the ester
connection in the hydrolysis. It consists of two residues, one always nucleophilic and the
other with a changeable position. In the GX class of lipases, the hole position in the
changeable residue C-terminal of X is next to the residue preserved glycine. In class
GGGX, this residue is dislocated to a position related to the C-terminal and it is the glycine
residue that is followed by a hydrophobic residue preserved X. In the Y class, the
changeable residue is a tyrosine. Based on this classification and in the similarities of the
amino acid sequences, the yeast and fungus lipases were grouped into five different
subclasses, two in the GX class, two in the GGGX class and one in the Y class (Borrelli and
Trono, 2015). The specificity of this substrate enzyme is directly correlated to the
preference of the real lipase and esterase regarding the hydrophobicity and the physical state

of their substrates (Figure 2).

| Yeast and Fungal Lipases

GGGX class GX class Y class
Yarrowia Lipolytica Filamentous Fungi
Lipase-Like Lipase Candida Antarctica
Lipase A-Like
Candida Rugosa Candida Antarctica
Lipase-Like Lipase B-Like

Figure 2 — Classification of yeast and fungal lipases.
(Adapted from (Borrelli and Trono, 2015)

Structure and catalytic mechanism of the lipases

The tertiary structure of lipases is characterized by a structural domain of the
hydrolases of type a/p (Khan et al., 2017). The catalytic site of the lipases is composed by
cyatalytic triad (G-X1-S-X2-G, where G=glycine; S=serine; X1= histidine e X2= glutamic

acid and aspartic) (Figure 2). The components of the catalytic site are always in this order in
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the amino-acid sequence, which is different from that observed for other proteins that carry
the catalytic triad. In the lipases, the nucleophilic residue is always a serine, which is located
in the so-called “nucleophilic elbow”. The catalytic acidic residue is located after the f6 or
7 strand of the central B sheet, and it is hydrogen-bonded to the catalytic histidine that is
located in a loop after the B8 strand of the o/p hydrolase fold (Figure 3). The active site of
the lipase also contains a large, hydrophobic scissile FA binding site that accommaodates the

acyl chain of the ester linkage that is to be hydrolyzed.

&

7 : \\_‘ : .
\ [N

Figure 3 — Schematic representation of the structural r preserved in enzymes of the family o/
hydrolysis.One f central leave, encompassing eight different B strips (B1-8), connected to six o helix.
(Adapted from (Nardini and Dijkstra, 1999)

Most lipases are characterized by inclusion in their structure of a mobile domain,
known as the “lid”, which consists of a single helix, two helices, or a loop region. In the
absence of a lipid—water interface, the lid covers the active site, while the presence of an
interface results in a rearrangement of the conformation of the enzyme that displaces the
lid, thus making the catalytic site accessible to the substrate and the solvent. This
phenomenon was described by Holwerda et al (1936) and by Schonheyder & Volgvartz
(1945) as a characteristic of the lipases that distinguishes them from the esterases. By
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measuring the activity of the pancreatic lipase using the tricaproin as substrate, the authors
realized that the hydrolysis was increased whenever the substrate concentration exceeded
solubility limit. This behavior was called interfacial activation.

The lipase lid is an amphipathic structure and when closed its hydrophilic side is
in contact with the aqueous solvent, while the hydrophobic side is facing the
hydrophobic center of the protein. At the water-lipid interface, the lid moves, exposing
the hydrophobic side, contributing to the formation of a larger hydrophobic surface and
the attachment of the substrate at the same time as exposing the active site. The
structure of the lid can be opened and closed and it is present on the active site in
different lipase families, indicating that it would be involved in the catalytic mechanism
of lipases (Cygler and Schrag, 1999) as showed in Figure 4.

Some lipases may be in dynamic equilibrium between the open and closed form,
when in solution. In addition, the lid opening can be facilitated by organic solvents,

probably by decreasing the dielectric constant of the medium (Anobom et al., 2014)

Open lid

Close lid

Figure 4 — Schematic representation of the structural open and closed states of the lid.
The closed conformation of the lid is yellow and the open conformation is red. (Cygler and Schrag,
1999).
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Applications of lipolytic enzymes

Lipolytic enzymes constitute an important group of biotechnologically important
enzymes due to the versatility of their properties and the large-scale production facility.

Among the possibilities of industrial applications of lipolytic enzymes are the
use in the food industry together with other enzymes for the elaboration of bread,
cheese, lipolysis of butter, fats, and cream, to produce aromas, emulgents and to
produce flavors (Guerrand, 2017).

They are used in pharmaceutical and agrochemical industries for the
modification or synthesis of antibiotics, anti-inflammatory compounds, pesticides, etc.,
and for the production of enantiopure compounds and the resolution of racemic
mixtures (Kohli and Gupta, 2016)

The quantitative determination of triacylglycerol by lipolytic as a biosensor is of
great importance in clinical diagnosis for the determination of triacylglycerol’s.
Candida rugosa lipase biosensor from Candida rugosa has been developed as a DNA
(Choudhury and Bhunia, 2015a; Zehani et al., 2014). They can also be used to
accelerate the degradation of fatty and polyurethane waste, contributing to the treatment
of effluents and bioremediation (Guerrand, 2017; Shelat and Padalia, 2016; Singh et al.,
2016).

An important application of lipolytic enzymes resistant to proteolysis and
denaturation by surfactants is their use in laundry detergents along with proteases to
improve the removal of lipid stains. They are also used in the synthesis of surfactants
for soaps, shampoos, and dairy products These enzymes are biodegradable, they do not
leave any harmful residues and risks for aquatic life. (De Godoy Daiha et al., 2015;
Guerrand, 2017) They are used as well in production of biodiesel (Hwang et al., 2014).

Examples of some commercially available lipolytic enzymes are: Palatase®
(Novozymes) from Rhizomucor miehei, used in the food industry; Chirazyme®L-8
(Boehringer Mannheim) and SP524 (Nova-nordisk) from Geotrichum candidum, used
in oleo chemistry; Chirazyme®L5 (Boehringer Mannheim) and SP526 (Nova-Nordisk)
from C. antarctica, used in organic chemistry; Lipase M "Amano” 10 (Amano), from
Mucor javanicus, used in food processing and oleo chemistry, Lipolase® from
Thermomyces lanuginose (Nova Nordisk), Lumafast® (de Pseudomonas mendocina
(Genecor), used in detergent industry and Lipomax™ from Pseudomonas alcaligenes
(Singh and Mukhopadhyay, 2012).
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Metagenomic approach

The prospection of microbial enzymes imposes a relevant challenge, once most
of the microorganisms found in a given environmental sample are non-cultivable yet
(Delmont et al., 2011; Handelsman et al., 1998). In that sense, one of the strategies most
likely to access the totality of micro-organisms in a given environmental sample and,
therefore, find relevant biomolecules is the metagenomic approach.

In the metagenomic approach, the total DNA of micro-organisms found is isolated
and cloned into specific vectors for the development of metagenomic libraries. Among
such environmental samples available, there are several kinds of soil, water from lakes,
seas, mud, rumen and drinkable water. It is known that 1g of soil can contain around 10
billion micro-organisms, encompassing thousands of different species (Torsvik et al.,
1990). Yet, as abovementioned, most of these microorganisms are yet to be discovered
due to their inability to multiply in culture commonly used in laboratories. Therefore, the
metagenomic technique allows a sampling of these micro-organisms’ genetic material to
be much more substantial than the sampling obtainable from the analysis of cultivable
micro-organisms alone, and enables, among other resources, the search for hydrolytic
enzymes with industrial interest.

As shown in Figure 5, applications that use this approaches include the
identification of genetic variants, description of diversity and abundance functional and
taxonomic and the assembly of microbial genomes, this made by bioinformatic analysis.
Still, the sequential metagenomics is less complex, since the steps of cloning and
expression are not required. In the other hand, the functional screening is still a robust
technique to identify new biocatalysts of interest from different environmental samples
using molecular modeling and biodynamic analysis of the new molecules. In that sense,
fragments of DNA are extracted from an environmental sample, sequenced, analyzed and
cloned in a laboratory-cultured host, E. coli ou Komagataella phaffii P. pastoris, and,
after expression, the clones are subjected to screening for the desired property, in this
case, the production of lipolytic enzymes and its biochemical and biophysical
characterization (Piel, 2011).
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Figure 5 — Schematic representation of the metagenomic approach with the research strategy to access
new biocatalysts from Cerrado soil.

Among the systems of heterologous expression, the prokaryotic and eukaryotic
systems are observed. The prokaryotic hosts include bacteria and the eukaryotic hosts
include yeasts, filamentous fungi, insect cells and mammal cells. In comparison with the
insect cells and mammal cells, the bacteria, yeasts and filamentous fungi are usually
more manageable in the laboratory and represent the heterologous platform most viable
economically, thus more adequate for industrial applications.

The prokaryotic hosts are more used in the expression of the heterologous
protein, since they have short growing timing and reach high cellular density at low
cost. Besides, their genetics is well characterized, and a great number of cloning vectors
and host mutant strips are available. It is worth highlighting, however, that they have
inconveniences related to the inability to perform post translation modifications,

including the correct folding of proteins, phosphorylation and glycosylation. Among the
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gram-negative bacteria, the E. coli represent the host used with a range of molecular
tools, including vectors commercially available for the construction of expression
systems (Gopal and Kumar, 2013; Masuch et al., 2015).

The second most utilized prokaryotic organism to the expression of the recombinant
protein is the gram-positive bacteria of the soil B. subtilis. In comparison to the E. coli, the
B. subtilis has an advantage, as it secreted proteins at higher concentrations are directly in
the environment (Borrelli and Trono, 2015).

The systems of eukaryotic expression, such as yeasts and filamentous fungi, has
several advantages in terms of heterologous expression, showing a cellular organization
that can accomplish post-translational modifications. The first yeast used to the
heterologous expression of the recombinant protein was S. cerevisiae. This choice was
based in the abundant data about its genetics and physiology, and its classified as safe
(GRAYS), allowing its wide use in the food industry (Valero, 2012). However, the
protein expression in the S. cerevisiae faces several limitations, such as plasmid
instability, low gains in production and low secretion capacity (Valero, 2012). For this
reason, others yeasts were considered as alternative expression systems. Among such
yeasts, the Komagataella phaffii P. pastoris has been the heterologous system most
used for producing commercially relevant recombinant proteins, reforcing the fact that it
uses methanol as the only carbon and energy source, in addition to the low secretion
level from its own proteins.

This approach becomes the most suitable methodology to bypass the obstacle of
cultivation, granting access to a number of genes that code new enzymes or more
efficient enzymes from a biotechnology standpoint. In that sense, the biodiversity tools,
the associated biochemical process and the heterologous expression systems are more
and more studied considering industrial application. Our research group has already
identified several genes with lipolytic activity, which grants them a huge potential in the

industrial biotechnological process.
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JUSTIFICATION

Soils allow a deep understanding of biodiversity involving microorganisms,
loots of new molecules and especial lipolytic genes.

Several techniques can be used to study the material collected in the soils,
despite the great challenges arising from this kind of study. One of the most efficient is
the metagenomic technique, which allows accessing the microorganisms by
independente cultivation approach, assisting in the identification of new genes and
biocatalysts of interest.

Through this technique, it is possible to identify uncultured microorganisms,
stimulating the study of the new lipolytic genes. As a consequence, it is possible to
exploit the biotechnological potencial of this new enzymes, such as lipases, for

example, in relevant industries.
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OBJECTIVES

General objective

e Structural and functional characterization of novel lipolytic enzymes from a

Brazilian Cerrado soil metagenomic library

Specific objectives

» Cloning and sequencing of the gene and coding sequence (CDSs) of novel
lipolytic enzymes from a Brazilian Cerrado soil metagenomic library;

» Heterologous expression of novel lipolytic enzymes in E. coli;

» Purification and functional characterization of recombinant lipolytic enzymes by
one-dimensional electrophoresis and enzymatic essays;

» Biophysical characterization of recombinant lipolytic enzymes by circular
dichroism and fluorescence spectroscopy;

» Modelling and structural studies of recombinant lipolytic enzymes.
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MATERIALS AND METHODS

Metagenomic libraries

The metagenomic library used in this work was previous constructed with Cerrado
stricto sensu soil, as described (de Castro et al., 2011). Metagenomic DNA from the soil
microbial community was partially digested with Pstl in buffer H (Promega) and all DNA
fragments between 2 and 8 kb were excised and extracted from the gel with GELase
(Epicentre) according to the manufacturer’s directions. Plasmid (pCF430) (Newman and
Fuqua, 1999) vector was isolated and purified with QIAprep Miniprep (Qlagen, Valencia,
CA) and digested with 10 U Pstl. The plasmid was dephosphorylated with shrimp
alkaline phosphatase (Promega) according to the manufacturer’s instructions. DNA
ligation reactions between the soil microbial DNA inserts and the low copy number
plasmid vector contained an insert/vector ratio of 3:1 and 3 U of T4 DNA ligase and
buffer (Promega) was added to the reaction and incubated overnight at 16°C. Ligation
products were transformed into electrocompetent E. coli TransforMax EPI300 and plated

on LB medium containing tetracycline at 20 Ig/ml. The libraries were stored at -80°C.

Phylogenetic analysis and screening of lipolytic enzymes

Functional screening of the metagenomic library was performed on Luria-Bertani
(LB) agar (Jeon et al., 2009) containing 1% tributyrin, 40 ug/ml tetracycline, and 0.02%
arabinose. Sequencing was performed using ABI PRISM 377 (Applied Biosystems), and
coding sequence (CDS) prediction was performed using the PRODIGAL META
procedure and default parameters (Hyatt et al., 2010). Translated sequences >150 amino
acids were aligned against Swiss-Prot, TrEMBL, and UniRefl00 (Bairoch and
Boeckmann, 1994) using the DIAMOND sequence aligner with the BLASTp option (e-
value <10), more-sensitive mode (Buchfink et al., 2014). To construct the phylogenetic
tree, multiple alignments of the deduced protein sequences were performed in MAFFT
v.7.388 (Katoh and Standley, 2013) using default parameters and manually edited. The
phylogenetic tree was constructed in FastTree v.2.1 with BLOSUM62 matrix with 1,000
bootstrap (Price et al., 2010). Theoretical MW and isoelectric point (pl) were calculated

using the Compute pl/Mw tool on the ExXPASy server
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(http://expasy.org/tools/pi_tool.html). Based on the results of functional screening and
CDSs prediction, we chose to characterize LipX and lipY

From the functional screening and with the CDS prediction, we have continued
with lipX gene and lipY to cloned into E. coli BL21 (DE3) stain and make the

functional characterization.

Heterologous expression and purification of LipX and lipY

The lipX and lipY gene was PCR-amplified and the 966 and 924-bp amplicons
were cloned into the pET24a expression vector (Novagen, USA), which carries an N-
terminal His tag, to generate pET24a-lipX and pET24a-lipY (Apendix I).The vector was
then transformed into electrocompetent Escherichia coli BL21 (DE3) cells, which were
grown at 37°C for 20 h (200 rpm) in 500 ml LB medium containing 100 pg/ml
Kanamicin. When ODgoonm reached 0.6-0.8, protein expression was induced with 0.1
mM isopropyl-B-D thiogalactopyranoside (IPTG) at 28°C. After twenty hours, the cells
were centrifuged at 8,000 g for 10 min at 4°C and resuspended in 50 ml lysis buffer (10
Mm HEPES [pH 7.0], 10 mM imidazole, 0.03% [w/v] Triton X-100, 4 pg/ml
lysozyme). After ultrasonication (40% amplitude, 10 cycles of 20 pulses with 10-s
intervals) using an LB-750 Sonicator, the cells were centrifuged at 8,000 g for fourty-
five minutes at 4°C. The protein of interest was purified using the MagneHis Protein
Purification System (Promega, Madison, WI, USA) under native conditions with a
modified protocol (dos Santos et al., 2015) and also proteins were purified by HiTrap
HP Ni?columns. The columns were placed in the AKTA™ and a blank run was made
using binding buffer (20 mM Tris buffer, pH 7, containing 0.5 M NaCl and 20 mM
imidazole), followed by elution buffer (20 mM Tris buffer, pH 7, containing 0.5 M
NaCl and 0.5 M imidazole), and concluding with binding buffer. Five column volumes
of buffer was used in each step. Proteins were eluted using a twenty volumes linear
gradient going from 0 to 60% elution buffer, followed by a five volumes linear gradient
up to 100% elution buffer. Columns were then washed with four volumes of 100%
elution buffer and finally equilibrated with 5 CV of binding buffer Purity was confirmed
by SDS-PAGE (13%).
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Molar extinction coefficient and protein concentration

The molar extinction coefficient (¢) of LipX and lipY was determined by
absorbance at 280 nm (A2g0) as a function of protein concentration and previously
described (Valle et al., 2018) An UV/Visible Spectrophotometer Jasco V-530 (Jasco
Corporation, Tokyo, Japan) was used for (i) fixed point measurement and (ii) corrected
absorbance considering light scattering at 350 nm (Asso) (Eq. 1).

Acorrago = Azgo — Asso (1)

Protein concentration was determined by the Lowry method using a standard
bovine serum albumin solution (0.1-1 mg/ml; Sigma, Steinheim, Germany) and measuring
As20 after thirty minutes in a Multiskan EX microplate reader (Labsystems, Finland).
The 200-puL reaction volume contained 4-300 nM LipX and LipY protein, 1 mM p-
nitrophenyl (pNP)-butyrate in isopropanol, and 50 mM sodium phosphate (pH 7.5) with
0.3% (v/v) Triton X-100 buffer (PBTx) at 30 °C.

Circular Dichroism (CD) measurements

The secondary structure profile of lipX and lipY at 2 mM sodium acetate, pH
5.0 and 2 mM Tris HCI pH 7.0 and pH 8.5, respectively, was analyzed by Circular
Dichroism (CD) using a Jasco J-815 spectropolarimeter (Jasco Corporation, Tokyo,
Japan) equipped with a Peltier-type temperature controller (Jasco Analytical
Instruments, Japan). The Far-Ultraviolet (UV) CD spectra was recorded using a 0.05cm
path length quartz cuvette with intervals of 0.2 nm at 25°C. Three consecutive
measurements were registered, and the average spectrum was corrected for the baseline
contribution of the buffers. The observed ellipticities were converted in a molar
ellipticity [0] (degree.cm?.dmol™?) based on molecular mass per 115 Da residue (Adler et
al., 1973). The secondary structure of the enzyme was estimated using the CD spectra
deconvolution (CDNN) version 2.1 software (Bohm et al., 1992). The thermal
denaturation essays of the LipX and of lipY were performed recording the dichroic
signal at 222 nm ([0]222) by increasing the temperature from 25 to 95°C in the pHs 5.0,
7.0 and 8.5. The signals were collected at each 0.5°C/min, interspersed by spectra
obtained in the Far-UV region with intervals of 10°C. The curves of thermal
denaturation were defined considering the values of molar ellipticity ([6]222nm) versus

temperature. The melting temperature (Tm), where the protein unfolding occurs, was
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calculated from the nonlinear fitting of unfolding curves using Origin software 8.0

program (Microcal Software Inc., Northampton, MA).

Fluorescence Spectroscopy Essays

The conformational changes of the lipX and lipY were analyzed by fluorescence
spectroscopy using the Jasco FP-6500 Spectrofluorimeter (Jasco Analytical Instruments,
Tokyo, Japan) connected to a Peltier type system controller (Jasco Analytical
Instruments, Japan) with water circulation. The experiments were performed with the
enzyme (0.061 mg/mL) in the different pHs, using 20 mM of sodium acetate (pH 4.5-
5.5), 20 mM of Tris HCI (pH 6.0-9.0) and 20 mM of Glycine (pH 9.5). The
fluorescence emission of tryptophan residues was obtained in the range of 300-400 nm,
after the excitation at 295 nm at 25°C. Both the excitation and emission slits were fitted

at 5 nm, respectively.

Enzyme activity essay

LipX and lipY enzymatic activity was measured by spectrophotometric detection
against p-nitrophenyl (pNP) esters. The reaction mixture contained 1 mM pNP-butyrate in
isopropanol and 50 mM PBS buffer (pH 7.0) with 0.3 % (v/v) Triton X-100. The enzyme
activity was determined by kinetic monitoring of the product, p-nitrophenol, at 348 nm,
the pH-independent isosbestic point of p-nitrophenol (Hriscu et al., 2013), with a
SpectraMax M2e spectrophotometer (Molecular Devices, USA). All reactions were
performed in triplicate. The effect of pH on enzyme activity was determined at 30 °C with
50 mM and each of the following buffer under standard essay conditions used the
following overlapping buffer systems: KCI/HCI (pH 1-2.2), glycine/HCI (pH 2.2-3.6),
sodium citrate (pH 3-6), sodium phosphate (pH 6-8), Tris/HCI (pH 7.6-9), CHES (pH
8.8-10), sodium carbonate (pH 9.6-10.6) and CAPS (pH 9.5 to 11). The optimal
temperature was determined in a range of 20 to 65 °C (Dukunde et al., 2017). All
reactions were performed in triplicate, and control reactions were performed without the
enzymes for every measurement under the different conditions to subtract the values for
the no enzymatic hydrolysis of the substrates. To determine the initial reaction velocities,
the linear regressions and the mean standard deviations were calculated. All data obtained

were analyzed using the Origin software v8.0 (OriginLab Corporation, EUA) and
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whenever it was necessary ANOVA and Tukey’s test at 5% probability were used to

compare the treatment methods.

Modelling and structural studies of lipX and lipY

BLAST algorithm against protein data bank (PDB) was used to carry out the
sequence homology searches (Altschul et al., 1997). The sequence and 3D structure of
template proteins were extracted from the PDB database (Berman, 2000). Multiple
sequence alignments of the target and template sequences were carried out using
ClustalW and T-Coffee servers with default parameters (Larkin et al., 2007; Notredame
et al., 2000). Based on high-resolution crystal structures of homologous proteins, 3D
models of the lipX and lipY were built using the homology modeling software
MODELLER 9v18 (Webb and Sali, 2014). Further, these models were improved by
3Drefiner (Bhattacharya and Cheng, 2013). The structures depiction were generated
using PyMol software (DeLano, 2008). Stereochemical quality of structures was
evaluated using Ramachandran plot obtained from RAMPAGE (Lovell et al., 2003).
The preparation of the multiple sequence alignment figure and secondary structure

depiction were carried out using ESPript version 3.0 (Robert and Gouet, 2014).
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Online Resource 1 Annotation and taxonomic classification of the predicted coding regions of Clones W. The translated sequences of predicted CDSs (>150 aa) were aligned
with protein sequences in the SwissProt, TTEMBL, and UniRef100 databases. Only the top hits of each alignment are shown.
Uniprot - SwissProt
CDSs Start End Strand E- bit ID Annotation Taxonomy
value  score
CDS_W_5 2341 2970 1 45e-16 86.3 sp|A8IADSIRUTD_AZOC5 Putative aminoacrylate hydrolase RutD Azorhizobium caulinodans

Bifunctional uridylyltransferase/uridylyl-

CDS_W_8 3601 4188 -1 3.9e-06 53.1 sp|Q2RNG2|GLND_RHORT removing enzyme Rhodospirillum rubrum

CDS_W_2 358 888 -1 2.8e-27 123.2 sp|Q9P5M9MUG14_SCHPO Meiotically up-regulated gene 14 protein Schizosaccharomyces pombe

CDS_W_3 917 1378 -1 9.8e-13 74.7 sp|B3ADMA2|ACD11_RAT Acyl-CoA dehydrogenase family member 11  Rattus norvegicus

Uniprot - Trembl

CDS_W_5 2341 2970 1 1.1e-38 168.7 tr|BOL3I5BOL3I5_9BACT Lipase/esterase uncultured bacterium

CDS_W 8 3601 4188 -1 53e-40 1729 tr/AOALQ6X7Q5/A0ALQ6X7Q5 IBACT Fei;fg‘\fit;g”eﬂ;;fg'y'”a“Sferase’””dy'y" Acidobacteria bacterium 13_2_20CM_57_7
CDS W 2 358 888 -1 5.3e-55 222.6 tr|/AOALQ8BLQS8JA0ALQ8BLQ8 9CYAN Class Il aldolase/adducin family protein Cyanobacteria bacterium 13_1_20CM_4_61_6
CDS_W_3 917 1378 -1 3.6e-15 90.1 trIM7CMS2|M7CMS2_9ALTE Acyl-CoA dehydrogenase family protein Marinobacter santoriniensis NKSG1
UniRef100

CDS_W_5 2341 2970 1 1.6e-38 168.7 UniRef100_BOL3I5 Lipase/esterase uncultured bacterium

CDS W 8 3601 4188 1 7.7e-40 1729 UniRefl00 AOALQ6X7Q5e Eei;ﬁ‘;\fitrilg”ear'lz‘;rrigy'y'”a”Sferase/“”dy'y" Acidobacteria bacterium 13 2 20CM_57 7
CDS W_2 358 888 -1 3.5e-55 223.8 UniRef100_UPI00047915CA class Il aldolase/adducin family protein Fischerella sp. PCC 9605

CDS_W_3 917 1378 -1 5.2e-15 90.1 UniRefl00_M7CMS2 Acyl-CoA dehydrogenase family protein Marinobacter santoriniensis NKSG1

36



37

A 0.020
=) 0.015
D _—
= @
g S
o
& < 0.010
? w0

T
0.005 -
2 B64:
C )
‘ B
é 0.04 0.000 &= T
© 004, - " ' L 3 el
62 64 66 68 7.0 2 3 ; 4 5
radius (cm) sedimentation

6 7 8 9 10
coefficient (S)

Online Resource 2 Sedimentation velocity. a Raw data of absorbance at 280 nm versus cell radius for
291 pM LipW. b Residuals plot supplied by SEDFIT showing goodness of fit. (c) Continuous
sedimentation coefficient distribution, c¢(S) curve, obtained with a regularization procedure from data
shown in panel a with a confidence level of 0.95 using SEDFIT and frictional ratios of 1.20-1.31. The
partial specific volume (v) 0.735614 ml/g for LipW was determined using SEDNTERP. Solvent (water)
density (p= 0.99823 g/ml) and viscosity (n=0.01002 poise) were also determined by SEDNTERP. Circles
represent experimental data, and the solid line represents the best fit to the Lamm equation supplied by

SEDFIT. Similar results were obtained for 2.14 and 1.56 pM LipW.

Online Resource 3 Molecular and biophysical parameters of LipW.

Parameters LipW 2.91 pM LipW 2.14 pM LipW 1.56 pM
Theoretical MW* (Da) 29,530.55

MW (Da) 29,338.67 + 113.37 29,411.98 + 152.27 29,380.16 + 184.74
Saow (S) 3.10+0.01 3.60 +0.01 2.84+0.01
Stokes radius (nm) 2.58 2.58 2.83
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Online Resource 4 Amino acid sequence alignment of LipW with family V lipases. The G-X-S-M-G-G
consensus motif of family V is shown, and the catalytic triad residues are denoted with asterisks.
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Number of residues in favoured region (~98.0% expected) @ 242 (92.4%)
Number of residues in allowed region (~2.0% expected) 113 (5.0%)

Number of residues in outlier region 2 7 (2.7%)
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Online Resource 5 Ramachandran plot of the LipW model.
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CHAPTER II

Novel lipolytic enzymes from a Brazilian Cerrado soil metagenomic library cloned into
E. coli BL21 (DE3) (The results of this chaper will be submitted to PLOsOne).
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Results and Discussion

Phylogenetic Analysis

The initial prediction of CDS located in the metagenomic Clones X and Y was
accomplished using Prodigal meta procedure and default parameters (Appendices 1).
Clone X is a 13.650 bp fragment and after analysis of their sequence, eight CDSs were
identified. The alignment against SwissProt, Trembl and UniRef100 reference databases
identified CDS_X 14 as a Glutamine synthetase from Bradyrhizobium sp in all tree
databases. SwissProt best match of CDS X 10 was a carboxylesterase from
mycobacterium tuberculosis, with Trembl as an acetylhydrolase from Bradyrhizobium
sp and with UniRef100 as an alpha/beta hydrolase from Bradyrhizobium sp. CDS_X 13
with SwissProt was found as an Exopolysaccharide production negative regulator from
Rhizobium meliloti, with Trembl as a Secretion pathway protein E from Bradyrhizobium
sp and with UniRef100 as a General secretion pathway protein E from Bradyrhizobium
sp as well. CDS_X 7 with SwissProt was found as an Exopolysaccharide production
negative regulator from Aspergillus oryzae with Trembl as an uncharacterized protein
from Bradyrhizobium sp and with UniRefl00 as an uncharacterized protein from
Bradyrhizobium sp. as well. CDS_X 6 alignment only against Trembl as an
uncharacterized protein from Bradyrhizobium sp and with UniRef100 as a domain-
containing protein from Bradyrhizobium sp. CDS_X_4 with SwissProt was found as an
NAD(P)H-dependent FMN reductase from Schizosaccharomyces pombe with Trembl
as an NAD(P)H-dependent FMN reductase from Bradyrhizobium sp and with
UniRef100 as an NADPH-dependent oxidoreductase from Bradyrhizobium sp as well.
CDS_X_2 with SwissProt was found as an uncharacterized protein from Sinorhizobium
fredii with Trembl as a transposase from Acidithiobacillus thiooxidans and with
UniRef100 as a Transposase from Acidithiobacillus thiooxidans as well. CDS X 1
alignment only against Trembl as an Uncharacterized protein from Polaromonas sp as a
Hypothetical protein from Methylocapsa palsarum.

Clone Y is 6.650 base pairs and, after the analysis of their sequence, eight CDSs
were identified. The alignment against SwissProt, Trembl and UniRef100 reference
databases found CDS_Y _4 with SwissProt. CDS_Y_4 was also found, using SwissProt,

as a Monooxygenase from Pseudomonas aeruginosa, and with Trembl as a
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Monooxygenase from Acidobacteria bacterium. Using UniRefl100, CDS_Y_4 was
found as a Monooxygenase from Acidobacteria bacterium as well. CDS_Y_8 with
SwissProt was found as an Aminomethyltransferase from Geobacillus sp., with Trembl
as an Uncharacterized protein from Acidobacteria bacterium and, with UniRef100 as an
Uncharacterized protein from Unclassified Acidobacteria. CDS_Y_2 with SwissProt
was found as an Acetyl-hydrolase from Streptomyces hygroscopicus, with Trembl as an
Uncharacterized protein from Acidobacteria bacterium and with UniRefl100 as an
Uncharacterized protein from Acidobacteria bacterium as well. CDS_Y_6 with
SwissProt was found as a Beta-glucanase from Rhodothermus marinus, with Trembl as
an Uncharacterized protein from Acidobacteria bacterium and with UniRef100 as an
Uncharacterized protein from Acidobacteria bacterium as well. CDS_Y_1 with
SwissProt was found as a Dehydrogenase from Bacillus subtilis, with Trembl as a
Dehydrogenase from Acidobacteria bacterium and with UniRefl00 as an
Uncharacterized protein from Acidobacteria bacterium. CDS_Y_5 with SwissProt was
found as an Oxidoreductase from Koribacter versatilis, with Trembl as an
Oxidoreductase from Acidobacteria bacterium and with UniRefl00 as an
Uncharacterized protein from Acidobacteria bacterium. CDS_Y_7 with SwissProt was
found as a Protein SPy from Streptococcus pyogenes, with Trembl as an
Uncharacterized protein from Acidobacteria bacterium and with UniRef100 as an
Uncharacterized protein from Acidobacteria bacterium as well. CDS_Y_3 with
SwissProt was found as a Monooxygenase from Pseudomonas aeruginosa, with Trembl
as a Monooxygenase from Acidobacteria bacterium and with UniRefl00 as a
Monooxygenase from Acidobacteria bacterium as well.

Within the identified CDSs on the metagenomics cloneX and cloneY we select
clones with lipolytic activity for further analysis, following some criteria: the alignment
against Trembl and UniRef100 reference, if they share the typical catalysis pentapeptide
GXSXG in protein sequence and have a common catalytic triad.

The lines highlighted in red show CDS with lipolytic activity, which were
named lipX, lipY and lipW and sub-cloned into a pET24a and pET21a respectively

vectors, with subsequent transformation in Escherichia coli (DE3) cells.
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Clone X, Y and W

sequence. The translated sequences of predicted CDSs (> 150 aa) were aligned with protein sequences of

SwissProt database.

ing regions in

Table 1 — Annotation and taxonomic classification of the predicted cod
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Clone X, Y and W

ing regions in

Table 2 — Annotation and taxonomic classification of the predicted cod

sequence, aligned with protein sequences of Trembl database.
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Clone X, Y and W

ing regions in

Table 3 — Annotation and taxonomic classification of the predicted cod
sequence, aligned with protein sequences of UniRef100 database.
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To analyze the phylogenetic relationship of lipX and lipY with representative
members of bacterial lipolytic enzymes, a phylogenetic tree was built. LipX and lipY
clustered with lipolytic enzymes from Family IV (Figure 6), being closely related to a
lipase from Pseudomonas sp. (accession number AAC38151), Cupriavidus necator
(accession number AAC 41424) and Moraxella sp. (accession number CAA37862).
These enzymes show activities against p-nitrophenyl esters of fatty acids with short to

medium chains (Choo et al., 1998).
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Figure 6 — Phylogenetic analysis of bacterial lipase families.

The tree was constructed by PhyML method using BLOSUM62 matrix. The analyses were bootstrapped
(1000 replications), and only values greater than 50 % are shown. The scale bar indicates the number of
amino acid substitutions per site. Family namer is indicated before the name of the species from which
the enzyme originated
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The classification of enzymes based on sequence provides an indication of the
evolutionary relationship between the enzymes (Tyzack et al., 2017), it is a way of
characterizing the sequence family and serves as recognition pattern. Because of that,
characterizing metagenomic CDS from soil has some challenges. The most impactful is
low sequence similarities in existing databases, which shows as hypothetical or putative
proteins, conserved domains not known and only some solved three-dimensional
structures. However, functional screening, structural and biochemical, and biophysical
characterization provides important signals about these sequences, with the substrate
used in the initial essay being a strong indication for the classification of the CDS inside
the insert.

The predicted molecular weight and isoelectric point for the mature lipX were
estimated as 35 kDa and 5.3, respectively. (Table 4).The number of negatively charged
residues (Asp + Glu) were estimated as forty and the number of positively charged
residues (Arg + Lys) as thirty-one. The IlipX formula was estimated as
C1551H2421N4470460S6 with a total number of atoms of 4885. The predicted
molecular weight and isoelectric point for the mature lipY were estimated as 32 kDa
and 7.8, respectively, the number of negatively charged residues (Asp + Glu) were
estimated as thirty-three and the number of positively charged residues (Arg + Lys) as
thirty-four. The lipY formula was estimated as C1537H2397N4310426S8 with a total
number of atoms of 4799.

Table 4 — BLASTP annotation of metagenomic clones CDS with lipolytic activity

%
. ) o Preserved
Subclone AA  BestHits (kDa)/iP Similar . Access N
it Domain
ity

lipX 320 [Bradyrhizobium  35/5,3 79% a,fAbhydrolase

WP_024510238
sp].

) [Acidobacteria
lipy 306 i 33/7,8 75% 0,pAbhydrolase OLB36079
bacterium]

Regarding enzyme identified as lipX, the aligned with a metagenomic
acetylhydrolase from Bradyrhizobium sp family (accession number WP_024510238)

was its best hit, sharing 79% of sequence similarity (Figure 7).
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Figure 7 — Analysis of a LipX subclone with besthit WP_024510238:
the alignment, the typical catalysis pentapeptide: GxSxGG- G154, G158, G159) (red arrows), common
catalytic triad S156, D259 and H289 (blue spots) and oxyanion hole: HGG - G83, G84 (brown arrow).
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Sequence alignment of lipX with the best hit revealed the conserved
pentapeptide motif well conserved Gly—X-Ser—X-Gly found in many esterases and the
common catalytic triad S156, D259 and H289 (blue spots). Additionally, the evidence
of the highly conserved HGGG: G83, G84 (brown arrow) motif in the LipX sequence
upstream of the serine motif, this motif is involved in hydrogen-bonding interactions
that stabilize the oxyanion hole and plays a role in catalysis (Dukunde et al., 2017).

Regarding enzyme identified as lipY, alignment with a metagenomic hypothetic
protein from Acidobacteria bacterium (accession number OLB36079) was its best hit,
sharing 75% of sequence similarity (Figure 8). Sequence alignment of lipY revealed a
conserved pentapeptide motif well conserved Gly—X-Ser—X-Gly found in many
esterases and the common catalytic triad S156, D259 and H289 (blue spots) and
oxyanion hole: HGG - G83, G84 (brown arrow).
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Figure 8 — Analysis of a LipY subclone with besthit OLB36079:
the alignment, the typical catalysis pentapeptide: GxSxGG- G154, G158, G159) (red arrows), common
catalytic triad S156, D259 and H289 (blue spots) and oxyanion hole: HGG - G83, G84 (brown arrow).
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Expression in E.coli recombinant lipX and lipY protein and purification

The recombinant lipX and lipY proteins were fused to a N-terminal His tag that
was obtained from BL21 (DE3) E.coli strain and transformed with pET24a-lipX and
pPET24a-lipY expression vectors. They showed activity after the transformation into

tributyrin plate (Figure 9).

Figure 9 — The recombinant lipX and lipY protein expressed in the BL21 (DE3) E. coli strain on
pET24a expression vectors after the plating into tributyrin containing mediume showing lypolitic
activity.

The purification of lipX revealed a 35-kDa recombinant protein, as predicted by

the sequence data (Figure 10).

Figure 10 - Purification of recombinant lipX. SDS-PAGE (13 %) M: molecular weight standard
(Thermo Scientific LanelNi-NTA affinity chromatography: purification fraction of lipX from E. coli
BL21(DE3) cells carrying the pET24a-lipX vector using Akta. Lane2 Ni-NTA
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The purification of lipY revealed a 32-kDa recombinant protein, as predicted by
the sequence data (Figure 11)

M 1 2 3

32 kDa

Figure 11 — Expression, purification of recombinant lipY SDS-PAGE (13 %) of the expression and Ni-
NTA affinity chromatography purification fractions of lipY from E. coli BL21(DE3) cells carrying the
pET24a-lipYvector. M: molecular weight standard (Thermo Scientific Lane 1: LipY induction with
0.1mM IPTG. Lane 2: crude extract of the induced cells. Lane 3: purified LipY

LipX and lipY enzyme activity

Enzyme activity of lipX was observed from pH 3.0-10.0, with optimal activity
at pH 8.5 (Fig. 12A). Thus, lipX is not only active over a wide range of pH values but it
is active under neutral as well as alkaline conditions. The results showed that lipX is
more efficient in basic pH (8.5 and 9.5) relative neutral pH. Within the temperature
range of 25°C-95°C, maximum activity was observed at 55°C; relative enzyme activity
was >60% from 30°C-45°C and approximately 60% at 60°C (Fig. 12 B).
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Figure 12 — Characterization of lipX.

A The effect of pH on enzyme activity was determined at 30°C using 50 mM of each of following
buffers: KCI/HCI (pH 1-2.2), glycine/HCI (pH 2.2-3.6), sodium citrate (pH 3.0-6.0), sodium
phosphate (pH 6.0-8.0), Tris/HCI (pH 7.6-9.0), CHES (pH 8.8-10.0), sodium carbonate (pH
9.6-10.6), and CAPS (pH 9.5-11). B The effect of temperature (25°C-50°C) was determined in
a reaction mixture containing 1 mM pNP-butyrate and 150 nM LipX in PBS buffer (pH 7.5).
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Enzyme activity of lipY was observed from pH 3.0-11.0, with optimal activity
at pH 8.0-9.5 (Fig. 13A). Thus, lipY is not only active over a wide range of pH values
but it is active under neutral as well as alkaline conditions. Within the temperature range
of 25°C-95°C, maximum activity was observed at 60°C; relative enzyme activity was
>60% from 50°C-55°C and approximately 50% at 65°C (Fig. 13 B).
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Figure 13 — Characterization of lipY

A The effect of pH on enzyme activity was determined at 30°C using 50 mM of each of following buffers:
KCI/HCI (pH 1-2.2), glycine/HCI (pH 2.2-3.6), sodium citrate (pH 3.0-6.0), sodium phosphate (pH 6.0-
8.0), Tris/HCI (pH 7.6-9.0), CHES (pH 8.8-10.0), sodium carbonate (pH 9.6-10.6), and CAPS (pH 9.5-11).
B The effect of temperature (25°C-50°C) was determined in a reaction mixture containing 1 mM pNP-
butyrate and 150 nM LipY in PBTx buffer (pH 7.5)
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Lipolytic enzymes of the HSL family exhibit diverse optima for temperature and
pH. lipX and lipY was derived from a Cerrado soil metagenome, and as such it exhibits
maximum catalytic activity under mesophilic conditions (below 50°C). In addition, they
display thermal tolerance at moderate temperatures. The ability for lipolytic enzymes to
evolve thermal adaptations that resemble their bacterial host habitats. They did not lose
activity below 30°C, a feature that highlights lipX and lipY as a candidate’s catalyst in
low temperature bioprocesses. An adaptation to low working temperatures is an
attractive trait for reactions in which high temperatures are not suitable, such as
manufacture of thermolabile pharmaceutical products, food ingredients as well as

production of cold-wash detergents(Kovacic et al., 2015).
Structural analysis of | lipX and lipY by Fluorescence and CD

Fluorescence essays for LipX were performed at pHs 4.5 to 9.5. The tryptophan
emission spectra showed a maximum fluorescence emission at 331 nm pH 4.5-6.5 and
333 nm at pH 7.0-pH 9.5 (Figure 14). This small shift of the emission band to higher
wavelengths suggests changes in the ionic environment around tryptophan, which is
positioned in a semi-buried region to regions more exposed to the solvent. Fluorescence
emission spectra were pH-dependent, increasing the emission intensity between pH 5.0
-8.0 and 9.0-9.5. At pH 8.5 there was a decrease in the tryptophan emission band and
displacement to 333 nm. The variation of pH-dependent fluorescence is influenced by
the suppressor groups adjacent to tryptophan. lonization of the side chains of acidic
amino acid residues such as aspartic acid, glutamic acid, histidine, glycine and arginine

which are close to tryptophan, can result in a suppressor group.
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Figure 14 — Fluorescence spectra of lipX as a function to a broad pHs (4.5-9.5).
The fluorescence spectra were shifted by approximately 2 nm from wavelength from 331 at pHs 4.5-6.5 to
333 at pHs 7.0-9.5.

The secondary structure of the LipX enzyme was characterized by circular
dichroism in the far UV region (190-260 nm) at 25 °C as a function of different pHs.
Dichroic spectra have shown that the secondary structure of LipX is pH dependent. The
spectra shows pronounced negative dichroic bands at 208, 218 and 222 nm and positive
band at 195 nm, however, the signal is more evident at pH 7.0 (Fig15). This result
shows that the protein is more structured in the neutral range (Table 2). The secondary
structure content calculated for lipX at different pHs showed predominant structure in
a-helix, at pH 7.0 the a-helix content was 38.3%; reducing by 6% and 2%, at pHs 5.0
and 8.5 respectively, followed by P-sheet 14.6%. The experimentally determined
secondary structure contents are in agreement with 3D structure of a / B esterases and
lipases deposited in the Protein Data Bank (4YPV, 1QZ3, 2HM7, 5JD4), which have a-
helix centered secondary structure ~36%, followed by sheet § ~15%. The 3D homology
model constructed for LipX is also in agreement with the experimental data obtained by
CD.
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Figure 15 — Far-UV Circular Dichroism spectra of lipY as a function of pH at 25°C.
The LipX (0.128 mg/mL) was solubilized in 2 mM sodium acetate buffer pH 5.0 and 2 mM Tris HCI buffer pH
7.0and 8.5.

Table 5 — The secondary structure contents of LipX at pH 5.0, 7.0 and 8.5 obtained by the CDNN
deconvolution software

Secondary structure (%o) pH50 pH70 pH85

Alpha helix 32.5 38.3 36.2
p-antiparallel 8.0 9.1 7.3
B-parallel 9.3 5.5 8.2
Turn-p 16.8 16.8 16.3
Random coil 341 28.1 31.2

The thermal stability of the LipX enzyme was characterized at different pHs.

Thermal denaturation curves indicated partial or total denaturation of the
secondary structure of LipX protein as a function of temperature (Figure 16 A-D). The
dichroic spectra collected in the denaturation (195-260 nm) essays at pHs 5.0, 7.0 and 8.5
showed a decrease in the 208, 218 and 222 nm negative bands. The denaturation curves

(A222 nm) for pHs 5.0 and 7.0 showed a gradual decrease of the signal varying between -
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4,500 and -1,200 and the spectra collected concomitantly showed the loss of the native
structure as a function of the temperature increase, since there was an evident decrease of
the bands corresponding to the a-helix structures (208 and 222 nm) and 3-sheets (195 and
218 nm), suggesting complete denaturation of the protein, this process was not reversible
for both pHs. The denaturation process for the protein at pH 7.0 showed state of
aggregation at high temperatures, so it was possible to calculate the transition temperature
between the native state and unraveled only at pH 5.0 Tm = 50.2 ° C. However, for the
protein at pH 8.5, denaturation occurred partially, with maintenance of the dichroic signal
from -4,500 to -2,500 at 222 nm and partial reduction of the dichroic signal from the
spectra at the bands regions corresponding to the a-helix structures (208 and 222 nm) and
B sheets (195 and 218 nm).

[0],,, (deg.cm’.dmol”) x 10°

-6 = T T T T T T T T T T T T T
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Temperature (°C)
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Figure 16 — Thermal stability analysis of the lipX at pHs 5.0, 7.0 and 8.5 as a function of temperature.

A) The unfolding curves of the LipX enzyme (0.128 mg/mlL) were recorded at A222 nm, varying the
temperature from 25 to 95°C, using sodium acetate (2 mM) and Tris HCI (2 mM). The black lines
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correspond to the sigmoid fitting of experimental data. Tm are indicated by vertical arrows. B-D) Far-UV
CD spectra of LipX by increase temperature from 25 to 950C indicating reduction of the molar ellipticity
[0] (arrows)

The results clearly showed that lipX is more efficiently in basic pH (8.0 and 9.0)
relative to neutral pH. On the other hand, the loss of activity was not due to differences
in the secondary structure of lipX, which reveals an alpha-beta structure, as is expected
for esterases/lipases enzymes. This result is in agreement with the structural model and
with the CD analysis that revealed negative peaks of 210 nm (shift from 208 nm) and

222 nm, characteristics of alpha-beta secondary structure content.

Fluorescence essays for lipY were performed at pHs 4.5 to 9.5. The emission
spectra of tryptophan showed a maximum fluorescence emission at 338 nm for pH 4.0
and 336 nm for the other pHs analyzed (Figure 17). This small shift of the emission
band to smaller wavelengths suggests changes in the ionic environment around the
tryptophan, which is positioned in regions more exposed to the solvent. The
fluorescence emission spectra were pH-dependent, increasing the emission intensity
from pH 4.5 to 5.5, pH 6.5 to 9.0. At pHs 6.0 and 9.5 there was a decrease in the
tryptophan emission band. The variation of pH-dependent fluorescence is influenced by
the suppressor groups adjacent to tryptophan. lonization of the side chains of acidic
amino acid residues close to tryptophan, can result in a suppressor group.
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Figure 17 — Fluorescence spectra of lipY as a function to a broad pHs (4.5-9.5).

The fluorescence spectra were shifted by approximately 2 nm from wavelength 338 at 336 nm, from pHs
4.5 at at pH 5.0-9.5.
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The secondary structure of the LipY enzyme was analyzed by circular dichroism
in the far UV region (190-260 nm) at 25 ° C as a function of different pH. The collected
dichroic spectra has shown that the secondary structure of LipY is pH dependent.
Negative dichroic bands at 208, 218 and 222 nm showed a small reduction at pH 5.0

and 8.5 and increase of the positive band at 195 nm respectively (Figurel8).

[0] (deg.cm®.dmol ™) x 10°

25°C

T ] T v T . T . T ' T ] T d 1
190 200 210 220 230 240 250 260
Wavelength (nm)

Figure 18 — Far-UV Circular Dichroism spectra of lipY as a function of pH at 25°C.
The LipY (0.125 mg/mL) was solubilized in 2 mM sodium acetate buffer pH 5.0 and 2 mM Tris HCI buffer pH
7.0and 8.5.

This result shows that the protein is more structured in the alkaline range, with a
molar theta around -4.200 and compliance with calculated secondary structure content
(Table 3). The secondary structure content calculated for LipY at different pHs had a
predominant a-helix structure, at pH 7.0 the a-helix content was 39.7%; reducing by 5%
and 8%, at pHs 5.0 and 8.5 respectively, followed by B ~ 15% sheet. The experimentally
determined secondary structure contents are in agreement with 3D structure of esterases
and lipases deposited in the Protein Data Bank (5GMS, 4XVC, 3V9A), which have a-
helix centered secondary structure ~ 36%, followed by B ~ 15%. The 3D homology
model constructed for LipY is also in agreement with the experimental data obtained by
CD.



62

Table 6 — The secondary structure contents of LipY at pH 5.0, 7.0 and 8.5 obtained by the CDNN
deconvolution software

Secondary structure (%) pH 5.0 pH 7.0 pH 8.5
Alpha helix 34.1 39.7 31.7
p-antiparallel 115 7.9 115
p-parallel 5.6 5.3 5.5
Turn-p 17.2 17.6 19.8
Random coil 30.6 27.2 313

The thermal stability of lipY was characterized at different pHs. Thermal
denaturation curves has indicated alterations in the secondary structure of the protein as
a function of pH and temperature increase (Figure 19 A-D). The dichroic spectra
collected in the denaturation (195-260 nm) essays at pHs 5.0, 7.0 and 8.5 has showed a
slight decrease in the 222 nm negative band ranging from -2,700 to -2,000 and a major
change in the 195 nm positive band ranging from 5000 for 2000 as a function of
temperature, suggesting partial denaturation of the protein. This shows that the LipY
enzyme is thermostable by varying the temperature. This result is in agreement with the
data obtained in the biochemical characterization, where the enzyme presented an

optimum temperature of 60 ° C.
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Figure 19 — Thermal stability analysis of the lipY at pHs 5.0, 7.0 and 8.5 as a function of temperature.
A) The unfolding curves of the LipY enzyme (0.125 mg/mL) were recorded at 1222 nm, varying the
temperature from 25 to 95°C, using sodium acetate (2 mM) and Tris HCI (2 mM). The black lines
correspond to the sigmoid fitting of experimental data. Tm are indicated by vertical arrows. B-D) Far-UV
CD spectra of LipY by increase temperature from 25 to 950C indicating small reduction of the molar
ellipticity [0] (arrows).
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The results clearly showed that lipY is more efficiently in basic pH (8.0 and 9.0)
relative to neutral pH. On the other hand, the loss of activity was not due to differences
in the secondary structure of lipY, which reveals an alpha-beta structure, as is expected
for esterases/lipases enzymes. This result is in agreement with the structural model and
with the CD analysis that revealed negative peaks of 210 nm (shift from 208 nm) and

222 nm, characteristics of alpha-beta secondary structure content.
Structural Analysis of lipX and lipY

The results from the comparation of the lipX with BLAST algorithm against
protein data bank (PDB) exhibited 41% identity with G84S EST2 mutant from
Alicyclobacillus acidocaldarius [PDB 2HM7]. The coordinate of the structure of 2HM7
were used for lipX model building based on similar function and amino acid sequence
identity. The comparation resulted into a predicted LipX structure characterized by the
a/Bhydrolase fold from the IV Esterase/Lipase hormone sensitive Family, with the
catalytic residues: Serl56, Asp 259 and His 289 located between o/f domain and the
helical domain (Fig 20 and 21). The Ser 156 is located in the consensus motif:
GDSAGG, as also showed in the sequence alignment of lipX with other members of

related Family 1V.

Figure 20 — The modeler three-dimensional structure of lipX, 328 aa.
Catalytic residues: forming the triad are Ser156, Asp 259 and His 289 indicated in stick representation.
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The structural comparison between LipX and 2HM7 in the region of the active
site reveals that the active site, formed by the catalytic triad and the oxyanion hole is

well conserved.

Figure 21 — Superposition of the modelled lipX structure onto the structure of the 2HM?7 protein with
41% identity. RMS = 0. 094.The active sites of each enzyme are located between the two domains and the
superposition revealed that the residues from the catalytic triad are located exactly in the same positions

Other characteristic of Esterase/Lipase hormone sensitive family, the formation
of the oxyanion hole of lipX located in the HGG motif is constituted by residues G83,
G84, whose main chain nitrogen atoms act as hydrogen donors to the cleaved substrate,
stabilizing the negative charge on the tetrahedral intermediates arising from the
nucleophilic attack of the Serl56 from the catalytic triad. The multiple sequence
alignment of LipX made with besthit esterases of known 3Dstructure display the
conserved amino acids highlighted in red. Elements of secondary structure for all

proteins are denoted as o (o Helix), p (B sheet), ) (random coil), T (B turn) (Figure 22).
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Figure 22 — Multiple sequence alignment of lipX and besthits esterases of known 3Dstructure.
The conserved amino acids are highlighted in red. Elements of secondary structure for all proteins are
denoted as o (o Helix), B (p sheet), n (random coil), T (f turn).



68

The stereochemical quality of the theoretical model was evaluated by the
construction of the Ramachandran chart. The model of lipX presented 92.2% of the
amino acids located in favorable positions, 5.6% in allowed regions and 2.2% in non-
permitted regions, implying that the model presented good stereochemical quality (Fig
23 A).
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Figure 23 — Evaluation of the theoretical model constructed by comparative molecular modeling of
lipX A) Ramachandran plot of the final model of lipX obtained by modeling molecular theory.: B)
Absolute quality chart estimated by QMEAN Z-score for the theoretical model of lipX
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The multiple sequence alignment of lipY with other esterases that had the highest
identity in the PDB database shows that lipY has a catalytic triad formed by Ser143,
Glu237, and His267. LipY also contains a CAP domain (Metl-Val45) beside catalytic
domain (GIn46-Arg306) (Figure 24). The catalytic Serl43 is located in the semi-
conserved GXSAG motif where instead of Asp (GDSAG), the most common; there is
another negative charged residue, Glu (GESAG) (Li et al. 2015). Like other HSLs, lipY
contains a conserved HGG motif. This microbial motif is involved in the formation of the
oxyanion hole, and it is in close proximity to the catalytic triad (Mandrich et al. 2008).
Residues Gly within the conserved HGG motif comprise the oxyanion hole that is
involved in substrate binding for HSL esterases (Li et al. 2015) (Figure 25).

Figure 24 — Structural features of the lipY model.
The structure of the LipY are shown in the cartoon. The CAP domain is shown in green, and the catalytic
domain is in pink.
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Figure 25 — The amino acid sequence alignment of lipY with other esterases from the GDSAG motif
subfamily of the HSL family. The residues involved in the oxyanion hole (HGG) are shown conserved.

The catalytic triad residues are shown semi-conserved. a. a-helix, 5: B-sheet, e T: S-turn.
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The stereochemical quality of the theoretical model was evaluated by the
construction of the Ramachandran chart. The model of LipY presented 92.4% of the
amino acids located in favorable positions, 4.9% in allowed regions and 2.6% in non-

permitted regions (Fig 26 A).
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Figure 26 — Evaluation of the theoretical model constructed by comparative molecular modeling of
lipY: A) Ramachandran plot of the final model of lipX obtained by modeling molecular theory.: B)
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To understand the structural basis for lipY thermolability, the model was
compared with two HSL esterases: E40 (thermolabile esterase) and Est2 (thermophilic
esterase). Hydrophobic interactions between the loop 1 localized in the CAP domain
and the loop 7 of the catalytic domain seems to be related to the thermal stability of
microbial HSLs (Li et al. 2015). Compared with E40, the distance between these loops
is much closer than in Est2, suggesting that there may be less interactions between the
CAP domain and the catalytic domain in LipY/E40 than in Est2 (Figure 27).

Figure 27 — Comparative structural analysis of lipY with E40 (thermolabile mesophilic) and Est2
(thermophilic).The minimum distances between the main chain atoms of loop 1 (CAP domain) and 7
(Catalytic domain) are also shown for LipY (A), E40 (B) e Est2 (C). The distances are given in
Angstrom.

For thermophilic Est2, the loop 1 of the CAP domain forms interdomain
hydrophobic interactions with o7 of the catalytic domain. These interactions occur
among hydrophobic residues with large side chains present in the loop 1 and two
adjacent hydrophobic residues: Trp and Phe in the a7 of the catalytic domain are
conserved in thermostable HSLs. The secondary structure and multiple amino acid

sequence alignment of LipY presented in the figure 25 shows that in the o7, lipY does

not have Trp and Phe (Li et al. 2015). Besides that, the highest identity of the lipY was
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with E40, suggesting that less interdomain interaction may occurs characterizing LipY
as a possible thermolabile esterase. Further studies must be performed such as mutations
followed by enzymatic activity to check this information.

The structural comparison between lipY and 4XVC in the region of the active
site reveals that the active site, formed by the catalytic triad and the oxyanion hole is

well conserved and 46% identity.

46% identity.

The secondary structure and multiple amino acid sequence alignment of lipX
with lipY shows that even if they came from the same ambient sample, they have
distinct characteristics. Hormone-sensitive lipases (HSLs) exist widely in
microorganisms, plants, and animals. Microbial HSLs are classified into two
subfamilies: the GTSAG motif subfamily and the GDSAG motif subfamily. LipX is
from GDSAG motif subfamily but lipY where instead of Asp (GDSAG), the most

common; there is another negative charged residue, Glu (GESAG).
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Figure 29 — Secondary structure comparation lipX and lipY

The amino acid sequence alignment of lipX and lipY with other esterases from HSL family. The residues involved in
the oxyanion hole (HGG) are shown conserved. The catalytic triad residues are shown semi-conserved. o a-helix, f:
p-sheet, e T: p-turn.
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GENERAL CONCLUSIONS AND PERSPECTIVES OF THIS WORK

Three genes were identified as putative lipases/esterases and their activities have
been further characterized in this work. The isolated and characterized enzyme lipX and
lipY have showed conservation of the sequence and structural features of members from
Family IV of bacterial lipolytic enzymes. The results from the comparison of the lipX
with BLAST algorithm against protein data bank (PDB) exhibited 41% identity with
G84S EST2 mutant from Alicyclobacillus acidocaldarius [PDB 2HM7] and
a/Bhydrolase fold from the IV Esterase/Lipase hormone sensitive family and lipW
showed conservation of the sequence and structural features of members from family V
of bacterial lipolytic enzymes. LipY also contains a CAP domain (Met1-Val45) beside
catalytic domain (GIn46-Arg306). UV CD spectra and 3D model structure based on
homology modeling indicate that lipX, Y and W secondary structure consisted of a-
helix (~45%) and (-sheet (~15%) structures, which is consistent with the predominantly
a-helix secondary structure of the o/p hydrolase family of esterase’s. LipX and lipY
contain a conserved HGG motif, this microbial motif is involved in the formation of the
oxyanion hole.

The purification of lipX revealed a 35-kDa recombinant protein and lipY
revealed a 32-kDa recombinant protein as predicted by the sequence data. The estimated
molecular weight of LipW was 29 kDa. Molecular parameters could be associated to the
lipW monomer in correspondence with their theoretical MW, as observed in the SDS-
PAGE gel. Enzyme activity was observed from pH 3.0-10.0, with optimal activity at
pH 7.5.0-9.5 for lipX, pH 8.0-9.5 for lipY and an optimal enzyme activity of lipW at
pH 9.0-9.5. Within the temperature range of 25°C-95°C, maximum activity was
observed at 55°C for lipX, 60°C for lipY and 40°C for lipW.

As perspectives from this thesis, cloning into X33/ Komagataella pastoris stain
of lipx, lipY and lipW, large-scale production in fermenters and application tests with
lipX, lipY and lipW separately or together making a cocktail for industry use.

A large amount of information that can be accessed with metagenomic approach
can be used to cross-data, obtaining numerous information relevant to advances in
biological and technological research, but also the integration of these metadata with the

bioengineering of processes for a real application of them.
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Abstract

Objecdves  Putative new dioxygenases were ident-
fiad in a metagenomic f-lactam-resigance screening
and, given their key role on ammatic metabolism, we
raise the hypothesis that these enzymes mayhe con-
comitantly relatad to antibiotic resistance and anomat-
ic degradation.

Resielrs ORFs of three putative dioxygenases wene
izolated from resistant metagenomic clones One of
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them, CRB2(1), was subcloned into pET24a expres-
sion vector and subjected to downstream phenotypic
and hisinformatics analyses that demonstraed the
“dual effect” of our metagenomic dioxygenase, on
antibiotic and armmatic resisanee. Funhermaone, initial
charactenization assays srongly suggests that CRE2(1)
open-reading frame i an extradiol-dioxygenase, mos
probakly a bicupin domain gentisate |, 2-dicaygenase.
Thiz observation &, to ouwr knowledge, the firs
descripion of a metagenomic dioxygenase and is
action on f-lactam resistance.

Concluglon Unraveling the divesity of antibiotic
resitance elements on the environment could ot only
identify new gemes and mechanizms in which hacteria
can resist to antibiotics, but aso contribute o
hiptec hnology processes, such as in hioremediation.

Keywords  Antibiotic resistance - Aromatic
metabolizm - Dioxygenase - Metagenome - Soil

It voed it i

Resistance to antibiotics has boen reponed since the
1950s, shomtly afiter their introdwetion for the Teatment
of infectious diseases (Davies 2007). The charac-
terization of antibhiotc resistance genes (ARGs)
focuses primarily on clinical isolates; however, envi-
rommental hahitats harbsor an unappreciated and vast
diverzity of ARGs that are not yet well exploned.
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Therefane, it & urgent to identify and characterize
ARG from natural enviromments to betber unde stand
their diversity outzide the clinical setting. We asked
whether it was possible to identify new ARGs
unrelated to clinical antibiotic resistance, and wheat
their functions might be in nabural environments,

In contrast o pathogenic micoorganisms, most of
which can be readily isolated and identified, only an
eatimatad (L1-1 % of =00l microrganisms can be
cultivated using traditional methaods, This represents a
major drawhback for detecting ARG in soil microor-
ganizms, leaving culbwre-inde pend ent methods suchas
metagenomics as potential tools for accessing these
micmorganiams {Handelsman 2004, Here, we ex-
plore ARG diversity in a metmgenomic library oon-
structed from soil samples obtained in the Cemrado (de
Castro et al. 2011), a savannah-like hiome in the
midwestern region of Brazil Ina functional screening
performed with f-lactam antibiotics, 62 clomnes wens
izplawed, and four were selected for sequencing
reactions, Downstream analysiz showed a large diver-
zsity of open meading frames (ORFs) insde the
metagenomic insens and assigned putative functions.
In particular, genes enonding dioxygenase enzymes
were frequently identified in the metagenomic clomes.

Ring-cleaving dioxnygenases play important mles in
ammatic metabalism, both in eukanyotes and prokany-
otes. These eneymoes catalyze the incompaoration of both
atoms of O into the ammatic ring, therchy cleaving it.
Dioxygenases can be classified as intradiol dioxyge-
mazes, which catalyze ortho cleavage, and extradiol
dipxy genases, which catalyze meta cleavage. Both
classes of enzymes have distinct features and speci-
ficities (Amra et al. 2009, with extradiol dioxyge nas-
es generally being a more versatile group, cleaving a
hroader number of substrates (Vaillancount et al.
20046).

Aromatic compounds ae mapr pollutants dis-
charged into the environment from different sounces,
including agricultural and indusrial processes. These
molecules are exoemely stable in the emviromment,
and existing physico-chemical procedures are often
inefficient in their emoval Bioremediaion is an
efficient, cost-effective alternative that harness micno-
hial degradation pathways to remove these persistent
envimnmental pollutnts via engymatic cambolizm
{ Arora et al. 2009,

Thiz wark tests the hypothesis that dioxygenases
play a role in the resistance to f-lactamic antibiotics,

& Springer

and explores the dual effect of these eneymes in the
mesitance phenotype and aromatic metabolism, their
primary function.

Materials and methods
Metagenomic libraries

The metagenomic librares used in this work were
previously constnectad with Cemado srricro sensu soil
zamples, as describad by de Castro etal. (20110,

Resistance screening and subcloning

The functional screening of the metagenomic li-
brares, performed in lysogeny brot (LB) agar
plates supplemented with nine fFlactamic antibiotics
{16 pg amoicillin ml™, 50 pg ampicillin ml ™, 50 pg
carbenicillinml ™", 16 pe cefamandole ml™", 20 pg
cefoxitin ml~, 5 pg  ceftazidime ml~", 50 pg
cephalexin ml™", 30 pg  penicillin Gml™"  and
12.5 pg piperacillin ml™ "), identified 62 resistant
clones, Putative dioxygenaze ORFs were subcloned
into a pET24a vector, and transformed in Exeleer-
pchia eoli Tuner (DE3) cells.

Sequence analysis

Amino acid sequences were annotted using Protein
BLAST{ Alischul et al. 1990, Multiple alignments of
the CRE2{1) amino acid sequence and related proteins
were camied out using Clustal Omega (Sievers et al.
2011). Secondary aructure was prodicted using
PFSIFRED Pmtein Sequence Analysis Workbench
{Buchan et al. 3013 ; Jones 19990, A phylogenetic tree
was constrected with Mega 606 program (Tamura
et al. 2013 using the neighbor-joining method and
bootstrap analysis.

Expression and purification of putative
metagenomic dionygenase

To characterize de subclone, CREX1), that per-
formeed best in vector-based gene expression assays,
cultures of it were grown o an ODgy, of (L6 and
protein indwetion was camied out by overnight incu-
bation with | % (wiv) lactose at 20 3C. The hacteria
wene lysed by sonication, and the protein of interest
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Table 1 Protein BLAST annatation for potative dioxygenase open reading frames i three medagenomic sobclones

Swhclkme  Selection

anthiotc

Hest it e

Smre Similarity Coverage Conserved

(%)

Esiimated
mo kecalar

Size
domains

%)
D

ANMMNE(Zy Amoxicillin Hypothetical
progein
(Candidarus
kanharser

versariis)
Intradio] ring-
cleavage
dinxygenase
(Candidaius
kanbaceer
versarigh
Carhemicillin - Hypothetical
proi=in
(Franka =p.
Isafa9)

AMMNEE Amoxicillin 2e-141 431

CREX 1) 2e-145 426

38

42

6l

1077 hp 398

Mf

Peptichse M1 4NE- 619
CPaC_filk=

superfamily

1674 bp
557 aa

9l 5

Cpin_2
superfamily

1068 hp
355

was purified uzing the MagneHis Protein Purification
System (Promega, Madison, W1, USA) under native
conditions, SDS-PAGE analysic was performed in
4-13 9% Tris-HCI gel and ran in denaturing mnming
huffer pH £.3. Samples were centrifuged, suspended in

denamring loading buffer | and heated for 5 min at
95 *C.

Phenotypic analyzis and cell viahility test

In order to evaluae mesis@nce phenotypes to a
lactamic antibiotic and phenol, CRE2 1) was grown in
the presence of both compounds. Growth was
maonitored from the OD gy, value. Cells carrying the
expression vector contining subclone CRE2 1) wene
cultured & 28 *C with shaking (130 rpm). When
cultures reached QD = 0.1, profin expression was
induced by adding [IPFTG. After | b, 30 pg carbeni-
cillin ml™ and 0.1 % phenal were added, and OD g
wias monitored from 1 to 96 h. This phenotypic assay
was performed in guadruplicate. Cell viahility was
evaluated by adding 30 pl 2 mg MTT mi—" to 200 pl
af the 24 h cultures and incubating at 37 *C for | h

Enzymatic assay

Gentisate | 2-dioxygenase (GO0 activity was evalwat-
ed spoctmphotometrically following the increase in

absorption at 330 nm indicating maleylpymuvaie for-
mation. The HK) pl reacton mixdure contaimned S0 pl
purified putative dicxygenase (~35 pg), 130 pl pheos-
phate buffered saline (0.1 M, pH 7.7) supplemented
with 100 pM ferrous ammonium sulfate, and 25
dihydroaybenzoic acid (gentizic acid; 10 mM) as sub-
sirate. The samples were previously incuhated at 40 C
for 1 h and then the ahsorbancy was measumd every
A0 min for 4 h. This assay was perfomed intriplicae.
Blank zamples consist of all the components but the
purified prodein, replaced by the elution buffer.

Results
Sequence analysis

Within the ORFs an the four selected metage nomics
clones—AMX3, CFX12, CRE2 and PG1T—we ob-
served three putative dioxygenase genes, After sub-
cloning processes, we consiructed the mespective
subclones, mamed AMX3I), AMX¥I) and
CEB2X 1) (Table 1). CRBX(1) subclone was selocted
fior further analysis following some critena—prese nce
aof conserved domains, betier performance on [IPTG
induction assays and the presence of dionygenase hits
o the BLAST search.
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Although the closestmatch from the BLAST seach
was a hypothetical protein, the CRE2{ 1) insen has a
conserved bicupin domain, and GDO proteins wene
present within the fist hundred Blastp hits. These
findings aug gest that CRBEX) is an extradiol diosy-
genase and could be funther chamoterized as a movel
G0

Taoidentify e location of the cupin domains in the
CRE2{1) protein, we wsed PSIPRED to predict its
seoondary structure {Fig. 1), The diverse cupin super-
family, which includes camlytic and non-catalytic
proteins, is chaacernzed by a zix-stranded fiHhamel
fold. Catalytic members include dioxygenase en-
zymes, Two conserved moifs [GEXIHEHX)
EX)dG and GX) g PEGX)LHX);] comprise a
cupin fold (Dumwell e al 2001). Proteins with twao
cupin domains are called bicupins.

Because the secondary structure prodiction ident-
fisd two cupin domains, we aligned the CREB2(1)
aming acid seguence with known bicupin dioxyge-
mases (Fig. ). Alhough all GDOs described to date
contain two cupin domains | Adams et al. 2006; Chen
etal. J008; Hirano et al. 2007 ), te me@l-binding sites
amre generally active in only one domain (Chen et al.
J00E: Dunwell et al. 2004). Conserved metal- binding
residues are present in both motifs of the cupin
domain: two histidines and one glutamate in maotif 1,
amd a histidine in motif 2. However, in GDOs the
glutamate in motif | is typically replaced by alanine or
andther polar or hydrophobic residue (Fetemer 2012).
In CRBX1), an alanine-to-serine mutation aocwmed.
The metal-hinding site was conserved and is possibly
active only in the N-terminal cupin domain of
CRE2(1). Of the hicupin dioxygenases shown in
Fig. 2, only the GINI of Sficibacrer pomeroyi
contains active meml-hinding sitez in both domains
{Chen et al. 200E).

The phylogenetic tree distinguishes three groups of
proteins: exradiol and intradiol diooygenases and a
monnoxygenase (Fig. 3). CRB2(1) clusters with the
extradiol dioxypenaszes and is placed along known
cupin dicxygenases, inchding bicupin GDOs,

Functional analysis

To determine the nesigance phenotype of CRE2(1),
cells bearing the subclone were incubated with
carbenicillin, the antibiotc initially wsed to select the
CRE2 metagenomic clone, and phemol, a ample
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Fig. | Semndary siractne prediction for ihe metagenomic
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[raheets, represanted by arrmis. The fistand bsttwo fosheas
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secomdary soucture was prediced with PSIPRED 35 and
shows 2 bicmpin domaincontining pmtein in the CRB21)
aming acid ssquence

hydmxylated aromatic molkoule with  cytobogic
effects.

Figure da demonstraies clear differences on cellu-
lar grow th when CRE2{ | ) subclone and intact pET 24a
are comparad. Then o]l viability was evaluated afier
24 h exposure to carbenicillin or phenol (Fg. 4h).
Changes in the zamples coloration shows the acton of
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Fig. I Using ihe Chisial Omega muliiple aligmment toal, the
CRE2{]y amino acid ssquence was afipnad with characterized
Eentnate | 2-dioxypenases and a 1-hydmxy-2-naphioate dioxy-
Emxme, 2ll contrining bicupin domaims. Copin motfs ane
represenied by ractangles, divided by motif | (M1, repesented
by bold couaresy and motif 2 (M2, repressmed by dachad
square). Bold laters repmsam consarvesd residoes of the matal-
hinding motf of copin domains (2-His- 100 on motf 1 and 1-His

living cells on MTT reagent and indicates cellular
viahility. These results demonstrate the dual effect of
CREX1), conferring resistance to both an antibiotic
and phenal.

Expression of the recombinant protein was induwoeed
with | % lactose &t 30 °C for pmotein solhbility,
allowing for purfication under native conditions,
SD5-PAGE analysis of CRBX 1) supg ests that it was

on moif 2). In gentisaie 12-dioy genases the gloamate nesidoe
is typically repluced by an danine; however, in CREX1) the
Elmate residos washya serine msidoe. Sequences down lnaded
fmm NCH inchide 1-hydrony-2-naphinate from Momndoades
s KT [BAAS 25 2); pentisate | 2-dioygenase from Silicihan
wr pomeroyi (3BUT AR pemtisate | 2-dioxypemase fmm
Excherighia coll O5T-HT(ZD40_A), and gemimae | 2-dioxyge
mase from Psadomonas alrall genes (AADILE27 1)

a monomenc enzyme with an estimated maolecular
mass of 395 kDa, as predicted by sequence data
(Fig. 5).

We then camried owt an enzyme kinetics assay to
evaluate the ahility of te purified protein to cleave
hydrox ylated ammatic rings. Since we identified
CREX 1) as a potential GDO, gentisic acid was uwsed
as the substrate. Increased optical density at 330 nm in

&) Springer
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Fig. 3 Phylogenetic amalysis of CRE2(1). Three distinct
gmumpE wer identifiel and hranched together: ewmadinl
diox ypemases, miradio] dioxygenases, and 2 monom ypenase,
represented by a phenol vdmbse. CRB2 1), indicated by the
amow, chsiers in the extradio]l dioxygmnase group, dong the
subgmup of copin domain diox ygenaes () The phyloge-
netic free was omsimcted with the Mega 6,06 progem, osing
the neighhar-joining method and hoottrap amalysis (SO0
replicates ). Sequences retieved from NCBI inchde gemtisae
1. 2-diomy genase {1,2-GID0) from Xamdhobacter polyaneman -
ciworms (BACIEISS 1); pemisae 1 2diory genase (1, 2-GD0O)

samples containing the recombinant protein indicated
the accumulaton of maleylpymvate, formed by
extradiol cleavage of gentisic acid (Fig. 6).

Diecussion

Charactenizing metagenomic DNA sequences presents
some challenges. The most prominent is low sequen ce
similarites with matches in existing datahases; many
are hypothetcal or putative proteins, and conseroed
domains are generally absent. However, functional
screening provides imponant clues showt these se-
quences, with the substrate usad in the initial assay
being a strong indication for the clasification of the
OFF inzide the insert. In this case, antibiotic resistance
per e did not point to any panticular ORF as the one
responsible for the phenotype observed since the
divemsity of ARGs in the environment is not yet well
underaond. Our identification of putative dioxygenae
genes in three metagenomic nsens suggested a
possible role on the resistance phenotype. Subseguent
tess not anly confirm antibiotic resistance but also
revealed the ahility to cleave aromatic rings.

£ Springer

| Extradicl
dicoygenasas

Intradiol
dioxygenasas

HonooxXyJanasa

from Perudomonas almbgenes (A AD94LYT 1) penfisate 1.2
dioxypemase (12.GD) fom Edherichia coli O15T:HT
(2D40_AL gentisaie 1.2 -dimy genase | 1,2-G00) from Slicibac
ter pomerayd (SBUTy l-hydrox yonaphin atesdi owygenase  fmm
Nocandoides sp. KPT(BAAS] 2352 catechal 2 3-dioxygenase
(L3(D0) fiom Prrudomonas putda M2 (1MPY_A) moin-
catecimate 3 d-diory gemase (3,4 -PCTH) from Acinein hacier s
Adpl (IBOZ_A) caedhal 12-diowygenase (122000 foom
Acmesnbarter calroacesicus (IDLM_B], and phennl hydrolase
fom Rhadoanarus josm RHAL (YP_ TOARS30)

Reveral GDO= have been characterized, but none
was identfied in metagenomic saquences. Here we
describe the initial chamaenzation of a new dioxy-
genase isolated from an andbiotic-resistant metage-
nomic clone. Sequence and functional analyses
indicate that CRB2{1) & likely a G with a
conserved bicupin domain.

It & unclear why adioxygenase was selected by a fi-
lactam-resistanee screening of clones rather tan well-
characterized antihiotic resistance elements, such as fi-
lactamases. This finding supports the idea that ARG
diversity, especially in the environment, is muoch
greater than previowsly thought In fact there is stromg
evidence that ARGs are not only widespread in the
eny ironment but predate toe antibiotic era, as demon-
sirafed by a metagenomic survey of ancient environ-
mental DMA samples (D'Costa et al 20110 This
suggests that clinically impontant resstance elements
werne pre-existing genes that wene selected by antibi-
otic use, with resistant strains likely adapting to
increasing concentrations of these oxic compounds.
Themefore, analysis of ARGE from nafural environ-
ments may identify new resigance elements and help
caplin how these ARG: were transfemed to
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vector contaming CRB(1) or empty veaor on 50 pg carhemi-
cillin mI™! or 0.1 % phenol. At 0 h, protein expression wa
indaced by adding IPTG, and | h later phenol or carhenicillin
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expressed = memn valoes of gudmplicase samples. *p < 0.01.
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Fig. 5 SDS-PAGE amalysis of the CRB2(1 ) subclone. fane J,
cells carrying the empty pET242 (withomt CRBX(1) gene imsen)
after induction with 1 % hctose; lane 2, cells carrying pET24a
vectar with CRB(1) after induction with 1 % lacxse dame 3,
crade lysae spenzant from cells camying vector with
CRBX1); lane 4, purified prowein from CRBX(1) subckme.
Arnow indicates the protein of imerest. (RBX(1) insert hand s
ahcent in fane ], showing the successfal lactose indaction and
purification of CRB2(1) subclone

paint of cultures carrying the empty pET242 vecor deff) md or
vecorconining the CRBX 1) subclone (righs) afier mcubation
with phenal or cashemicillin (each set of foor wells represents
assay replicates). MTT reduction (dark color) indicates viahble
cells, which is consisent with specrophotmmery results
showmg incrensed cell density for cells camying the vecyr
containing CRB2(1) and decreased cell demsity for cells
cazying the empty vector afier exposare to bodh compounds

pathog enic microorganisms {e.g., viamobile elements
such as ransposons or integrons).

More atiention should be tumed to the origins of
ARGs, especially those caried by non-cultivable
microorganisms, which harbor a v ast range of unchar-
acterized proteins, many with potential to cause
antimicrobial resistance. For example, a recent func-
tional metagenomic study on antimicrobial resistance
in soil {Allen et al. 2015) revealed the mwle of a
response-regulator gene on carbenicillin tolerance in
E eoli, reinforcing the need to amplify our knowledge
on antibiotic resistance elements, specially those from
natural environments.

However, classification of a particular gene as an
ARG can be difficult since its ole in resistance may
not be the primary function of the protein, as
evidenced by our metagenomic clone.

This repont is, to our know ledge, the first to show fi-
lactam-resistance activity of a dioxygenase. Although
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Fig. 6 Erryme kinetics
assay using parified
CRBX 1) proiein incuhated
with gentisic acidas

subs trade. Maley lpymovaie
formation from ihe 2,3
cleevage of gentisic acid in
the pesence of oxygen was
evalmated by

spectrophot omesry. The
reads were parformed afier
the 1 h incohation
pmcedure. Blak samples
ladked the purified protein.
Resols are expressed =
mean + S0 of rphcate

samples
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the mechanism of antibiotic resigance is unclear,
diony genases may acton the carbenicilin molecule by
dizrupting the ammatic ring, thershy inactivating its
antibiotic activity. If =0, dioxygenases represent
another type of cleaving enzyme that confers [i-lactam
resistance, in addition to [i-lactamases, which play an
impaorant role i clinical infections.

The ahility of this protein to de grade ammatic rnings,
as evidenced by phenol mesigance and the kinetic
assay, s another important finding of iz waork.
Antimicrobial resistance genes are frequently found in
asspciation with other genes that confer similar
phenotypes, such as resistanoe o heavy metals or
quAaternary ammonivm. Aromatic degradation may
play an analogous mole, selecting other genes to
consimct xenobiotic mesigance gene casseties. The
phenol resistance of this metagenomic clone also
suggesis iE poasible use in bicre mediation. Aromatic
compounds are important envimonmental pollutants,
and degradation by microbial enzymes can facilitate
their removal from contaminated aneas. Thus, acees-
ing microbial diversity, especially that of non-cul-
tivable and consequently wnbmonam mEcIoOr gan Ems,
could increase the range of microbial enzymes wsad in
thiz field.
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Débora Farage Knupp dos Santes - Paula Istvan - Eliane Ferreira Noronha -

Betinia Ferraz Quiring - Ricardo Henrigque Kniger

Received: 31 March 2015 fAaepted: 12 May 2015/ Poblished online: 21 May 2015

D Springer Science-+Bmsiness Madiy Dordrecht 2015

Abstract

Objecdves  Putative new dioxygenases were ident-
fiad in a metagenomic f-lactam-resigance screening
and, given their key role on ammatic metabolism, we
raise the hypothesis that these enzymes mayhe con-
comitantly relatad to antibiotic resistance and anomat-
ic degradation.

Resielrs ORFs of three putative dioxygenases wene
izolated from resistant metagenomic clones One of
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them, CRB2(1), was subcloned into pET24a expres-
sion vector and subjected to downstream phenotypic
and hisinformatics analyses that demonstraed the
“dual effect” of our metagenomic dioxygenase, on
antibiotic and armmatic resisanee. Funhermaone, initial
charactenization assays srongly suggests that CRE2(1)
open-reading frame i an extradiol-dioxygenase, mos
probakly a bicupin domain gentisate |, 2-dicaygenase.
Thiz observation &, to ouwr knowledge, the firs
descripion of a metagenomic dioxygenase and is
action on f-lactam resistance.

Concluglon Unraveling the divesity of antibiotic
resitance elements on the environment could ot only
identify new gemes and mechanizms in which hacteria
can resist to antibiotics, but aso contribute o
hiptec hnology processes, such as in hioremediation.

Keywords  Antibiotic resistance - Aromatic
metabolizm - Dioxygenase - Metagenome - Soil

It voed it i

Resistance to antibiotics has boen reponed since the
1950s, shomtly afiter their introdwetion for the Teatment
of infectious diseases (Davies 2007). The charac-
terization of antibhiotc resistance genes (ARGs)
focuses primarily on clinical isolates; however, envi-
rommental hahitats harbsor an unappreciated and vast
diverzity of ARGs that are not yet well exploned.
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Therefane, it & urgent to identify and characterize
ARG from natural enviromments to betber unde stand
their diversity outzide the clinical setting. We asked
whether it was possible to identify new ARGs
unrelated to clinical antibiotic resistance, and wheat
their functions might be in nabural environments,

In contrast o pathogenic micoorganisms, most of
which can be readily isolated and identified, only an
eatimatad (L1-1 % of =00l microrganisms can be
cultivated using traditional methaods, This represents a
major drawhback for detecting ARG in soil microor-
ganizms, leaving culbwre-inde pend ent methods suchas
metagenomics as potential tools for accessing these
micmorganiams {Handelsman 2004, Here, we ex-
plore ARG diversity in a metmgenomic library oon-
structed from soil samples obtained in the Cemrado (de
Castro et al. 2011), a savannah-like hiome in the
midwestern region of Brazil Ina functional screening
performed with f-lactam antibiotics, 62 clomnes wens
izplawed, and four were selected for sequencing
reactions, Downstream analysiz showed a large diver-
zsity of open meading frames (ORFs) insde the
metagenomic insens and assigned putative functions.
In particular, genes enonding dioxygenase enzymes
were frequently identified in the metagenomic clomes.

Ring-cleaving dioxnygenases play important mles in
ammatic metabalism, both in eukanyotes and prokany-
otes. These eneymoes catalyze the incompaoration of both
atoms of O into the ammatic ring, therchy cleaving it.
Dioxygenases can be classified as intradiol dioxyge-
mazes, which catalyze ortho cleavage, and extradiol
dipxy genases, which catalyze meta cleavage. Both
classes of enzymes have distinct features and speci-
ficities (Amra et al. 2009, with extradiol dioxyge nas-
es generally being a more versatile group, cleaving a
hroader number of substrates (Vaillancount et al.
20046).

Aromatic compounds ae mapr pollutants dis-
charged into the environment from different sounces,
including agricultural and indusrial processes. These
molecules are exoemely stable in the emviromment,
and existing physico-chemical procedures are often
inefficient in their emoval Bioremediaion is an
efficient, cost-effective alternative that harness micno-
hial degradation pathways to remove these persistent
envimnmental pollutnts via engymatic cambolizm
{ Arora et al. 2009,

Thiz wark tests the hypothesis that dioxygenases
play a role in the resistance to f-lactamic antibiotics,

& Springer

and explores the dual effect of these eneymes in the
mesitance phenotype and aromatic metabolism, their
primary function.

Materials and methods
Metagenomic libraries

The metagenomic librares used in this work were
previously constnectad with Cemado srricro sensu soil
zamples, as describad by de Castro etal. (20110,

Resistance screening and subcloning

The functional screening of the metagenomic li-
brares, performed in lysogeny brot (LB) agar
plates supplemented with nine fFlactamic antibiotics
{16 pg amoicillin ml™, 50 pg ampicillin ml ™, 50 pg
carbenicillinml ™", 16 pe cefamandole ml™", 20 pg
cefoxitin ml~, 5 pg  ceftazidime ml~", 50 pg
cephalexin ml™", 30 pg  penicillin Gml™"  and
12.5 pg piperacillin ml™ "), identified 62 resistant
clones, Putative dioxygenaze ORFs were subcloned
into a pET24a vector, and transformed in Exeleer-
pchia eoli Tuner (DE3) cells.

Sequence analysis

Amino acid sequences were annotted using Protein
BLAST{ Alischul et al. 1990, Multiple alignments of
the CRE2{1) amino acid sequence and related proteins
were camied out using Clustal Omega (Sievers et al.
2011). Secondary aructure was prodicted using
PFSIFRED Pmtein Sequence Analysis Workbench
{Buchan et al. 3013 ; Jones 19990, A phylogenetic tree
was constrected with Mega 606 program (Tamura
et al. 2013 using the neighbor-joining method and
bootstrap analysis.

Expression and purification of putative
metagenomic dionygenase

To characterize de subclone, CREX1), that per-
formeed best in vector-based gene expression assays,
cultures of it were grown o an ODgy, of (L6 and
protein indwetion was camied out by overnight incu-
bation with | % (wiv) lactose at 20 3C. The hacteria
wene lysed by sonication, and the protein of interest
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Table 1 Protein BLAST annatation for potative dioxygenase open reading frames i three medagenomic sobclones

Swhclkme  Selection

anthiotc

Hest it e

Smre Similarity Coverage Conserved

(%)

Esiimated
mo kecalar

Size
domains

%)
D

ANMMNE(Zy Amoxicillin Hypothetical
progein
(Candidarus
kanharser

versariis)
Intradio] ring-
cleavage
dinxygenase
(Candidaius
kanbaceer
versarigh
Carhemicillin - Hypothetical
proi=in
(Franka =p.
Isafa9)

AMMNEE Amoxicillin 2e-141 431

CREX 1) 2e-145 426

38

42

6l

1077 hp 398

Mf

Peptichse M1 4NE- 619
CPaC_filk=

superfamily

1674 bp
557 aa

9l 5

Cpin_2
superfamily

1068 hp
355

was purified uzing the MagneHis Protein Purification
System (Promega, Madison, W1, USA) under native
conditions, SDS-PAGE analysic was performed in
4-13 9% Tris-HCI gel and ran in denaturing mnming
huffer pH £.3. Samples were centrifuged, suspended in

denamring loading buffer | and heated for 5 min at
95 *C.

Phenotypic analyzis and cell viahility test

In order to evaluae mesis@nce phenotypes to a
lactamic antibiotic and phenol, CRE2 1) was grown in
the presence of both compounds. Growth was
maonitored from the OD gy, value. Cells carrying the
expression vector contining subclone CRE2 1) wene
cultured & 28 *C with shaking (130 rpm). When
cultures reached QD = 0.1, profin expression was
induced by adding [IPFTG. After | b, 30 pg carbeni-
cillin ml™ and 0.1 % phenal were added, and OD g
wias monitored from 1 to 96 h. This phenotypic assay
was performed in guadruplicate. Cell viahility was
evaluated by adding 30 pl 2 mg MTT mi—" to 200 pl
af the 24 h cultures and incubating at 37 *C for | h

Enzymatic assay

Gentisate | 2-dioxygenase (GO0 activity was evalwat-
ed spoctmphotometrically following the increase in

absorption at 330 nm indicating maleylpymuvaie for-
mation. The HK) pl reacton mixdure contaimned S0 pl
purified putative dicxygenase (~35 pg), 130 pl pheos-
phate buffered saline (0.1 M, pH 7.7) supplemented
with 100 pM ferrous ammonium sulfate, and 25
dihydroaybenzoic acid (gentizic acid; 10 mM) as sub-
sirate. The samples were previously incuhated at 40 C
for 1 h and then the ahsorbancy was measumd every
A0 min for 4 h. This assay was perfomed intriplicae.
Blank zamples consist of all the components but the
purified prodein, replaced by the elution buffer.

Results
Sequence analysis

Within the ORFs an the four selected metage nomics
clones—AMX3, CFX12, CRE2 and PG1T—we ob-
served three putative dioxygenase genes, After sub-
cloning processes, we consiructed the mespective
subclones, mamed AMX3I), AMX¥I) and
CEB2X 1) (Table 1). CRBX(1) subclone was selocted
fior further analysis following some critena—prese nce
aof conserved domains, betier performance on [IPTG
induction assays and the presence of dionygenase hits
o the BLAST search.
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Although the closestmatch from the BLAST seach
was a hypothetical protein, the CRE2{ 1) insen has a
conserved bicupin domain, and GDO proteins wene
present within the fist hundred Blastp hits. These
findings aug gest that CRBEX) is an extradiol diosy-
genase and could be funther chamoterized as a movel
G0

Taoidentify e location of the cupin domains in the
CRE2{1) protein, we wsed PSIPRED to predict its
seoondary structure {Fig. 1), The diverse cupin super-
family, which includes camlytic and non-catalytic
proteins, is chaacernzed by a zix-stranded fiHhamel
fold. Catalytic members include dioxygenase en-
zymes, Two conserved moifs [GEXIHEHX)
EX)dG and GX) g PEGX)LHX);] comprise a
cupin fold (Dumwell e al 2001). Proteins with twao
cupin domains are called bicupins.

Because the secondary structure prodiction ident-
fisd two cupin domains, we aligned the CREB2(1)
aming acid seguence with known bicupin dioxyge-
mases (Fig. ). Alhough all GDOs described to date
contain two cupin domains | Adams et al. 2006; Chen
etal. J008; Hirano et al. 2007 ), te me@l-binding sites
amre generally active in only one domain (Chen et al.
J00E: Dunwell et al. 2004). Conserved metal- binding
residues are present in both motifs of the cupin
domain: two histidines and one glutamate in maotif 1,
amd a histidine in motif 2. However, in GDOs the
glutamate in motif | is typically replaced by alanine or
andther polar or hydrophobic residue (Fetemer 2012).
In CRBX1), an alanine-to-serine mutation aocwmed.
The metal-hinding site was conserved and is possibly
active only in the N-terminal cupin domain of
CRE2(1). Of the hicupin dioxygenases shown in
Fig. 2, only the GINI of Sficibacrer pomeroyi
contains active meml-hinding sitez in both domains
{Chen et al. 200E).

The phylogenetic tree distinguishes three groups of
proteins: exradiol and intradiol diooygenases and a
monnoxygenase (Fig. 3). CRB2(1) clusters with the
extradiol dioxypenaszes and is placed along known
cupin dicxygenases, inchding bicupin GDOs,

Functional analysis

To determine the nesigance phenotype of CRE2(1),
cells bearing the subclone were incubated with
carbenicillin, the antibiotc initially wsed to select the
CRE2 metagenomic clone, and phemol, a ample
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Fig. | Semndary siractne prediction for ihe metagenomic
clme CRR3 1) and chaacierizmtion of copin domains, empee-
semied by the dached polypons. Eadh cupin domain contins six
[raheets, represanted by arrmis. The fistand bsttwo fosheas
comtain motifs 1 and 2, respectively, for each copin domain. This
secomdary soucture was prediced with PSIPRED 35 and
shows 2 bicmpin domaincontining pmtein in the CRB21)
aming acid ssquence

hydmxylated aromatic molkoule with  cytobogic
effects.

Figure da demonstraies clear differences on cellu-
lar grow th when CRE2{ | ) subclone and intact pET 24a
are comparad. Then o]l viability was evaluated afier
24 h exposure to carbenicillin or phenol (Fg. 4h).
Changes in the zamples coloration shows the acton of
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Fig. I Using ihe Chisial Omega muliiple aligmment toal, the
CRE2{]y amino acid ssquence was afipnad with characterized
Eentnate | 2-dioxypenases and a 1-hydmxy-2-naphioate dioxy-
Emxme, 2ll contrining bicupin domaims. Copin motfs ane
represenied by ractangles, divided by motif | (M1, repesented
by bold couaresy and motif 2 (M2, repressmed by dachad
square). Bold laters repmsam consarvesd residoes of the matal-
hinding motf of copin domains (2-His- 100 on motf 1 and 1-His

living cells on MTT reagent and indicates cellular
viahility. These results demonstrate the dual effect of
CREX1), conferring resistance to both an antibiotic
and phenal.

Expression of the recombinant protein was induwoeed
with | % lactose &t 30 °C for pmotein solhbility,
allowing for purfication under native conditions,
SD5-PAGE analysis of CRBX 1) supg ests that it was

on moif 2). In gentisaie 12-dioy genases the gloamate nesidoe
is typically repluced by an danine; however, in CREX1) the
Elmate residos washya serine msidoe. Sequences down lnaded
fmm NCH inchide 1-hydrony-2-naphinate from Momndoades
s KT [BAAS 25 2); pentisate | 2-dioygenase from Silicihan
wr pomeroyi (3BUT AR pemtisate | 2-dioxypemase fmm
Excherighia coll O5T-HT(ZD40_A), and gemimae | 2-dioxyge
mase from Psadomonas alrall genes (AADILE27 1)

a monomenc enzyme with an estimated maolecular
mass of 395 kDa, as predicted by sequence data
(Fig. 5).

We then camried owt an enzyme kinetics assay to
evaluate the ahility of te purified protein to cleave
hydrox ylated ammatic rings. Since we identified
CREX 1) as a potential GDO, gentisic acid was uwsed
as the substrate. Increased optical density at 330 nm in

&) Springer
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Fig. 3 Phylogenetic amalysis of CRE2(1). Three distinct
gmumpE wer identifiel and hranched together: ewmadinl
diox ypemases, miradio] dioxygenases, and 2 monom ypenase,
represented by a phenol vdmbse. CRB2 1), indicated by the
amow, chsiers in the extradio]l dioxygmnase group, dong the
subgmup of copin domain diox ygenaes () The phyloge-
netic free was omsimcted with the Mega 6,06 progem, osing
the neighhar-joining method and hoottrap amalysis (SO0
replicates ). Sequences retieved from NCBI inchde gemtisae
1. 2-diomy genase {1,2-GID0) from Xamdhobacter polyaneman -
ciworms (BACIEISS 1); pemisae 1 2diory genase (1, 2-GD0O)

samples containing the recombinant protein indicated
the accumulaton of maleylpymvate, formed by
extradiol cleavage of gentisic acid (Fig. 6).

Diecussion

Charactenizing metagenomic DNA sequences presents
some challenges. The most prominent is low sequen ce
similarites with matches in existing datahases; many
are hypothetcal or putative proteins, and conseroed
domains are generally absent. However, functional
screening provides imponant clues showt these se-
quences, with the substrate usad in the initial assay
being a strong indication for the clasification of the
OFF inzide the insert. In this case, antibiotic resistance
per e did not point to any panticular ORF as the one
responsible for the phenotype observed since the
divemsity of ARGs in the environment is not yet well
underaond. Our identification of putative dioxygenae
genes in three metagenomic nsens suggested a
possible role on the resistance phenotype. Subseguent
tess not anly confirm antibiotic resistance but also
revealed the ahility to cleave aromatic rings.
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| Extradicl
dicoygenasas

Intradiol
dioxygenasas

HonooxXyJanasa

from Perudomonas almbgenes (A AD94LYT 1) penfisate 1.2
dioxypemase (12.GD) fom Edherichia coli O15T:HT
(2D40_AL gentisaie 1.2 -dimy genase | 1,2-G00) from Slicibac
ter pomerayd (SBUTy l-hydrox yonaphin atesdi owygenase  fmm
Nocandoides sp. KPT(BAAS] 2352 catechal 2 3-dioxygenase
(L3(D0) fiom Prrudomonas putda M2 (1MPY_A) moin-
catecimate 3 d-diory gemase (3,4 -PCTH) from Acinein hacier s
Adpl (IBOZ_A) caedhal 12-diowygenase (122000 foom
Acmesnbarter calroacesicus (IDLM_B], and phennl hydrolase
fom Rhadoanarus josm RHAL (YP_ TOARS30)

Reveral GDO= have been characterized, but none
was identfied in metagenomic saquences. Here we
describe the initial chamaenzation of a new dioxy-
genase isolated from an andbiotic-resistant metage-
nomic clone. Sequence and functional analyses
indicate that CRB2{1) & likely a G with a
conserved bicupin domain.

It & unclear why adioxygenase was selected by a fi-
lactam-resistanee screening of clones rather tan well-
characterized antihiotic resistance elements, such as fi-
lactamases. This finding supports the idea that ARG
diversity, especially in the environment, is muoch
greater than previowsly thought In fact there is stromg
evidence that ARGs are not only widespread in the
eny ironment but predate toe antibiotic era, as demon-
sirafed by a metagenomic survey of ancient environ-
mental DMA samples (D'Costa et al 20110 This
suggests that clinically impontant resstance elements
werne pre-existing genes that wene selected by antibi-
otic use, with resistant strains likely adapting to
increasing concentrations of these oxic compounds.
Themefore, analysis of ARGE from nafural environ-
ments may identify new resigance elements and help
caplin how these ARG: were transfemed to
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Fig. 4 a Cell density aver time for cells contining pET242
vector contaming CRB(1) or empty veaor on 50 pg carhemi-
cillin mI™! or 0.1 % phenol. At 0 h, protein expression wa
indaced by adding IPTG, and | h later phenol or carhenicillin
was added Qex differences in twrhidity snd optical density
vaunes were observed by the 24 h time pomt Results are
expressed = memn valoes of gudmplicase samples. *p < 0.01.
b Cell viability assay. Aliquoss were obined at the 24 b time
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Fig. 5 SDS-PAGE amalysis of the CRB2(1 ) subclone. fane J,
cells carrying the empty pET242 (withomt CRBX(1) gene imsen)
after induction with 1 % hctose; lane 2, cells carrying pET24a
vectar with CRB(1) after induction with 1 % lacxse dame 3,
crade lysae spenzant from cells camying vector with
CRBX1); lane 4, purified prowein from CRBX(1) subckme.
Arnow indicates the protein of imerest. (RBX(1) insert hand s
ahcent in fane ], showing the successfal lactose indaction and
purification of CRB2(1) subclone

paint of cultures carrying the empty pET242 vecor deff) md or
vecorconining the CRBX 1) subclone (righs) afier mcubation
with phenal or cashemicillin (each set of foor wells represents
assay replicates). MTT reduction (dark color) indicates viahble
cells, which is consisent with specrophotmmery results
showmg incrensed cell density for cells camying the vecyr
containing CRB2(1) and decreased cell demsity for cells
cazying the empty vector afier exposare to bodh compounds

pathog enic microorganisms {e.g., viamobile elements
such as ransposons or integrons).

More atiention should be tumed to the origins of
ARGs, especially those caried by non-cultivable
microorganisms, which harbor a v ast range of unchar-
acterized proteins, many with potential to cause
antimicrobial resistance. For example, a recent func-
tional metagenomic study on antimicrobial resistance
in soil {Allen et al. 2015) revealed the mwle of a
response-regulator gene on carbenicillin tolerance in
E eoli, reinforcing the need to amplify our knowledge
on antibiotic resistance elements, specially those from
natural environments.

However, classification of a particular gene as an
ARG can be difficult since its ole in resistance may
not be the primary function of the protein, as
evidenced by our metagenomic clone.

This repont is, to our know ledge, the first to show fi-
lactam-resistance activity of a dioxygenase. Although
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Fig. 6 Erryme kinetics
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the mechanism of antibiotic resigance is unclear,
diony genases may acton the carbenicilin molecule by
dizrupting the ammatic ring, thershy inactivating its
antibiotic activity. If =0, dioxygenases represent
another type of cleaving enzyme that confers [i-lactam
resistance, in addition to [i-lactamases, which play an
impaorant role i clinical infections.

The ahility of this protein to de grade ammatic rnings,
as evidenced by phenol mesigance and the kinetic
assay, s another important finding of iz waork.
Antimicrobial resistance genes are frequently found in
asspciation with other genes that confer similar
phenotypes, such as resistanoe o heavy metals or
quAaternary ammonivm. Aromatic degradation may
play an analogous mole, selecting other genes to
consimct xenobiotic mesigance gene casseties. The
phenol resistance of this metagenomic clone also
suggesis iE poasible use in bicre mediation. Aromatic
compounds are important envimonmental pollutants,
and degradation by microbial enzymes can facilitate
their removal from contaminated aneas. Thus, acees-
ing microbial diversity, especially that of non-cul-
tivable and consequently wnbmonam mEcIoOr gan Ems,
could increase the range of microbial enzymes wsad in
thiz field.
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Abstract Antibiotic resistance has hecome a major concem
for human and animal health, as thempewtic alematives to
mreat multidreg-resistant microorganisms ane rapidly dwin-
dling. The problem is compounded by low invesment in an-
tibintic reseanch and lack of new effective antimicrobial dregs
on the market Exploring environmental antibiotic resistance
genes | ARGS) will help us o beter understand bacterial resiz-
tanoe machaniams, which may be the key to identifying new
drug mrgets. Bocawse most environment-associaied micoor-
ganisms are not yet cultivable, cultre-independent echnigues
are essential o determine which organisms are present in a
given environmental sample and allow e assessment and wii-
lization of the genetic wealth they represent. Metagenomics
represents a powerful tool to achieve these goals using
sequence-based and functionalbased approaches. Functiomal
metagenomic approaches are particularly well suited to the
identification new ARG from natural environments bocase,
unlike soquence-based approaches, they do not reguine previows
knowledge of these genes. This review discusses fimetional
metagenomicshased ARG research and describes new possi-
hilities for aurveying the resistome in environmental samples.

Keywords Antibiotic resistance genes - Environment -
Functional memgenomics - Resistome
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Introdu dtion

The release of new antimicrobials by te phamaceutical in-
dustry has decreased over the years compared to that of other
drug classes such as anticancer d negs. A hough the Food and
Direg  Administration (FDA) approved 40 new anticancer
agents in the last & years, only & new antibiotic formulations
were approved during that time (available at wwaow fila gov)
(Fig. 11 Maoreover, none of the new molecules belong to
movel classes of antibiotics but are derivatives of already
available chemical scaffolds. In fact, no real innovation has
occumed in the antibiotic dreg industry since 2000, when
telavancin (VibativE: Theravance, Inc.) was released onto
the market. This drug was the first lipoglycopeptide
antibiotic approved by the FDA for treating complicated
skin in fections and ventilator-associabed pne wmon ia | available
at www.fda.gov). Although progress has been made in
antibiotic dizcovery, such as the platform presented by
Seiple, LB. and collaborators [ 1], this scenario remains of
great concem to public health, a5 multidreg resistant patho-
genic microorganisms are becoming widespread, while
drugs able to control a possible epidemic are lacking.
Thus, new mokecules to combat resistant bacteria are wrgendy
needed

Altho e h antibiotic resistance in pathogenic and clinically
important bacteriahas boen well stediad, litde is known about
the environmental diversity of antibiotic resistance genes
(ARGs). ARGs and antibiotics have been the two aspects of
lifie for microorgan sms in te environment, even befone they
came to our attention and revolutionized medicine in the
“antibiotic era”. Today, culture-independent tochnigues such
as metagenomics are beginning to reveal the diversity of
antibioticiantibiotic resstance systems found in the environ-
ment Understandng antibiotic resistance mechanizms may
have direct applications in the identification of new drug
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Fig. 1 New antimncer and
anghiotc drogs approved by the
Food and Dirag Adminisration
{FOA) since 201 1. The mombars
aheve the hars onmespond o new
fmulatons ofdmgs relemad on
the marketin the UISA i et
spedi fic infactions dissames and
different types of cancer

MNew drugs approved by the FDA

Baptibiotic ¥ Antiscer

targets and synthesis of novel and effective antibiotic maole-
cules, Thus, stedying ARGs is a weloome strategy in the war
against microbial diseases.

The recenty published work of Truman and collaboraiors
provides an example of how resistance mechanizms can be
wsed o identify new antimicrobials [2]. They exploited the
glycopeptide resistance mechanism of Strepromyces
copligndor to develop a new two-step screen for antibiotic
malecules (Fig. 2). In the fira siep, a cell wall stress assay &
performedwith a library of hacterial extracts todetect inducers
of the sigE promoter, which iz invobved in the cell wall stress
response, In the second step, extracts tat activated the agF
promaoter are tesied wsing the Afemt mutant hicassay, in
which induetion of glycopeptide resistance genes reveak the
presence of a glycopeptide antibictic. With this innowvative
strategy, they iolated an Ampeolafopsis strain camying a
new T9- kb biosynthetic gene ¢ huster for ristoceting a previows-
Iy unchamcterized ghycopeptide antibiotic.

More recently, a new antimicrobial was identified wsing
a culture-independent medeesd that sereens bacteria grown
in diffusion chambers in sin. This technigue enables the
growth of bactena by allwing them access to substrates
from their natural environment In this way, te awhos
molawed eiobacting a powerful antibiotic that is active
against clinically important Gram-positive bacteria. It is
important to note that resistance mechanisms against this
antibiotic were not found in Sraphplococcus aurews or
Myeobacterfum tibercudosts strains. However, the authors
acknow lodge that resistant traits could be acquined by horizontal
tramsfer [3].

Antibiotic biesyntetic cheiers aso encode ARG, which
rowvide “selfresistance” by vanous mechanisms, a5 reviewed
by Allen et al [3]. For instance, the biosynthetic cluster for the
antibiotic actinorhodin containe genes encoding export prodeins.
Bactenia tat do ot produce antibiotics may acquire mutations

£ Springer

in the genes encoding targets of antibiotics (e.g, DNA gyrase
subunit A gene) that confer resistance. However, these muts-
tions may have pleiotopic offects, aliering metabolic patways
and consequently resulting in different kevels of nesistance.

Muolecules that function as antibiotics at high concentra-
tions appear to play different roles when present in low {and
man-toxic) concentrations. The main mole involves signaling
amd communication between bacteria, which may nduce the
expression of genes involved in virdenoe and other proceses.
I addition, antibiotics are an energy source for some bacteria,
which may account for the high levels of antibiotic resistance
determinant in nanral enyironments [4].

Mevertheless, much remains to be understood about an-
tibiotic resistance maechanisms, particularly in highly di-
verse environments such as soil. Soil is composed of parti-
cles of different size and compozition, gradients of water,
minerals, and organic compounds . Its heterogeneows strsc-
ture creates a multitede of microeny ironments that allow
fior extremely diverse microbial communities to exist. Soil
is therefiore an important reseryvoirof genetic and metabolic
diversity, making it an ideal environment for the identifica-
tion of novel ARGs, which can expand our knowledge of
antibiotic resistance sy siems.

Orver the past decade, the advent of metagenomics has
vastly expanded our knowledge of microbiology. The shifts
in fscus from single isolates & microbia communities and
firom cuttured to wnewhured mic roeorganisms have revohstion-
ized the field. In fact, & new troe of life was recently proposed
by Hug and collsborators [5], in which they proposed a new
subdivison within the Bacreris domain called candidate phyla
radiation (CPR). This new, higher-resolution tree was con-
structed by aligning ribosomal protein sequences rather than
1 68 rRNA genes. Members of the CPR group have relative-
Iy small genomes and limited metabolic capabilities, sug-
gesting that many are symbionts. Inerestingly, the lincag e
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of CPR. and other growps withowt cultivable membsers com-
prise most of the tree’s diversity, highlighting the impor-
tance of culture-independent technigques for microbial
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induced by vancomycin, D-Ala-D-Lac-comaining precursors ane
prduced and ussd by fhe homologous emryme VoK. o aahms cdl
wall symthesis. This drog-dependent hinassay for glycopeptids
hioprospection takes advamtage of the mahility of Afem) muans to
gmw unless vanfiAY genes am expresad (ie., glyopeptide antihiotcs
are prsent). The auhom weare shle to isolae an Ampaoplaronss sran
camying a T3kb bimsymhetic chier fiw the ghoopeptide andhiotic
s incedin

diversity studies. OF course, these studies would not have
been possible without efficient and inexpensive high-
through put next-generation saguencing (MNGS).
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Bath sequence-based and functional metagenomic tech-
niques can be uwsed to assess the tavonomic and fme tiomal
diversity of microorganisms from natural environments .
Sequence-based metagenomics invohees the direct sequencing
of tota] DMNA extracted from an environmental sample. This
approach can be wsed o identify gene variants, describe fune-
tional and tavonomic diversity and abundance, and assemble
microbial genomes, NGS technology has made soquence-
hased metage nomics popular among reseanchers and provided
increased depth of sequencing, enalling the assembly of full
genomes from metagenomic data. Inaddition, combining dif-
ferent sequencing technologies o obtain both short and long
reads iz more advantgeows tanusing either technology alone
[&]. For instance, Shamn etal described the assembly o f low-
abundance genomes from complex environments in temestrial
sodiments, which harbor many microorg anisms belonging to
candidate phyla or close o branches with o cultivable mem-
bers. By using a combination of shaont- and long-read sequenc-
ing, they were ahle to demaonstrate that microbial communities
in this environment consist of numenous rare species but few
ahumadant species.

O the other hand, functional metagenomics & a robust
echnique for identifying new biccatalysts of interest from
diverse environmental samples. Functional memgenomics
typically involves the construction of metgenomic libranes,
followed by the selection of clones expressing the phenotype
of interest, such as enzymatic or antimicrobial activity,
antibiotic xenobiotic resistance, or ahility o degrade toxic
compounds or environmental polhtants, The phenotypic-
hased screening of metagenomic clones provides invalushle
information about gene function and is terefone wsed for gene
anmotation. Recent examples where this approach was suc-
cessfully wsed inchede the identification of ammylolytic, cellu-
lolytic, and lipohytic activities with potential indusirial appli-
cations [T—14]. Functional metagenomics is also wseful for
antimicrobial bioprospection [ 1 5] and bioremediaton of soils
contaminated with aromatic compounds [16, 17]. In ARG
resgarch, the functional metagenomics approach waeally en-
tils the selection of clones on agar plaies supplemented with
antibiotics, followed by analysis of their genctic content.

Soil microorganisms are a proven source of both anti-
biotics and ARGs. In fact, more than ED % of all antibi-
atics wsed in the clinic are derived from soil microorzan-
izms, which are, not surprisingly, also rich in antimicro-
hial resistance element [18, 19]. Therefore, exploring the
acollection of ARGs from natural environments, the so-
called resistome, may shed light on the true diversity of
ARG, identifying new resistance mechanisms and reveal-
ing their ccological mles. Ohjectives of ARG reseanch
include determining (1) whether antibiotic resistance is
the primary function of these genes, (2) their conmection
to clinically important resistance mechanisms, and (3)
their biotechnological potential

£ Springer

Resistomes in Natural Environments

Several metagenomic-based studies have focused on charac-
terizing ARG from natral environments wsing functional or
sequence-hased approaches (Table 1) The stdies analyzed
=oil, water, sludge, or a mixture of environmental samples
firom d ifferent sources to identify genes confeming resistance
tova wide varety of antibiotics including amphenicols, amino-
glycosides, p-lactams, fluoroguinclones, lincosamides,
macrolides, multiple drogs (MIDER), phogphonic acids, poly-
peptides, polymyxins, nfamycins, sulforamides, tetracy-
clines, and trimethoprim

One important difference between the soquence-hased and
functional metagenomic studies in Table | & that sequence-
hased approaches can identify only previowsly known ARGs
throwgh in silico anabysis of metgenomic reads wing ARG
datbases such as the Antibiotic Resistance Database (ARDE)
[44] and Compreéhensive Antibiotic Resistance Database
(CARD) [45]. On the other hand, functional metagenomic
surveys are able to identify new resistnee mechanisms or
assign new moles o previowsly known proteins by identifring
and isplating potential open reading frames (ORFs) for phe-
matypic and protein characerization. For ecample, Amos and
collaborators [39] screened a water sample for guinolone re-
sistance and identified new roles for regulatory proein X
(RecX) and recombinase A (RecA), which were not previous-
ly identified as ARGs. The authors provided evidence that the
mdulation of RecA by RecX may be involved in repairing
DMA damage cauwsed ciprofloxac in inhibition of DNA gyrase.

Two ofher examples of functional meagenomics studics
that identified new ARGS inchede studies that screenad soi
metagenomic lbraries for resistance to f-lactam antibiotics
and identified a response regulator [31] and a dicoygenase
[3E]. In the first study, Allen and colliborators described a
5169-bp ORF encoding a response regulator gene derived
from a resistant Alaskan zoil metgenomic clone that also
contined a putative metallopeptidase gene. PFhenotypic £as
showed that the response regulator gene was sufficient o con-
fer resistance to carbenicillin, not by inactivating the antibiotic
Tt ravther by atering the expression of native Excherichla coll
genes enooding porins and efflux pumps.

In the second study [38], the awthors from this review
screened a small-insert Brazilian Cerrado o0l metagenomic
likmmry for resistance o the following nine B-lactam antbi-
otics: amoxicillin 16 pg mL™", ampicillin 50 pg mL™,
carbenicillin 50 pg mL™", cephalexin 50 pg mL™",
cefamandole 16 pg mL ™, cefitin 20 pg mL ™", ceftazidime
5 pgmL ™", penicillin G 50 pgmL ™", and piperacillin 12.5 pg
mL™". After isolating resistant clones and subcloning genes of
interest, a 1062-bp ORF that confermed carbenicillin resistance
in E. ooll was identified. Alhough gene annottion showed
thatthe closest match wasa hypothetical pookein, hits included
a bicupin domain and a putative gentisate |, 2-dicocygenase
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(GO, Additional functional and bicinfomatics analysis
characterized the metagenomic insert as a new GO, This
enzyme also conferred resistance to phenol, but the mecha-
nism of action for both resistance phenotypes requires further
investigation. The enzyme may also have biotechnological
potential beyond human health, given this activity against
aromatic compounds.

I the literature and in sequence datshases, genes encod ing
P-lactamases are typically associated with clones resistant to
P-lacamantibiotics. Mevertheless, the two studies cited above
[31, 3§] demonstrate that ARG research can reveal new and
unexpecied antimicrobial resistance mochanisms and provide
insight into the functions of ARGs in natural environments, Tt
should be emphasized that, in both studies, not only did the
identified genes not encode P-lactamases but alko neither of
these ORFs showed similarity to resistance elements in public
soquence databases. These results indicate tat the diversity of
ARG inonatural environments is musch greater than previows-
by thought, and effors must be made to establish additional
strategies for identifying new ARG in the environment.

Table | also shows eamples of novel members of previowsly
Tnwowm ARG familics. They include UDP-N-acety] ghscosamine
endlpyney] ransferase (Murd) with a mutaed active site teat
confiers fosfonmycin resistance [32] a bifunctional P-lactamase,
reporied a5 4 natural fusion of elass C and D eneymes, which is
twice the size of previously chaacierized members [35] two
cls A P-lactamases [41, 42]; a dihydrofolate reductase and a
rifampin ADP-ribosyltransferase [40]; and a nowvel
trimethoprim-resistant reductase [19].

Although the functional metagenomics approach has the
advantage of not being limited to previously known se-
quences, some ARG are expressed at low levels or not
expressed at all (e, cryptic resistance genes), which is an
obstacle for their identification by phenotypic screens.
Incfficient gene expression caused by oodon bias or problems
with promoter recognition in the host organism can be ad-
dressed in two ways, Metagenomic libraries can be constroct-
ad using broad-host-range vectors and a range of bactenial
hosts, Bocawse codon wsage hias varies across spocies, each
hest aiffiers the opporumity for the expression of a different set
of genes. For example, Craig et al. reponed little overlap of
positive clones ina functional metgenomics study wsing dif-
ferent Proseobacteris host species. The clones were scroenad
for antibacterial activity, pigmentation changes, and colony
morphaegy. Only one small molecule was commaon i both
metagenomic libraries established uwsing the two different spe-
cies, showing the power of this strategy o retrieve different
active clones and expand the repenioine of hicactive molocules
identified in functional metgenomic screens [46].

The second tochnigue to improve gene expression in clomnes
involves the exchange of native promoters that are silentin a
particular st for new promoters, A recenty publishad pooof-
of-concept paper [47] described te we of the CRISPRCas®

£ Springer

system to induce sie-specific double-strand bireak s in promaot-
er DM A This technique increased recombination frequency in
yeast, enabling the marer-free replacement of promaoters by
transformation-associated recombination. It remains to be
seen how wseful this technigue will be for antibiotc dis-
covery because only one gene cluster can be studied at a
time, and the expressed molecule will still needs 0 be
tested for antibiotic activity.

It is worth noting that at some point even functionaHbased
metgenomic stdies require the wse of sequence datshases.
Haowever, the functional roles of all peptides encoded by the
OFRF are considered when searching for new ARGs, rather
than focusing only on previowsly known ARG sequences.
After a clone is identified a5 having a specific activity and
sequenced, identification of the potential ARGs can pose a
challenge, particularty if similarity to genes in databases doos
nat implicate a particular ORF as the gene responsib e for the
resistance phenotype. For instance, ARG can be characterized
throwgh mutagenssis [31, 32, 34, 35, 39, 41, 43], construction
of sub-librares [30, 36, 42], or identified by similarities in
sequence datbases [25, 37, 45, 48].

Because the svecessful chamacterization of novel ARGs
fira requires the identification o FORFs of interest, it i impor-
tant to consider insen size in the metagenomic library.
Libranies with inserts no larger than 10 kb are less time-
consuming and casier to work with. However, small-insert
libraries often allow only for the ident fication of sngle genes
ahle to confer nesistance by themselves in a particu lar host On
thee vtheer hand, large- insert libranies can provide informsation
about the context of a given ARG, suchas whether it is part of
an aperon or gene chster, or locsted on 2 mobile element. In
addition, large nsers can provide information about adacent
genes. For that reason, combining data from small- and large-
insert libraries may be a wseful strategy to identify and char-
acterize nowvel ARGs.

Identify ing the genomic location of an ARG can reveal
mew gene cassetes, asch a5 integrons, the most recently dis-
covered mechanizms of horzontal gene transfer bebween mi-
croorganisms [49]. Integrons consist of a promoter, recombi-
nation site, and gene encoding a site-specific recombinase
(integrase), which iz able to capture and incorporate exiemal
DMA into the cassette. Hence, inbegrated genes are found in
tandem Integrons lack selmobility, but they can be found on
plasmids and tramsposons, which enable their movement [4 8
50]. Because chromaosomal indegrons ane hot spots for recom-
bination and chromosomal alterations, such a5 rearmange-
ments, they generate substantial diversity even within a spe-
cies. Chromosomal integrons appear to be more commaon in
environmental bacteria, wherneas clinical strains are maore like-
Iy i harbor plasmid- or traneposon-bome iniegrons [48]. The
ability of inegrons to capture diverse genes makes tem im-
parant elements for microbial adaptation and evolution, par-
ticularly when multidreg resistance i conoemad.
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There are five clsses of integrons associated with te an-
tibiptic resiktance phenotype, many already asociaked with
clinical isolates [48]. In this respect, class | integrons are
ane of the major strectures on the spread of antimic robial
resistance genes. The selective pressune of edensive antibiotic
and ofher toxic substances usage, which makes their evolu-
tionary history very recent, impelled the evolution of
antibiotic-resistance indegrons, mainly from clases 1 to 3. In
this regand, it isthought hatelass | integrons are derived from
chromosomal integrons found in environmental isolates,
which tsday continwes to assimilate new casseties containing
ARGs and other genes encoding different phenotypes. This
dissemination shows the efficacy of namral selection in the
evolution of multirsistant microorganisms, specially nelated
o clinical and pathogenic strains [48, 50,

Exploring their environmental diversity is a useful strategy
o predict, and ultimaiely prevent, teir transference o clini-
cally impaortant micnsorgan isms.

Conclusions

Antimicrobial resistance is a major threat to human health;
therefore, a betier undestanding of resistance mechanisms i
noeded to control clinically important multidreg-resistant
strains. Although antibiotic resistance in nosocomial strains
is relatively well understood, the natral environment contains
a vast and largely unexplored diversity of ARGs. Culture-
inde pendent metagenomic approaches have proven o be in-
valuable tools i access this genetic wealth, The identification
and description of new nesistnce mochanisms may fcilitate
e hioprospection of novel antimicrobial compounds and de-
wvelopment of new dregs. The additon of novel nesistance
clements to ARG databases, such as ARDB and CARD, &
essential i suppaont further stedies on antimicrobial resisance
and the roles of ARGS outide the clinical setting.

In thisreview, we described recent stedies that highlight the
bircad diversity of ARGS in natural environments, especially
in s0ils. Functional metag enomics is an important approach in
ARG research, since itcan be usedto identify and characterize
new ARGS, inchading those not previewsly associated with
antibiotic resistance. This strakegy will give us the much-
noeded leverage i combat multiple dreg-resistant micnosor-
ganisms of clinical relevance and i describe the ecological
aspects of new envimonmental A RGs

Acknowledgments The authors thank Consslho Nacional de
Desemval vimemo Cientifion & Tecnolgico (CNPq), Fondagio de
Apaio & Pesquisa do Diistrin: Federal (FAP-DF), and Coordenagio de
Aperfeigramenn de Passnal de Nivel Supesior (CAPES) for the financial
mEpe.

References

Saple M, FThang 7, Jabhec B Langlois-Mercier &, Wiright PM,
Hog DT, Yabu K, All 3R, Fokurskci T, Carlsen PR, Kinmuma Y,
Zhou X, Condaloes ML, Saczypinsid FT, Gesen W, Myes AG
{2016 A phtform fr the discovery of new mecmlide antibiotcs.
Matre 533358345, doi: 10.10 38 matme 1796 7

Troman AW, Keam M1, Cheng I, Yang SH, Suh J'W, Hong 1
{2014y Amtibiotic msisance mechmn isms infbmm discoveny: idms-
fication and characterimtion of a novel amymliopsis srain pro-
duding ristnoatin. Antimicrob A gants Chemother S8: 56875695,
doi10. 11 ZRAACOE 34914

Ling LL, Schmeider T, Peoples Al Spoering AL, Engds [, Conlon
BP, Mudler A, Schabede TT, Hughes DE, Epstein 5, Jones M,
Tazmrides [, Ssadman VA, Cohen DR, Fdix CR, Feterman KA,
Millest WF, Nt AL Zallo AW, Chen C, Lewis K 2015) A new
amthiotic kil pethogms withom detectsh ke resistance. Nature 5171
455459, doiz10.10 38 name 14098

Martner I (2008 Antihiotios and anthintic resishince ganes in
natwal emviromments. Science 321:365-367. doiz10.1126
Incience. | 159483

Hug LA, Baker B), Amantharamen K, Brown CT, Probst AJ,
Castelle (J, Buterfield CN, Hermsdorf AW, Amano ¥, Is= K,
Sumid Y, Dudee N, Relman DA, Finsad KM, Amundson R,
Theomes B, Banfidd JF (2016) A new view of the tme of lif.
Nt Micmbiology 1. doi: 10103 Romicmbial 201648

Sharan [, Keresz M, Huog LA, Poshiarey T, Blamdcamp TA,
Caselle C1, Amiretrahimi M, Thomas BC, Bursein [, Trings
501, Williams KH, Banfidd JF (2015) Accurate, muki kb reads
resolve complex populagons and detect e micmorganisms.
Cenome Res 25: 53-54%. doi:1 01 1017gr 183012114
Pareira MR, Mercal di GF, Maesier TC, Belan A, de Mamesdo Lemos
EG (2015) Estlé, a new estorase isolaied from o ¥
Tibrary of a microbial cons ortiom: specializing in disse] oil degrads.
tion. PLoS One 10hel13 3725 dai-10.137150mmal pone 01 33723
Prive F, Newhald (J, Kadeshhai NN, Girdwood S0, Golyshine
OV, Golyshin PN, Smilan NI, Hows 5A (2015) kolation and
characterizagion of novel lipses/eserases from 2 hovine romen
metagenome. Appl Microbiol Bistechnol 99:5475-5485.
doi:10. 1007/ 50025 3-0] 463555 46

Kim I, Jeong ¥ 5 Jung WK, Kim 5K, Les HW, Kalmg Y, Kim
1, Kim T {20 15} Chemcierizmton of nove family TV esierme and
family 1% lipase Fom an oil-polluesd mod s metg - Ml
Biotechmol 57:781-792. doi:10.1007 512033-0159871-4

SuJ, Frung F, $m W, Kanggish V, Zhang G, Li Z Jimg ) 2015)
A new aicaline lipase obainad fom the of merine
sponge framia s World J Migobiol Bioedmal 3 1:1093- 1102
i 101007 11274-01 5-1 8535

Allnoch RC, Martini VE, Gloganer A, Costa AC, Fiovan L, Muller-
Farirs M, de Souma EM, de Olliverim Peschrosa F, Michell DA, Krieger
N{2015 ) Immohilization and charas af anew regkneloive
md enmtimelective lipms obtvined from a metagenomic librany.
PLa5 Ome 10:aD] 1434 5. doiz 101371 joumalpone 01 14345

Vesier JK, Cilazing MA, Stougaasd P (2015) An exceqptional by cold-
admpied aphe-amylese from a ic litrary of 2 anld and
alizline anviromment. Agp] Microbiol Biotchmol 997 17-727.
o 210, 1 0075 0025 340 14-5931 40

Xu B, Yang F, Xiong C, Li J, Tang X, Zhou J, Xie Z, Ding 1, Yang
W, Huzng Z {2014 Cloning and dharacterization of a novel aipha
amylase from a fecal microbial metagenome. 1 Microhial
Biotechmol 24:447-4 52

Kanoimatana P, Eorwilvichitr L, Pontnaidt K, Champesda V {2015y
Tdmndfimton of ghoosmy ydroleses frm 2 metgenomic library of
migaflorain sugaxans hagasse olledion sie and feir copemtve

& springer

108



DLF. K. dos Samios o al.

2L

action on cellukse degradation. J Biosci Biceng 119:384-391.
o 1 10. 101 &4 jhiowsc 2014.09.0 10

O Mahony MM, Hemmdberger B, Sdvin 1, Kemmedy 1, Dochan F,
Mardiesi R, Dobson AD (201 5 hhibigon of the growéh of
Bacilbue subshs DEM0 by a newly discoversd antihactenial pm-
tein from the s0il metagenome. Bioengineerad §:89-958.
o 10,1 0ROZ 1655979, 20 15.10 15493

Nagavama H, Sugewara T, Endo R, Omo A, Kato H, Ofisobo Y,
Magaa ¥, Tsada M 2015) Isolagon of oxygenase panes frindigo-
fiorming acdvity from an amificially polhead s0il metagenome by
fimctional screming using Peeudomonas purids srains = hosts,
Appl Microbial Biotsdhnal 99445344 N0, doi: 10.1007/=00 253
014-6322-2

Lese CM, Yoo Y5, Lee JH, Kim 51, Kim JB, Han N3, Koo BS, Yom
SH 200%) Idmtficaton of 2 novd 4-hydroxy phenyimmavae
diency genase from ghe soil memgenome. Biodiam Biophys Res
Comman 30k 322-326. doi:10.101 65 hiec 200805, 102

D'Cosia VM, Giriffihs E, Wrright GD (2007 ) Expanding e soil
amtihiotic =i : explaring. v il divemity. Coer Opin
Micwmbiol 148 1-489. doi:10. 1014/ mih 200 708 009
Tores-Cores (G, Millen V, Ramiez-Saad HC, NisaMatiner R,
Tora W, Martiner-Ahaxa F 2011 Chanctenmton of nove and-
hiotic resisance genes idamtifiad by fimationa] maagenomics
sail samples. Emviron Microhiol 1311011114, doiz10.1111
1462292020 10024 22 x

Fang H, Wang I, Cai L, Yo ¥ 2015 Prevalence of amtibiotic
resistance gemes and hacterial pathogens in long-tarm mammed
geenhoose soils as revealsd by metgenomic survey. Envioon Sai
Tedmal 4910951104 dai:10.1 021504157 v

Wang Z, Fhang XX, Humg K, Mizo ¥, Zhi P, Ln B, Lang C, Li A
{201 3) Mewgenomic profiling of angbiotic resistnce ganes and
mahile gemetic elemens in 2 oumery wasEwaly teamen plant
PLoS One 82276079, doi: 10,13 71§ ourmal pone 00 76079

YWang I, Wang C, Shm C,Lin L, Geng I, T 5, Feng 1 {2013 Marine
sediment haceria harbor anthiotic resistance gnes highly similar
i thome found in homen pathogens. Microb Fool 65:975-981.
o 1101 D075 024 B0 1 301872

Huang K, Tang J, Zhang XX, Xu K, Ren H {2014} A comgmdhan-
sive insigit i ewacycline resisom haceria and antibiotc resis-
fance genes i adivated shodge wsing next-genaration sequandng.
Trt T0inl S 151008310100, doiz 10339 04jms1 S061008%

“Wang ¥, Li B, Ju F.Zhang T {201 3) Ex ploring variztion o famtibi otic
e isance g in aotvated shodge over a four vear grough
a megenomic approach. Emviren Sci Technol 47: 1019710205,
o 110 102 Ve D1 7365

Fhang T, Fhang XX, Ve L (2011} Plasmid memgenome reveals
high levels of amibiotic msisane ganes and mobile genatic de-
memis in activated sludgs. PLoS One S=26041. doiz10.1371
Jrourmal pom = 0026041

Li B, Yang ¥, Ma L, luF, Guo F, Tiadje ™M, Zhang T 2015y
Metgenomic sd netwok analysis rever] wide dissibotion and
on-pommence of anvi aital amdibicg i e pemes. [SME
J9:2490-2 502, doi:] 0.103 &Asme;j 201 5.59

YWang ¥, Li B, Zou 5, Fang HIL, Zhang T (20 14) Faie of amibiotic
resistance genss in sewage Teatment plant revealsd by
metgmamic approach. Water Res 62:97-106. dai:10.10145.
waires 2014 05019

Nesme ], Cepillon 5, Ddmont TO, Monier I, Vioge] Th, Simonet
P (201 4) Lasge-scale metpenomic-hasal sdy of anthiotic resis-
ance in the emviromment. Cor Biol 24:1096-1100. doiz] 0L10164.
cuh X0 1403 036

Mal, Li B, Zhang T {2014} Abmdant rifampin resisance genes
and signifimnt comelations of antibiofic resistance genes and plas-
mids in variows emE ety revenled by met ic anahysis.
Appl Microhiol Bintechnol 98:5195-5204. doi: 10.1007/s00 253
014-5511-3

£ Springer

ELIS

3L

Iz

35

14

35

L1

3.

ELS

34,

4.

4.

42,

45

dd.

45

Cummings DE, Archer KF, Amiola T, Baler PA, Fances KG,
Laroya JB, Pl KL, Ryan CR, Ryan KR, Zuill DE (2011 Brozd
dissemination of plasmidmediated quinolone msisne gaes in
sedimens of two whan coasial wedands. Bovimn 5d Teclmol 45:
447 454 doiz10.102 1210292046
Allen HE. An R, Handelsman 1, Mos LA 2015 A response m=g-
ulaor fom a soil metag anhances resk e i the heta-
lectam anthiotic casheniallin in Eschenidia cofi. PLoS Ome 1
120094, doi:110.1371 jrumalpone 01200594
Cheng G, Ho ¥, Lu M, Li I, Wang Z, hen Q, Zim B (2013
Tdentification of 2 novel fosfomycin-resistant UDP-N-
acetyl ghicsamine snolpymuvyl Tansrase (MorA) from a sail
. Binterhmal Lett 35:273-278. doiz] 0L1007/510523.

01210745

MoGavey KM, Queitsch K, Fields 3 (2012) Wide variation in
amihiotic msistn e poieins idantfied by fimctional mesgenomic
screening of 2 soil DNA library. Appl Envison Miaobiol 78:1708
17 14, doi:1 0.1 128 AEMO6759-11

Domatn 11, Mo LA, Comverse BJ, Smart KD, Berklein FC,
McMams PS, Handedeman 1 {2010} Metugenomic analysis of ap-
pl archard saoil reveals antihiotic resisince genes enonding pee-
dicted hifimctional proteins. Appl Emvima Microhial 7d 396
4401 doi 10011 28AEM 0176309

Allen HE, Moz LA, Rodhumre J, Gaaxler A, Handelsman J
{2009} Functional megenomics neveals diverse baalactamases
in & remote Alaskan soil. ISME J 3:243-251. doi:10.1038
T 2008 BE

Fomberg KI, Pad 5 Gitson ME, Lauher (1., Knight B, Fiemr M,
Dantas (G (20 14) Bacesial phylogeny stucmes soil resisiomes
acroes hahitas . Matme S(92612-616. doi:1 01038 maare 13377
Su X)), Wei B, Xu OV, Qizo M, Fhu Y4 (2014) Functional
megenomic chances mton of smdhiotc msisance genes in ag-
rankaml soils from Chine Emvirom Int 65:9-15. doi:10.10147.
envimt 201312010

dos Samtos DF, Istvan P, Moronha EF, Quirino BF, Krger RH
{2015y New dioxygenase from memgenomic litwary fram
Bazilian soil: insightsimn amthiotc resisene and bioemediaton.
Bicectmo] Legt 37:1 809-1 817, doiz10.100 7510529-015-1 861-x
Amos GC, Zhang L, Hawiey PM, Gaze WIH, Wellingon EM
{201 4 Fanctiona] mesgenomic analysis revenls rivems am a reser
waoir fior diverses mntihiofic msistancs genes. Vet Mioobiol 17 1:841
447, doi1 010167 vetmic 2014 0201 7

LopezPemz M, Miret 3, Jardm-Valdez E, Gomrale-Pastor JE
{2013 Tdemi ficetion and modeling of 2 novel dil oramphemicaol =-
sistnoe poEn deeced by fimctiona matagenomics m 2 wetlad
of Lerme, Mexicn. Imt Microbiol 16:103- 111

Vermmmen K, Garciz-Amisen T, Goedars M, Van Melderean 1,
Baodilis 1, Comelis P {201 3) Idemtification of 2 metagenomic gens
chester comtaining a new dass A batalactmass and i nantiocin
systems. Microbio lgyopen 2:674-683. doi:] 0100 25mhal. 1 04
Uyagnari MI, Fichot EB, Scott GI, Noman B3 (2011)
Chaacterization and quantitaion of 2 novel bet-lcbmase gene
found in 2 wastewater tmatmen t fcility and the smoumnd ing onas-
a ecosysem. App] Emvizn Microbiol 77:82 26-8 233 doi:10.1128
JAEMLOZT32-10

Parsley LC Consuegra Bl Kskcirde K3, Land AM, Hamer WF Iz,
Liles ME {2010y Idemtficaton of diverse antimicrobial resisane
deteminans camied on hacerial, plasmid, or viral metagenomes
from an activated shadge microbial assemblage. Appl Environ
Microbial 76:3753-3757. doi:1 0.1 1287 AEM0 308009

Lin B, Pop M (2009) ARDB-—Antihiotic Resistance (enes
Dathase. Mucleic Acids Res 37:D443-447. doi:10.1093
fnarigint 56

MoArgmr AG, Waglectmer N, Nizam F, Yan A, Azmd MA, Baylay
Al Bimller K, Canova MI, De Pascale (G, Ejim L, Kzlan L., King
AM, Koeva K, Morar M, Mulvey ME, O'Brien 15, Pavlowski

109



Metpenamics for Idemtification of Amtihiotic Resisance Ganes

47.

AC, Piddock 1), Spanogiannopouks P, Suherland AT, Tang I,
Taylor PL, Thaker M, Wang W, Yan M, ¥a T, Wiright GD {2013y
The comprehensive antibioto msisance dabhese Antimicmb
Agents Chemothes 5 73348-3357. doi: 1 0.1 1287 AACO0419-1 3
Craig TW, Chang FY, Kim JI, Obiguln 5C, Brady SF {20 10y
Expanding small-maoleculs fimational meagenomics drough par
alld screening of broed-host-range cosmid envirommenz] DNA
libraries in diverse pmechacteria. Appl Environ Micmbiol 76:
16331641 doi: 101128 AEM 0216909

Kang HS, Charlop-Powers Z, Brady ST (2016) Muokiplexed
CRISPRAC a9 and TAR-meedister] promusier eng ineering o fozteal

48

49,

5.

product hicsymthetic gene clusters in yeast. ACS Symh Biol.
oz 1011021 facsmymiio.Gh D00R0

Gl lings MR (20 14) Imegrons: past, present, and fimmre. Microbial
Mol Biol Rev TE:257-277. dai10.1 1280 MW ER 000 56-13

Sipies FW, Hall RM (1989 A novel Emily of potentially mobile
DMA slkmans encoding sie-specific geneimsgration findtions:
imtegroms. Mol Microbio] - 1659 168%

Deng ¥, Bao X, 5 L, Chen L, Lin J, Mizo I, Chen I, Bian H, Li Y,
¥ G (201 5) Resisance imegroms: class 1, 2 and 3 imegwons. Ann
Clin Micmhiol Amtmiceb 14:45. doi: 10.1186/512941-015-0100-6

&l Springer

110



111

REFERENCES

Adler, A. J., Greenfield, N. J., and Fasman, G. D. (1973). Circular dichroismus and optical
rotatory dispersion of proteins and polypeptides. Methods Enzymol. 27, 675-735.

Altschul, S., Madden, T., Schaffer, A., Zhang, J., Zhang, Z., Miller, W., et al. (1997). Gapped
BLAST and PSI-BLAST: a new generation of protein database search programs. Nucleic
Acids Res. 25, 3389-3402.

Arpigny, J. L., and Jaeger, K. E. (1999). Bacterial lipolytic enzymes: classification and
properties. Biochem. J. 343 Pt 1, 177-183.

Arpigny, J. L., Jendrossek, D., and Jaeger, K. E. (1998). A novel heat-stable lipolytic enzyme
from Sulfolobus acidocaldarius DSM 639 displaying similarity to polyhydroxyalkanoate
depolymerases. FEMS Microbiol. Lett. 167, 69-73. doi:10.1016/S0378-1097(98)00375-9.

Bairoch, A., and Boeckmann, B. (1994). The SWISS-PROT protein sequence data bank: current
status. Nucleic Acids Res. 22, 3578-80. Available at:
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=308324&tool=pmcentrez&ren
dertype=abstract.

Berini, F., Casciello, C., Marcone, G. L., and Marinelli, F. (2017). Metagenomics: Novel
enzymes from non-culturable microbes. FEMS Microbiol. Lett. 364.
doi:10.1093/femsle/fnx211.

Berman, H. M. (2000). The Protein Data Bank. Nucleic Acids Res. 28, 235-242.
doi:10.1093/nar/28.1.235.

Bhattacharya, D., and Cheng, J. (2013). 3Drefine: consistent protein structure refinement by
optimizing hydrogen bonding network and atomic-level energy minimization. Proteins 81,
119-31. doi:10.1002/prot.24167.

Bohm, G., Muhr, R., and Jaeinicke, R. (1992). Quantitative analysis of protein far UV circular

dichroism spectra by neural networks. Protein Eng 5, 191-195.

Bonelli, F. S., and Jonas, a (1993). Reaction of lecithin: cholesterol acyltransferase with a water
soluble substrate: effects of surfactants. Biochim. Biophys. Acta 1166, 92-98. doi:0005-
2760(93)90288-K [pii].

Bornscheuer, U. T. (2002). Microbial carboxyl esterases: Classification, properties and
application in biocatalysis. FEMS Microbiol. Rev. 26, 73-81. doi:10.1016/S0168-
6445(01)00075-4.



112

Borrelli, G. M., and Trono, D. (2015). Recombinant lipases and phospholipases and their use as
biocatalysts for industrial applications. Int. J. Mol. Sci. 16, 20774-20840.
d0i:10.3390/ijms160920774.

Buchfink, B., Xie, C., and Huson, D. H. (2014). Fast and sensitive protein alignment using
DIAMOND. Nat. Methods 12, 59-60. doi:10.1038/nmeth.3176.

Choo, D., Kurihara, T., Suzuki, T., and Soda, K. (1998). A Cold-Adapted Lipase of an Alaskan
Gene Cloning and Enzyme Purification and Characterization. Appl. Environ. Microbiol.
64, 1-7.

Choudhury, P., and Bhunia, B. (2015a). Industrial Application of Lipase: a Review. Biopharm
J. 1, 41-47. Available at:
http://www.biopharmj.com/journal/index.php/BIOPHARMJ/article/view/11.

Choudhury, P., and Bhunia, B. (2015b). Industrial Application of Lipase: a Review. Biopharm
J. 1, 41-47. Available at:
http://www.biopharmj.com/journal/index.php/BIOPHARMJ/article/view/11.

Cygler, M., and Schrag, J. D. (1999). Structure and conformational flexibility of Candida rugosa
lipase. Biochim. Biophys. Acta 1441, 205-14. doi:10.1016/S1388-1981(99)00152-3.

de Castro, A. P., Quirino, B. F., Allen, H., Williamson, L. L., Handelsman, J., and Kriiger, R. H.
(2011). Construction and validation of two metagenomic DNA libraries from Cerrado soil
with high clay content. Biotechnol. Lett. 33, 2169-2175. d0i:10.1007/s10529-011-0693-6.

De Godoy Daiha, K., Angeli, R., De Oliveira, S. D., and Almeida, R. V. (2015). Are lipases still
important biocatalysts? A study of scientific publications and patents for technological
forecasting. PLoS One 10, 1-20. doi:10.1371/journal.pone.0131624.

DeLano, W. (2008). The PyMOL Molecular Graphics System.

Delmont, T. O., Robe, P., Cecillon, S., Clark, I. M., Constancias, F., Simonet, P., et al. (2011).
Accessing the soil metagenome for studies of microbial diversity. Appl. Environ.
Microbiol. 77, 1315-1324. d0i:10.1128/AEM.01526-10.

Dewan, S. S. (2017). Global Markets for Enzymes in Industrial Applications. Available at:

www.bccresearch.com.

dos Santos, D. F. K., Istvan, P., Noronha, E. F., Quirino, B. F., and Kriger, R. H. (2015). New
dioxygenase from metagenomic library from Brazilian soil: insights into antibiotic
resistance and bioremediation. Biotechnol. Lett. 37, 1809-1817. doi:10.1007/s10529-015-
1861-x.



113

dos Santos, D. F. K., Istvan, P., Quirino, B. F., and Kruger, R. H. (2017). Functional
Metagenomics as a Tool for Identification of New Antibiotic Resistance Genes from
Natural Environments. Microb. Ecol. 73, 479-491. doi:10.1007/s00248-016-0866-x.

Dukunde, A., Schneider, D., Lu, M., Brady, S., and Daniel, R. (2017). A novel, versatile family
IV carboxylesterase exhibits high stability and activity in a broad pH spectrum.
Biotechnol. Lett. 39, 577-587. doi:10.1007/s10529-016-2282-1.

El-Hofi, M., El-Tanboly, E.-S., and Abd-Rabou, N. S. (2011). Internet Journal of Food Safety
Industrial Application of Lipases in Cheese Making: A review. Internet J. Food Saf. 13,
293-302.

Facchin, S., Alves, P. D. D, Siqueira, F. de F., Barroca, T. M., Victéria, J. M. N., and
Kalapothakis, E. (2013). Biodiversity and secretion of enzymes with potential utility in
wastewater treatment. Open J. Ecol. 3, 34-37. doi:10.4236/0je.2013.31005.

Feller, G., Thiry, M., and Gerday, C. (1990). Sequence of a lipase gene from the antarctic
psychrotroph Moraxella TA144. Nucleic Acids Res. 18, 6431. doi:10.1093/nar/18.21.6431.

Ferrer, M., Bargiela, R., Martinez-Martinez, M., Mir, J., Koch, R., Golyshina, O. V., et al.
(2016). Biodiversity for biocatalysis: A review of the o/B-hydrolase fold superfamily of
esterases-lipases discovered in metagenomes. Biocatal. Biotransformation 2422, 1-15.
doi:10.3109/10242422.2016.1151416.

Fojan, P., Jonson, P. H., Petersen, M. T. N., and Petersen, S. B. (2000). What distinguishes an
esterase from a lipase: A novel structural approach. Biochimie 82, 1033-1041.
d0i:10.1016/S0300-9084(00)01188-3.

Gu, X., Wang, S., Wang, S., Zhao, L.-X., Cao, M., and Feng, Z. (2015). Identification and
Characterization of Two Novel Esterases from a Metagenomic Library. Food Sci. Technol.
Res. 21, 649-657. doi:10.3136/fstr.21.649.

Guerrand, D. (2017). Lipases industrial applications: focus on food and agroindustries. Ocl 24,
D403. doi:10.1051/0cl/2017031.

Gupta, R., Gupta, N., and Rathi, P. (2004). Bacterial lipases: An overview of production,
purification and biochemical properties. Appl. Microbiol. Biotechnol. 64, 763-781.
doi:10.1007/s00253-004-1568-8.

Hide, W. a, Chan, L., and Li, W. H. (1992). Structure and evolution of the lipase superfamily. J.
Lipid Res. 33, 167-178.

Hriscu, M., Chis, L., Tosa, M., and Irimie, F. D. (2013). pH-Profiling of thermoactive lipases
and esterases: Caveats and further notes. Eur. J. Lipid Sci. Technol. 115, 571-575.



114

doi:10.1002/ej1t.201200305.

Hwang, H. T., Qi, F., Yuan, C., Zhao, X., Ramkrishna, D., Liu, D., et al. (2014). Lipase-
catalyzed process for biodiesel production: Protein engineering and lipase production.
Biotechnol. Bioeng. 111, 639-653. doi:10.1002/bit.25162.

Hyatt, D., Chen, G.-L., LoCascio, P. F., Land, M. L., Larimer, F. W., and Hauser, L. J. (2010).
Prodigal: prokaryotic gene recognition and translation initiation site identification. BMC
Bioinformatics 11, 119. doi:10.1186/1471-2105-11-119.

Jeon, J. H., Kim, J. T., Kang, S. G., Lee, J. H., and Kim, S. J. (2009). Characterization and its
potential application of two esterases derived from the arctic sediment metagenome. Mar.
Biotechnol. 11, 307—316. doi:10.1007/s10126-008-9145-2.

Katoh, K., and Standley, D. M. (2013). MAFFT multiple sequence alignment software version
7: Improvements in performance and usability. Mol. Biol. Evol. 30, 772-780.
doi:10.1093/molbev/mst010.

Khan, F. I, Lan, D., Durrani, R., Huan, W., Zhao, Z., and Wang, Y. (2017). The Lid Domain in
Lipases: Structural and Functional Determinant of Enzymatic Properties. Front. Bioeng.
Biotechnol. 5, 1-13. doi:10.3389/fbioe.2017.00016.

Kohli, P., and Gupta, R. (2016). Medical aspects of esterases: A mini review. Int. J. Pharm.
Pharm. Sci. 8, 21-26.

Kovacic, F., Mandrysch, A., Poojari, C., Strodel, B., and Jaeger, K. E. (2015). Structural
features determining thermal adaptation of esterases. Protein Eng. Des. Sel. 29, 65-76.
doi:10.1093/protein/gzv061.

Kumar, S., Tsai, C.-J., and Nussinov, R. (2000). Factors enhancing protein thermostability.
Protein Eng. Des. Sel. 13, 179-191. doi:10.1093/protein/13.3.179.

Larkin, M. A., Blackshields, G., Brown, N. P., Chenna, R., McGettigan, P. A., McWilliam, H.,
et al. (2007). Clustal W and Clustal X version 2.0. Bioinformatics 23, 2947-2948.
doi:10.1093/bioinformatics/btm404.

Lee, M. H., Khan, R., Tao, W., Choi, K., Lee, S. Y, Lee, J. W., et al. (2018). Soil metagenome-
derived 3-hydroxypalmitic acid methyl ester hydrolases suppress extracellular
polysaccharide production in Ralstonia solanacearum. J. Biotechnol. 270, 30-38.
doi:10.1016/j.jbiotec.2018.01.023.

Lee, M. H., Lee, C. H., Oh, T. K., Song, J. K., and Yoon, J. H. (2006). Isolation and
characterization of a novel lipase from a metagenomic library of tidal flat sediments:

Evidence for a new family of bacterial lipases. Appl. Environ. Microbiol. 72, 7406—74009.



115

doi:10.1128/AEM.01157-06.

Lee, M. H., and Lee, S.-W. (2013). Bioprospecting Potential of the Soil Metagenome: Novel
Enzymes and Bioactivities. Genomics Inform. 11, 114. doi:10.5808/G1.2013.11.3.114.

Lenfant, N., Hotelier, T., Velluet, E., Bourne, Y., Marchot, P., and Chatonnet, A. (2013).
ESTHER, the database of the a/p-hydrolase fold superfamily of proteins: Tools to explore
diversity of functions. Nucleic Acids Res. 41, 423-429. doi:10.1093/nar/gks1154.

Lovell, S. C., Davis, I. W., Arendall, W. B., de Bakker, P. I., Word, J. M., Prisant, M. G., et al.
(2003). Structure validation by Calpha geometry: phi,psi and Cbeta deviation. Proteins 50,
437-50. doi:10.1002/prot.10286.

Nardini, M., and Dijkstra, B. W. (1999). o/p hydrolase fold enzymes: The family keeps
growing. Curr. Opin. Struct. Biol. 9, 732-737. doi:10.1016/S0959-440X(99)00037-8.

Newman, J. R., and Fuqua, C. (1999). Broad-host-range expression vectors that carry the L-
arabinose-inducible Escherichia coli araBAD promoter and the araC regulator. Gene 227,
197-203. d0i:10.1016/S0378-1119(98)00601-5.

Notredame, C., Higgins, D. G., and Heringa, J. (2000). T-Coffee: A novel method for fast and
accurate multiple sequence alignment. J. Mol. Biol. 302, 205-217.
d0i:10.1006/jmbi.2000.4042.

Ovchinnikov, S., Park, H., Varghese, N., Huang, P.-S., Pavlopoulos, G. A., Kim, D. E., et al.
(2017). Protein structure determination using metagenome sequence data. Science (80-. ).
355, 294-298. doi:10.1126/science.aah4043.

Pereira, M. R., Mercaldi, G. F., Maester, T. C., Balan, A., and De Macedo Lemos, E. G. (2015).
Est16, a new esterase isolated from a metagenomic library of a microbial consortium
specializing in diesel oil degradation. PLoS One 10, 1-16.
doi:10.1371/journal.pone.0133723.

Price, M. N., Dehal, P. S., and Arkin, A. P. (2010). FastTree 2 - Approximately maximum-
likelihood trees for large alignments. PLoS One 5. doi:10.1371/journal.pone.0009490.

Robert, X., and Gouet, P. (2014). Deciphering key features in protein structures with the new
ENDscript server. Nucleic Acids Res. 42, W320-324. doi:10.1093/nar/gku316.

Salis, A., Monduzzi, M., and Solinas, V. (2007). Industrial Enzymes. doi:10.1007/1-4020-5377-
0.

Sarrouh, B., Santos, T. M., Miyoshi, A., Dias, R., and Azevedo, V. (2012). Up-To-Date Insight
on Industrial Enzymes Applications and Global Market. doi:10.4172/2155-9821.54-002.



116

Schuck, P. (2000). Size-distribution analysis of macromolecules by sedimentation velocity
ultracentrifugation and Lamm equation modeling. Biophys. J. 78, 1606-1619.
doi:10.1016/S0006-3495(00)76713-0.

Schuck, P. (2003). On the analysis of protein self-association by sedimentation velocity
analytical ultracentrifugation. Anal. Biochem. 320, 104-124. doi:10.1016/S0003-
2697(03)00289-6.

Stroobants, A., Martin, R., Roosens, L., Portetelle, D., and Vandenbol, M. (2015). New lipolytic
enzymes identified by screening two metagenomic libraries derived from the soil of a
winter wheat field | Nouvelles enzymes lipolytiques identifiées par criblage de deux
bangques métagénomiques construites a partir du sol d’un champ de blé d’. Biotechnol.
Agron. Soc. Environ. 19, 125-131.

Torsvik, V., Goksoyr, J., and Daae, F. L. (1990). High diversity in DNA of soil bacteria. Appl.
Environ. Microbiol. 56, 782-787. d0i:10.1017/CB09781107415324.004.

Tyzack, J. D., Furnham, N., Sillitoe, 1., Orengo, C. M., and Thornton, J. M. (2017).
Understanding enzyme function evolution from a computational perspective. Curr. Opin.
Struct. Biol. 47, 131-139. doi:10.1016/j.sbi.2017.08.003.

Valero, F. (2012). Lipases and Phospholipases. 861, 161-178. doi:10.1007/978-1-61779-600-5.

Valle, A., Pérez-Socas, L. B., Canet, L., Hervis, Y. D. L. P., De Armas-Guitart, G., Martins-De-
Sa, D., et al. (2018). Self-homodimerization of an actinoporin by disulfide bridging reveals
implications for their structure and pore formation. Sci. Rep. 8, 1-18. doi:10.1038/s41598-
018-24688-2.

Webb, B., and Sali, A. (2014). Protein structure modeling with MODELLER. Methods Mol Biol
1137, 1-15. doi:10.1007/978-1-4939-0366-5_1.

Xing, M. N., Zhang, X. Z., and Huang, H. (2012). Application of metagenomic techniques in
mining enzymes from microbial communities for biofuel synthesis. Biotechnol. Adv. 30,
920-929. doi:10.1016/j.biotechadv.2012.01.021.

Yang, X., Wu, L., Xu, Y., Ke, C., Hu, F., Xiao, X., et al. (2018). Identification and
characterization of a novel alkalistable and salt-tolerant esterase from the deep-sea
hydrothermal vent of the East Pacific Rise. Microbiologyopen, e00601.
d0i:10.1002/mb03.601.

Yin, D. L. (Tyler), Bernhardt, P., Morley, K. L., Jiang, Y., Cheeseman, J. D., Purpero, V., et al.
(2010). Switching Catalysis from Hydrolysis to Perhydrolysis in Pseudomonas fluorescens
Esterase '. Biochemistry 49, 1931-1942. doi:10.1021/bi9021268.



117

Zehani, N., Dzyadevych, S. V., Kherrat, R., and Jaffrezic-Renault, N. J. (2014). Sensitive
impedimetric biosensor for direct detection of diazinon based on lipases. Front. Chem. 2,
1-7. doi:10.3389/fchem.2014.00044.



