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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 prospecção de enzimas industriais. A identificação de novos genes 

pela abordagem metagenômica levou à descoberta de novas atividades enzimáticas. As 

enzimas lipoliticas são 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 metagenômica de solo de Cerrado. De 6.720 clones avaliados contendo 

um inserto de mediana de 8 Kb, foram isolados três com atividade lipolítica e dezoito 

seqüências codificantes foram preditas. LipX e lipY se agruparam a enzimas da família 

IV lipolítica, relacionados com lipase de Pseudomonas sp. (AAC38151), Cupriavidus 

necator (AAC 41424) e Moraxella sp. (CAA37862). LipW apresentou semelhanças 

estruturais com uma enzima lipolítica de Pseudomonas fluorescens e 28% de identidade 

de sequência, no mesmo ramo de quatro lipases / esterases da bactéria Moraxellaceae. 

Além disso, a tríade catalítica Ser-Asp-His foi localizada no motivo G-X-S-M-G-G, 

similar a outras lipases da família V. A purificação da lipX revelou uma proteína 

recombinante de 35 kDa, e da lipY revelou uma proteína recombinante de 32 kDa como 

previsto pelos dados de sequenciamento. O peso molecular estimado do LipW foi de 29 

kDa, os parâmetros moleculares puderam ser associados ao monômero do lipW em 

correspondência com o seu MW teórico, como também se observou no gel de SDS-

PAGE. A atividade enzimática foi observada de pH 3,0 a 10,0, com atividade ótima 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 máxima foi observada a 55°C para lipX, 

60°C para lipY e 40°C para lipW. Os resultados da comparação entre o lipX com o 

algoritmo BLAST e o banco de dados de proteínas (PDB) exibiu 41% de identidade 

com mutante G84S EST2 de Alicyclobacillus acidocaldarius [PDB 2HM7] e dobra 

α/βhydrolase da família sensível ao hormônio IV Esterase/Lipase. Com os resíduos 

catalíticos: Ser156, Asp259 e His289 localizados entre o domínio α/β e o domínio 

helicoidal. O Ser156 está localizado no motivo de consenso GDSAGG, e também foi 

visto no alinhamento de sequência de lipX com outros membros da família IV. LipY 

tem uma tríade catalítica formada por Ser143, Glu237 e His267. LipY também contém 

um domínio CAP (Met1–Val45) além do domínio catalítico (Gln46–Arg306). O Ser143 

catalítico está localizado no motivo GXSAG semi-conservado onde, em vez de Asp 

(GDSAG), o mais comum, há outro resíduo de carga negativa, Glu (GESAG). LipX e 

lipY contêm motivo HGG conservado, que está envolvido na formação 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 secundária lipX, Y e W 

consistia em  α-hélice (~45%) e estruturas de folha-β (~15%), o que é consistente com a 

estrutura secundária predominantemente α-hélice da família α/β-hidrolase de esterases. 

A combinação de propriedades estruturais e funcionais demonstra que a abordagem 

metagenômica de ambientes nativos é adequada para descobrir novas enzimas lipolíticas 

com aplicação biotecnológica. 

 

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 α/βhydrolase fold from the IV 

Esterase/Lipase hormone sensitive Family. With the catalytic residues: Ser156, Asp259 

and His289 located between α/β 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 IV. LipY has a catalytic triad formed by Ser143, 

Glu237, and His267. LipY also contains a CAP domain (Met1–Val45) besides catalytic 

domain (Gln46–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 α-helix (~45%) and β-sheet (~15%) structures, which is consistent 

with the predominantly α-helix secondary structure of the α/β-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 Kühnen 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 
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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). 
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The classification suggested 8 families of lipolytic enzymes, being that families 

II 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 β-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 I 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 α/β 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 – Lip1 – 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 Ca2+ 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 II is encompassed by GDSL/SGNH esterases, lacking the pentapeptide 

GXSXG sequence and instead containing GDSL/SGNH tetrapeptide at the N-terminus. 

Family II 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 III: 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 II and III containing the 

esterase catalytic triad. Domain I 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 α/β 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 II and III.  
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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 α/β hydrolase fold yet show greater similarity to the β-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 α / β hydrolase fold family is 

showed in Figure 1. 

 

 

Figure 1 – Structural variability within the α / β hydrolase fold family. 

α Helices and β 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. (a) 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). 

 

 

 

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 α/β (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 β6 or 

β7 strand of the central β sheet, and it is hydrogen-bonded to the catalytic histidine that is 

located in a loop after the β8 strand of the α/β hydrolase fold (Figure 3). The active site of 

the lipase also contains a large, hydrophobic scissile FA binding site that accommodates the 

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

 

 

Figure 3 – Schematic representation of the structural r preserved in enzymes of the family α/β 

hydrolysis.One β central leave, encompassing eight different β strips (β1-β8), connected to six α 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 & Volqvartz 

(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) 

 

  

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). 

 

 

 

Open lid 

 Close lid 
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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 

(GRAS), 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 

 

• 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 PstI 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 (QIagen, Valencia, 

CA) and digested with 10 U PstI. 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 lg/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 μg/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 UniRef100 (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 (pI) were calculated 

using the Compute pI/Mw tool on the ExPASy 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 μg/ml 

Kanamicin. When OD600nm reached 0.6–0.8, protein expression was induced with 0.1 

mM isopropyl-β-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 μg/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 Ni2columns. The columns were placed in the ÄKTA™ 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 (ε) of LipX and lipY was determined by 

absorbance at 280 nm (A280) 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 (A350) (Eq. 1). 

Acorr280 = A280 − A350 (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 

A620 after thirty minutes in a Multiskan EX microplate reader (Labsystems, Finland). 

The 200-μL reaction volume contained 4–300 nM LipX and LipY protein, 1 mM ρ-

nitrophenyl (ρNP)-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 HCl 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 [θ] (degree.cm2.dmol-1) 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 (Böhm et al., 1992). The thermal 

denaturation essays of the LipX and of lipY were performed recording the dichroic 

signal at 222 nm ([θ]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 0.5oC/min, interspersed by spectra 

obtained in the Far-UV region with intervals of 10oC. The curves of thermal 

denaturation were defined considering the values of molar ellipticity ([θ]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 HCl (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: KCl/HCl (pH 1–2.2), glycine/HCl (pH 2.2–3.6), 

sodium citrate (pH 3–6), sodium phosphate (pH 6–8), Tris/HCl (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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CHAPTER I 
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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, TrEMBL, and UniRef100 databases. Only the top hits of each alignment are shown. 

Uniprot - SwissProt             

CDS Start End Strand 
E-

value 

bit 

score 
ID Annotation Taxonomy 

CDS_W_5 2341 2970 1 4.5e-16 86.3 sp|A8IAD8|RUTD_AZOC5 Putative aminoacrylate hydrolase RutD Azorhizobium caulinodans 

CDS_W_8 3601 4188 -1 3.9e-06 53.1 sp|Q2RNG2|GLND_RHORT 
Bifunctional uridylyltransferase/uridylyl-

removing enzyme 
Rhodospirillum rubrum 

CDS_W_2 358 888 -1 2.8e-27 123.2 sp|Q9P5M9|MUG14_SCHPO Meiotically up-regulated gene 14 protein Schizosaccharomyces pombe 

CDS_W_3 917 1378 -1 9.8e-13 74.7 sp|B3DMA2|ACD11_RAT Acyl-CoA dehydrogenase family member 11 Rattus norvegicus 

Uniprot - Trembl               

CDS_W_5 2341 2970 1 1.1e-38 168.7 tr|B0L3I5|B0L3I5_9BACT Lipase/esterase uncultured bacterium 

CDS_W_8 3601 4188 -1 5.3e-40 172.9 tr|A0A1Q6X7Q5|A0A1Q6X7Q5_9BACT 
Bifunctional uridylyltransferase/uridylyl-

removing enzyme 
Acidobacteria bacterium 13_2_20CM_57_7 

CDS_W_2 358 888 -1 5.3e-55 222.6 tr|A0A1Q8BLQ8|A0A1Q8BLQ8_9CYAN Class II aldolase/adducin family protein Cyanobacteria bacterium 13_1_20CM_4_61_6 

CDS_W_3 917 1378 -1 3.6e-15 90.1 tr|M7CMS2|M7CMS2_9ALTE  Acyl-CoA dehydrogenase family protein Marinobacter santoriniensis NKSG1 

UniRef100 
        

CDS_W_5 2341 2970 1 1.6e-38 168.7 UniRef100_B0L3I5 Lipase/esterase uncultured bacterium 

CDS_W_8 3601 4188 -1 7.7e-40 172.9 UniRef100_A0A1Q6X7Q5e 
Bifunctional uridylyltransferase/uridylyl-

removing enzym 
Acidobacteria bacterium 13_2_20CM_57_7 

CDS_W_2 358 888 -1 3.5e-55 223.8 UniRef100_UPI00047915CA class II aldolase/adducin family protein Fischerella sp. PCC 9605 

CDS_W_3 917 1378 -1 5.2e-15 90.1 UniRef100_M7CMS2 Acyl-CoA dehydrogenase family protein Marinobacter santoriniensis NKSG1 
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Online Resource 2 Sedimentation velocity. a Raw data of absorbance at 280 nm versus cell radius for 

2.91 μM 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 (υ) 0.735614 ml/g for LipW was determined using SEDNTERP. Solvent (water) 

density (ρ= 0.99823 g/ml) and viscosity (η=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 μM LipW. 

 

 

Online Resource 3 Molecular and biophysical parameters of LipW. 

Parameters LipW 2.91 μM LipW 2.14 μM LipW 1.56 μM 

Theoretical MW* (Da) 
 

29,530.55 
 

MW (Da) 29,338.67 ± 113.37 29,411.98 ± 152.27 29,380.16 ± 184.74 

S20,w (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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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 UniRef100 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 UniRef100, 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 UniRef100 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 UniRef100 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 UniRef100 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 UniRef100 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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Table 1 – Annotation and taxonomic classification of the predicted coding regions in Clone X, Y and W 

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

SwissProt database. 
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Table 2 – Annotation and taxonomic classification of the predicted coding regions in Clone X, Y and W 

sequence, aligned with protein sequences of Trembl database. 
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Table 3 – Annotation and taxonomic classification of the predicted coding regions in Clone X, Y and W 

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). 

 

 

 

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 lipX formula was estimated as 

C1551H2421N447O460S6 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 C1537H2397N431O426S8 with a total 

number of atoms of 4799. 

 

 

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

 

Subclone AA BestHits (kDa)/iP 

% 

Similar

ity 

Preserved 

Domain              
 Access N 

lipX 320 

 

[Bradyrhizobium 

sp]. 

35/5,3 79% α,βAbhydrolase 
 

WP_024510238 

       

lipY 306 
 [Acidobacteria 

bacterium] 
33/7,8 75% α,βAbhydrolase OLB36079 

       
 

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 

pET24a-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).  

 

 

 

 

35kDa 

 

 

 

 

 

 

Figure 10 – Purification of recombinant lipX. SDS-PAGE (13 %) M: molecular weight standard  

(Thermo Scientific Lane1Ni-NTA affinity chromatography: purification fraction of lipX from E. coli 

BL21(DE3) cells carrying the pET24a-lipX vector using Akta. Lane2 Ni-NTA 

 

M       1      2 
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The purification of lipY revealed a 32-kDa recombinant protein, as predicted by 

the sequence data (Figure 11) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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). 

 

M               1          2       3 

32 kDa 
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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: KCl/HCl (pH 1–2.2), glycine/HCl (pH 2.2–3.6), sodium citrate (pH 3.0–6.0), sodium 

phosphate (pH 6.0–8.0), Tris/HCl (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). 

 

 

 

 

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: 

KCl/HCl (pH 1–2.2), glycine/HCl (pH 2.2–3.6), sodium citrate (pH 3.0–6.0), sodium phosphate (pH 6.0–

8.0), Tris/HCl (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 l 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. Ionization 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 

α-helix, at pH 7.0 the α-helix content was 38.3%; reducing by 6% and 2%, at pHs 5.0 

and 8.5 respectively, followed by β-sheet 14.6%. The experimentally determined 

secondary structure contents are in agreement with 3D structure of α / β esterases and 

lipases deposited in the Protein Data Bank (4YPV, 1QZ3, 2HM7, 5JD4), which have α-

helix centered secondary structure ~36%, followed by sheet β ~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 HCl buffer pH 

7.0 and 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 (%) pH 5.0 pH 7.0 pH 8.5 

Alpha helix 32.5 38.3 36.2 

β-antiparallel 8.0 9.1 7.3 

β-parallel 9.3 5.5 8.2 

Turn-β 16.8 16.8 16.3 

Random coil 34.1 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 

(λ222 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 α-helix structures (208 and 222 nm) and β-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 α-helix structures (208 and 222 nm) and 

β sheets (195 and 218 nm). 
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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/mL) were recorded at λ222 nm, varying the 

temperature from 25 to 95°C, using sodium acetate (2 mM) and Tris HCl (2 mM). The black lines 



60 

 

 

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 95oC indicating reduction of the molar ellipticity 

[θ] (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. Ionization of the side chains of acidic 

amino acid residues close to tryptophan, can result in a suppressor group. 

 

 
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 (Figure18). 

 

 

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 HCl buffer pH 

7.0 and 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 α-helix structure, at pH 7.0 the α-helix content was 39.7%; reducing by 5% 

and 8%, at pHs 5.0 and 8.5 respectively, followed by β ~ 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 α-

helix centered secondary structure ~ 36%, followed by β ~ 15%. The 3D homology 

model constructed for LipY is also in agreement with the experimental data obtained by 

CD. 
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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  

β-antiparallel 11.5 7.9 11.5  

β-parallel 5.6 5.3 5.5  

Turn-β 17.2 17.6 19.8  

Random coil 30.6 27.2 31.3  

 

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 λ222 nm, varying the 

temperature from 25 to 95°C, using sodium acetate (2 mM) and Tris HCl (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 95oC indicating small reduction of the molar 

ellipticity [θ] (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 

α/βhydrolase fold from the IV Esterase/Lipase hormone sensitive Family, with the 

catalytic residues: Ser156, Asp 259 and His 289 located between α/β 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 IV.  

 
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. 

 



65 

 

 

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 2HM7 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 Ser156 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 α (α Helix), β (β sheet), η (random coil), T (β turn) (Figure 22). 

 



66 

 

 

 

 

 



67 

 

 

 

 

 

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 α (α Helix), β (β sheet), η (random coil), T (β turn). 
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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). 

 

 

 

 

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 (Met1–Val45) beside catalytic 

domain (Gln46–Arg306) (Figure 24). 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) (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. α: α-helix, β: β-sheet, e T: β-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). 

 

 

 

 

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) 

Absolute quality chart estimated by QMEAN Z-score for the theoretical model of lipX 
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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 7 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 7 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  7, 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. 

 
Figure 28 – Superposition of the modelled LipY structure onto the structure of the 4XVC protein with 

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. α: α-helix, β: 

β-sheet, e T: β-turn. 

B 
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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 

α/βhydrolase 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 (Gln46–Arg306). UV CD spectra and 3D model structure based on 

homology modeling indicate that lipX, Y and W secondary structure consisted of α-

helix (~45%) and β-sheet (~15%) structures, which is consistent with the predominantly 

α-helix secondary structure of the α/β 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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APPENDIX I 

 

Construction of expression vector using pET24a (Novagen, USA), which carries an N-terminal 

His tag, to generate pET24a-lipX. with 924-bp fragment  

 

pET24a-Lip_X 

6236 bps 

1000 

2000 

3000 

4000 

5000 

6000 

StyI 
BlpI 

PspXI 
XhoI 

FseI 
AleI 

PstI 
MscI 
EagI 

BamHI 
BmtI 
NheI 
NdeI 
XbaI 
BglII 

SphI 

BclI 

BstEII 
ApaI 
PspOMI 

EcoRV 
HincII 
HpaI 

PshAI 
BglI 

FspAI 
FspI 

PpuMI 

Tth111I 
Bst1107I 

TatI 
SapI 

PciI 

AlwNI 

AcuI 

ClaI 

SmaI 
XmaI 

AsiSI 

PsiI 
DraIII 

Lip_X 

LacI 

KanR 

f1 origin 
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Construction of expression vector using pET24a (Novagen, USA), which carries an N-terminal 

His tag, to generate pET24a-lipY. with 966-bp fragment  

pET24a-Lip_Y 

6194 bps 

1000 

2000 

3000 

4000 

5000 

6000 

BlpI 
MunI 

SacII 

RsrII 
AgeI 

NcoI 
BmtI 
NheI 
NdeI 
XbaI 
BglII 
SgrAI 

SphI 

MluI 
BclI 

BstEII 
ApaI 
PspOMI 

EcoRV 
HincII 
HpaI 

PshAI 
FspAI 
FspI 

PpuMI 

Tth111I 
AccI 

Bst1107I 
TatI 

SapI 
PciI 

BssSI 

AcuI 

ClaI 

SmaI 
XmaI 

AsiSI 
PvuI 

PsiI 
DraIII 

Lip_Y 

LacI 

KanR 

f1 origin 
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 Construction of expression vector using pET21a (Novagen, USA), which carries an N-terminal 

His tag, to generate pET21a-lipW. with 634bp fragment 

pET21a-LipW 

5864 bps 

1000 

2000 

3000 

4000 

5000 

BlpI 
PspXI 
XhoI 

BstBI 
BspMI 

NdeI 
XbaI 

BglII 
SgrAI 

SphI 

BstAPI 

BclI 

BstEII 
ApaI 
PspOMI 

EcoRV 
HincII 
HpaI 

PshAI 

FspAI 
FspI 

PpuMI 

Tth111I 
AccI 

Bst1107I 
SapI 

BssSI 

AlwNI 

AcuI 

NruI 
ClaI 

SmaI 
XmaI 

AsiSI 

PsiI 
DraIII 

LipW 

LacI 

KanR 

f1 origin 
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APPENDIX II 
 

CURRICULAR UPDATE 

 

 

2013 – Gordon Research Conference- USA: SANTOS, D.F.K.; ISTVAN, P.; KRUGER, R.H. 

Antibiotic resistance genes from a soil metagenomic library and bioremediation applications. 

 

2014 – VI Congresso Nacional de Química-Brasília. ISTVAN, P. Bio-prospection of lipase 

from soil metagenome and application on bio-remediation (Oral presentation). 

 

2015 – VI Congresso Nacional de Biotecnologia-Brasília ISTVAN P, SANTOS, D.F.K.; 

KRUGER, R.H. Bioprospection of new lipolytic enzyme from Brazilian Cerrado soil 

metagenomic library and bioremediation applications  

 

2015 – Article: New dioxygenase from metagenomic library from Brazilian soil: insights into 

antibiotic resistance and bioremediation. Biotechnology Letters (Dos Santos et al., 2015) 

 

2016 – Article: Functional metagenomics as a tool for identification of new antibiotic resistance 

genes (ARGs) from natural environments. Microbial. Ecology (Dos Santos et al., 2016) 

 

2017  Congresso brasileiro de Microbiologia ISTVAN, P., SILVA, T.F., KRÜGER, R.H. 

Molecular cloning and heterologous expression of a metagenomic esterase in E. coli and Pichia 

Pastoris  

 

2018 – Technical visit at University Autonoma Barcelona, at Bioproces s e Biocatalisis Group: 

Molecular cloning and heterologous expression of a metagenomic esterase in Komagataella 

phaffii P. pastoris 
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