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Abstract: Lipolytic enzymes catalyze the hydrolysis of ester bonds in the presence of water. In media with low water con-
tent or in organic solvents, they can catalyze synthetic reactions such as esterification and transesterification. Lipases and
esterases, in particular those from extremophilic origin, are robust enzymes, functional under the harsh conditions of in-
dustrial processes owing to their inherent thermostability and resistance towards organic solvents, which combined with
their high chemo-, regio- and enantioselectivity make them very attractive biocatalysts for a variety of industrial applica-
tions. Likewise, enzymes from extremophile sources can provide additional features such as activity at extreme tempera-
tures, extreme pH values or high salinity levels, which could be interesting for certain purposes. New lipases and esterases
have traditionally been discovered by the isolation of microbial strains producing lipolytic activity. The Genome Projects
Era allowed genome mining, exploiting homology with known lipases and esterases, to be used in the search for new en-
zymes. The Metagenomic Era meant a step forward in this field with the study of the metagenome, the pool of genomes in
an environmental microbial community. Current molecular biology techniques make it possible to construct total envi-
ronmental DNA libraries, including the genomes of unculturable organisms, opening a new window to a vast field of un-
known enzymes with new and unique properties. Here, we review the latest advances and findings from research into new
extremophilic lipases and esterases, using metagenomic approaches, and their potential industrial and biotechnological

applications.
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1. LIPASES AND ESTERASES

Lipolytic enzymes are members of the o/f hydrolase
family and include two groups of enzymes, true lipases (EC
3.1.1.3 triacylglycerol lipases) and esterases (EC 3.1.1.1 car-
boxylesterases), which differ in their biochemical properties.
Both types catalyze the hydrolytic cleavage of an ester bond
between a carboxylic acid and an alcohol group in water. In
organic solvents or non-aqueous media they can also cata-
lyze the reverse reaction, the formation of an ester bond by
transesterification or esterification. The above-mentioned
reactions awaken great interest in diverse industrial fields.

These groups of enzymes share little primary sequence
similarity but their tertiary structure is highly conserved.
They present a typical a/f hydrolase fold with eight beta
sheets, all parallel except the anti-parallel second, connected
through alpha-helices. The active site, located in an alpha
helix, contains a catalytic triad of amino acid residues always
arranged in the same order along the sequence: serine (Ser),
aspartate (Asp) or glutamate (Glu), and histidine (His), with
the catalytic serine embedded in the consensus motif Gly-X-
Ser-X-Gly [1].
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The catalytic mechanism is common to every lipase and
esterase. First, the catalytic serine binds the carbonyl carbon
of the lipid ester bond. A tetrahedral intermediate is formed,
stabilized by the catalytic residues His and Asp/Glu. The
alcohol component of the ester bond is cleaved and esterifi-
cation of the acid component to the catalytic serine forms the
covalent intermediate. Second, a water molecule hydrolyzes
the covalent intermediate by forming a new tetrahedral in-
termediate, and releases the acyl product [2]. In a (trans-)
esterification reaction the water molecule is replaced by an
alcohol (or an ester).

Lipases and esterases are ubiquitous in nature and can be
found in animals, plants and microorganisms, but most in-
dustrial lipases are of microbial origin [3]. Bacterial lipolytic
enzymes were classified by Arpigny and Jaeger into eight
families, I to VIII, according to their amino acid sequences
and biological properties [4]. This classification is still the
reference most commonly used to assign a newly discovered
enzyme to a family, though with certain modifications, be-
cause new families have been discovered through metage-
nomics since it was published [5-9]. The current state of this
classification of bacterial lipolytic enzymes is summarized in
Table 1.

There are several criteria for distinguishing between true
lipases and esterases. They differ in substrate preference.
Esterases hydrolyze only short-chain (< 12 carbon atoms)
water soluble fatty acid esters, and lipases show preference
for long-chain (> 12 carbon atoms) fatty acid esters, with low
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Table 1. Current bacterial lipolytic enzymes classification. Description of bacterial lipolytic families I-VIII in the Arpigny and Jae-
ger classification [4], and new families and subfamily discovered by functional metagenomics (*) [5-9].
Family Description
I ¢ Group of true lipases subdivided into six subfamilies: Pseudomonas lipases and relatives (subfamilies 1.1, 1.2 and 1.3), Bacillus
and Staphylococcus lipases and relatives (1.4 and 1.5) and other lipases (1.6).
I *  Modified pentapeptide motif around the active serine: Gly- Asp-Ser-(Leu) [GDS(L)].
e Secreted and membrane-bound esterases
I ¢ Extracellular lipases and esterases.
EstA* ¢ Related to family III but different conserved motifs (pentapeptide GHSMG).
¢ Discovered from surface seawater [6].
¢ Many members of this family show sequence similarity to mammalian hormone-sensitive lipase (HSL).
¢ Typical motif HGG.
v * Lipolytic enzymes from psychrophilic, mesophilic and thermophilic origins.
¢ EstB*: New subfamily in family IV with second active site glutamate (conserved sequence EXLLD) instead of the aspartate
(DPLXD) of the representative members of family IV. It was discovered in surface sea water [6].
¢ Conserved motif HGGG upstream of the pentapeptide motif GDSAG.
v ¢ Sequence similarity with non-lipolytic enzymes: epoxide hydrolases, dehalogenases and haloperoxidases.
¢ Esterases from psychrophilic, mesophilic and thermophilic origins.
¢ Related to family V but with a modified pentapeptide, GTSXG, and different flanking regions around the HG motif and their own
EstF* unique conserved sequence motifs.
¢ Isolated from deep sea sediments [9].
VI ¢ The smallest esterases known (23-26 kDa).
¢ Sequence similarity to eukaryotic lysophospholipases.
VII ¢ Large bacterial esterases (55 kDa).
¢ Sequence homology with eukaryotic acetylcholine esterases and intestine\ liver carboxylesterases.
VIII e Similarity to several class C B-lactamases.
e Presence of an Arg-Gly sequence in oxyanion hole instead of His-Gly, a signature sequence distinctive of filamentous fungal
LipG* lipases.
¢ Isolated from tidal flat sediments [5].
. ¢ Comprise newly discovered lipase LipEH166 of psychrophilic origin, and three putative open reading frames.
LipEH166* . . .
¢ Isolated from intertidal flat sediments [7].
Esty* ¢ Derived from pathogenic bacteria. First possible lipolytic virulence factors that do not belong to the GDSL family.
¢ Isolated from surface river water [8].

water solubility [2]. Also, there is a phenomenon called in-
terfacial activation in most lipases and not in esterases.
Whereas esterases show classical Michaelis—Menten kinetic
behavior, most lipases possess a lid or loop covering the ac-
tive site and its opening leads to sudden activation of the
enzyme. This change from closed to open conformation,
where the active site is accessible to the substrate so the en-
zyme becomes active, is driven by the lipidic interface of a
substrate emulsion [10].

Nowadays, lipases and esterases represent a major por-
tion with high growth potential in the World Industrial En-
zymes Market. They have many applications in the food in-
dustry (modification of fats to develop organoleptic and nu-
tritional qualities) and the paper industry (removal of pitch
from paper pulp), as additives in detergents, synthesis of
biopolymers, biodiesel production, synthesis of optically
pure compounds and fine chemicals of interest in the phar-
maceutical (antibiotics, anti-inflammatory drugs), cosmetic
(flavor and fragrance compounds) and agrochemical (herbi-

cides, insecticides) industries, and bioremediation and waste
treatment [1, 11-13].

Lipases/esterases are inherently robust enzymes that can
withstand the harsh conditions of industrial bioconversion
such as broad pH range, presence of organic solvents and
high temperatures [3]. Besides, they possess distinctive fea-
tures of chemo-, stereo- and regioselectivity that are of spe-
cial interest in certain applications such as the synthesis of
optically pure compounds [12]. Their catalytic versatility,
robustness and high specificity attract enormous attention as
industrial biocatalysts.

As mentioned above, most industrial lipases are of mi-
crobial origin, a term that includes a great variety of sources.
Extremophiles in particular are adapted to living in environ-
ments with extreme physicochemical conditions such as high
temperatures (thermophiles), low temperatures (psychro-
philes), high salt concentration (halophiles) or high pressure
(barophiles). Their enzymes have evolved to be functional
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under such extreme conditions, which their mesophilic coun-
terparts could not survive, providing additional features of
high value for industrial process development [14].

Known lipases and esterases have different combinations
of substrate specificity, operative temperature and pH range,
thermostability, tolerance to organic solvents and activity
under the presence of diverse activators and inhibitors. The
most valuable properties that determine their potential as
industrial biocatalysts, either singly or in combination, are
shown in (Fig. 1) and include:

Activity at high temperatures and thermostability:
most industrial processes in which lipases/esterases are used
as biocatalysts are carried out at temperatures above 45°C
[12], so the enzymes need to be stable at this temperature
and above. Besides, there are several advantages in perform-
ing industrial bioconversions at high temperatures, such as
reducing the risk of contamination with mesophiles and
higher reaction rates due to the reduction of viscosity and
increased diffusion rate and substrate solubility [12, 15]. For
instance, thermostable lipases can be used for processing
lipids that are in the solid state at room temperature, when
temperatures above 50°C are necessary [16].

Activity at low temperatures: Low-temperature adapted
enzymes show ten times more activity at low temperatures
than their mesophilic counterparts, with optimal activity at
20-30°C [17]. This activity profile allows industrial biotrans-
formations to be performed at low temperature, maintaining
high conversion rates with considerably lower energy costs.
Low-temperature active lipases have potential applications
as additives in detergents for cold washing, in the food in-
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dustry to avoid changes in ingredients, in biocatalysis when
thermolabile or volatile compounds are used, and in biore-
mediation of low-temperature soil or water [13, 18, 19].

Activity in alkaline pH: many industrial applications are
performed under alkaline conditions. This feature is espe-
cially important in the laundry industry.

Activity/stability in the presence of organic solvents:
When lipases/esterases are used in organic solvents, synthe-
sis (esterification and transesterification) is thermodynami-
cally favored over hydrolysis. Biocatalysis in the presence of
organic solvents instead of water also favors the recovery of
the product and higher global yield, increases the solubility
of non-polar substrates and subsequently their conversion
rate, avoids side reactions, and minimizes denaturation, de-
activation and/or substrate/product inhibition [20]. Thus,
lipases/esterases with activity in organic solvents are poten-
tially useful in organic synthesis and other industrial biocon-
versions such as the production of pharmaceuticals [18].
Ionic liquids are environmentally friendly alternative media
for lipase-catalyzed synthesis. Their advantageous properties
include no measurable vapor pressure, non-flammability and
a wide temperature range in the liquid phase (they are liquid
at temperatures lower than 100°C). Moreover, they have
proven to have great potential in allowing generally better
enantioselectivity and conversion rates to be achieved than
those obtained with organic media, along with improved
biocatalyst stability [21]. They can be designed to obtain the
desired physical properties that fit a particular reaction with
optimized enantioselectivity, by the selection of appropriate
cations and anions [22].

Activity at
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temperatures
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inhibitors.
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Fig. (1). Physicochemical properties of industrial interest of a lipolytic biocatalyst.
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Salt tolerance: enzymes from halophiles are currently
underexploited, but they hold great potential. They can suc-
cessfully compete for water and resist the denaturating ef-
fects of salts, a property that is related to resistance to or-
ganic solvents [23, 24].

High enantioselectivity: this feature make lipolytic en-
zymes extremely useful for the synthesis of optically pure
compounds. One remarkable example is the kinetic resolu-
tion of tertiary alcohols, important building blocks in organic
synthesis. The majority of lipases/esterases with activity to-
wards tertiary alcohols possess the motif GGG(A)X in their
oxyanon hole, which has been useful for identifying them
among the enzymes revealed by metagenomic studies [25].
The production of biologically active enantiomers such as
antibiotics or anti-inflammatory drugs also take advantage of
this property of lipases/esterases.

Chemo- and regio-selectivity: Some industrial reactions
are based on these properties, such as the release of ferulic
acid from plant cell wall polysaccharides, which is used
thereafter as substrate in the production of vanillin (a flavor
compound) [1].

Activity in the presence of detergents and/or inhibi-
tors: Resistance to denaturation under these conditions while
maintaining high activity levels is of special interest in the
laundry industry.

Given the importance of these industrial biocatalysts, the
mining of new enzymes with unique feature combinations is
crucial for industrial development. This is where metage-
nomics play a key role in the discovery of really novel en-
Zymes.

2. METAGENOMICS IN THE DISCOVERY OF NEW
LIPASES AND ESTERASES

Cultivation and isolation of microbial strains producing
lipolytic enzymes have been traditionally used for discover-
ing new lipases/esterases with potential applications. The
task is facilitated by simple assays for detecting the presence
of lipolytic enzymes, such as the formation of hydrolysis
halos in solid medium plates containing emulsified sub-
strates. Even today this strategy continues to be used.

Automation of sequencing methods and shotgun cloning
have motivated the start-up of many Genome Projects that
have provided vast amounts of genetic information. To date,
1078 bacterial genomes and 82 from Archaea are fully se-
quenced and available in the Genome Atlas Database [26].
Using sequenced data, many enzymes have been discovered
through genome mining for novel genes by homology with
known lipases and esterases, and they have subsequently
been cloned, overexpressed and purified for biochemical
characterization. In this way, several lipolytic enzymes from
Thermus thermophilus HB27, whose genome is completely
sequenced and publicly available [27], were cloned and ex-
pressed in mesophilic hosts. A recombinant esterase with
interesting properties was obtained: extreme thermal stabil-
ity, and high activity at mesophilic temperatures, remarkable
given its thermophilic origin [28].

At that stage, the sources of new enzymes were techni-
cally limited to a minor fraction of total microbial diversity,
the culturable microorganisms, which have been estimated as
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representing less than 1% of the real diversity in most envi-
ronments [29]. The Metagenomics Era meant a step forward
in this field with the study of the metagenome, the pool of
genomes in an environmental microbial community [30].
Current molecular biology techniques make it possible to
construct total environmental DNA libraries, including the
genomes of unculturable organisms, opening a new window
to a vast field of unknown enzymes with potentially new and
unique properties. The growing number of enzymes of indus-
trial interest discovered by metagenomic studies will proba-
bly very soon exceed the number of enzymes discovered by
traditional techniques. It is remarkable that new biocatalysts
search in metagenomic DNA libraries is mainly focused on
the discovery of a small group of enzymes, where lipases and
esterases are included [31].

With the development of next-generation sequencing
technologies and new bioinformatic tools to carry out large-
scale analysis and classification of metagenomic data, many
metagenomic sequencing projects emerged, yielding a com-
prehensive view of the taxonomic and ecological diversity of
microbial communities [32]. According to the Genomes On-
line Database (GOLD) there are 340 available sequenced
metagenomes, 197 from natural environments (most of them
of aquatic origin), 114 host-associated, and 29 from engi-
neered environments [33].

In the sequence-based metagenomic approach, new en-
zymes are discovered by exploring these available metage-
nomic data for enzymes homologous to known li-
pases/esterases. Another common strategy is a PCR-based
method with degenerate primers designed according to the
conserved regions of already-known classes of lipolytic en-
zymes [34]. A disadvantage is that this approach tends to
detect only enzymes related to previously reported families,
and might overlook those with completely new sequences.

Alternatively, metagenomic libraries can be subjected to
functional screening to detect clones that exhibit lipolytic
activity (Fig. 2). The success of such screening relies on the
compatibility of the cloned genes with the transcription and
translation machinery of the heterologous host, usually Es-
cherichia coli. Moreover, expression of lipases can be ham-
pered by the requirement for specific chaperones for the cor-
rect folding of the enzyme or by its toxicity to the host cells.
It has been reported that only a subset of enzymes with the
desired activity present in a metagenomic library, about
40%, are recovered by functional screening when E. coli is
used as host [35].

The usefulness of Broad-Host Range vectors for over-
coming the barrier of host compatibility has been assessed.
One of the most recent studies proves its effectiveness us-
ing six different proteobacteria as hosts for the same
metagenomic cosmid library, recovering different positive
clones in each host [36]. More recently, Lussier and col-
laborators [37] developed a cosmid vector with two im-
provements: multi-host expression (E. coli and Streptomy-
ces lividans) and transcription directed by T7 RNA polym-
erase, which has high activity, generates very long mRNAs
and is very poorly terminated by unrelated transcription
terminators, potentially enhancing the expression of foreign
genes in large insert libraries, in this case lipase/esterase
genes. A special fosmid vector has even been developed for
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Fig. (2). Steps for functional metagenomic mining of lipolytic enzymes.

the expression of metagenomic libraries from thermophiles,
which allows the library to be constructed in E. coli and
subsequently transferred to Thermus thermophilus for ex-
pression and screening [38].

The advantage of the function-driven approach is the
potential for discovering entirely new classes of genes or

enzymes, with no similarity to known lipases and esterases
[31,39].

Wang and collaborators [40] developed a variant of me-
tagenomic screening named “truncated metagenomic gene-
specific PCR” using previous information from function-
driven screening to overcome the limitations of the typical



450 Current Protein and Peptide Science, 2014, Vol. 15, No. 5

sequence-based approach. The starting point of this method
is a metagenome-derived lipolytic enzyme, which is used to
design degenerate primers and explore the diversity of the
sample through DNA shuffling. A diversified chimeric li-
brary of related lipolytic enzymes was obtained, with proven
different specificities.

The most popular screening method for detecting positive
clones exhibiting the desired lipolytic activity uses tributyrin
agar plates, in which the appearance of clear halos around
the colonies indicates hydrolysis of the substrate [41].
Screenings for specifically detecting true lipases have also
been used with metagenomic libraries, using longer sub-
strates that are not hydrolyzed by esterases (such as emulsi-
fied triolein, tricaprylin or olive oil) in the presence of the
fluorescent dye rhodamine B. In this case, orange fluorescent
halos appear around lipase-producing colonies when irradi-
ated with UV at 350 nm [42].

Less frequently, metagenomic libraries are screened us-
ing alternative substrates such as a-naphthyl acetate in a soft
agar overlay with fast blue R (detection of yellow halos) [43,
44] or agar plates with Tween-20 in the presence of CaCl,
(detection of halos formed by released fatty acid salts) [45].

The organic synthesis of optically pure compounds is one
application of these enzymes that is attracting more attention.
There is therefore a need to develop new methods to screen
for enantioselectivity. In this context, Wang and collabora-
tors have recently developed a sensitive, economic and ver-
satile method based on the use of fluorescein sodium salt as
indicator. This assay allows specific esters of different sub-
strates to be identified in a 96-plate format, not only from
chiral carboxylic acids but also from chiral alcohols [46].

Another important issue in metagenomic screening effi-
ciency is the insert size. When plasmids are used, relatively
short metagenomic sequences are cloned (<10kb), and more
clones are needed to find a positive than in metagenomic
libraries constructed with fosmid or cosmid vectors, where
insert sizes are 40kb and 25-35kb respectively [31]. Besides,
with short inserts, large clusters of genes and operons cannot
be recovered. An alternative for reducing the plasmid library
size needed to detect positive clones is to use plasmids that
allow bidirectional transcription, with promoters on both
sides of a multiple cloning site. This kind of plasmid has
been used to search for lipolytic activity, yielding high fre-
quencies of positive clones comparable to those obtained in
cosmid libraries [47].

In functional metagenomics, the frequency of clones ex-
pressing the desired activity (harboring a lipase enzyme-
coding gene that is correctly expressed) is usually less than
0.1%. This value can be raised by a culture-enrichment step
prior to library construction, at the expense of a great de-
crease in microbial diversity. This strategy consists in favor-
ing the growth of microorganisms harboring the target en-
zyme by the ability to use specific substrates or resistance
under certain physicochemical pressures. For example, high
culture temperatures favor the growth of thermophiles har-
boring thermophilic enzymes. In this way, seven novel alka-
line and thermophilic lipases have been discovered by cul-
ture enrichment in a Sequence Fed-Batch Reactor at 50-70°C
during three months of culture [48, 49].
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3. NOVEL EXTREME LIPASES AND ESTERASES
MINED BY METAGENOMICS.

Enzymes usually show tailor-made properties according
to the physiochemical conditions of the habitats in which
their producing organisms grow. Therefore, the choice of
samples for a metagenomic study should be established to a
greater extent in agreement with the desired features in the
recovered enzymes.

Lipases from extremophiles can provide special features
that make them more suitable for specific applications where
a lipolytic biocatalyst is required. In some cases this would
be an advantage, e.g. enhanced stability that permits the re-
cycling of the biocatalyst with no loss of activity, but in
other cases it would be a requisite, e.g. high levels of cata-
lytic activity at low temperatures for processing thermolabile
compounds.

Here we present different extreme environments from
which lipases/esterases have been isolated through metage-
nomics in recent years, and the new knowledge that these
discoveries have brought to the field of lipolytic enzymes:
bifunctional enzymes, several completely new families, pro-
tein engineering of metagenome-derived lipases and some
very extreme features.

3.1. Hot Springs

Two types of protein thermostability are of interest for
industrial purposes: thermodynamic stability (when a en-
zyme is used under denaturing conditions such as high tem-
perature or presence of an organic solvent) and long term
stability [50]. But enzymes from thermophiles, apart from
their thermostability and activity at high temperatures, often
show resistance towards organic solvents, detergents and
extreme pH values [12], which make them potential biocata-
lysts for many industrial applications.

Two thermostable esterases have been isolated from me-
tagenomic libraries from hot spring in recent years: EstE1l
from a screening of four independent metagenomic libraries
of thermal areas of Indonesia [51], and Est 1 from the Jae
Sawn hot spring in Thailand [52]. These enzymes display
typical thermophilic profiles: extremely stable at 80 and
70°C in the absence of any stabilizer, with high optimal tem-
peratures of 95°C and 70°C, respectively. The activity at
lower temperatures is remarkably high in EstEl: 20% and
30% of its optimal activity is retained at 30°C and 40°C, re-
spectively. The combination of high thermostability and ac-
tivity at mesophilic temperatures might be valuable for re-
ducing costs in industrial processes: prolonged useful life of
the biocatalysts combined with energy saving.

More recently, a lipase was discovered using PCR with
degenerated primers (designed using multiple sequence
alignment of different lipases from thermophilic bacterial
species) from metagenomic DNA from hot springs in Mani-
karan in India [50]. This lipase displayed unusual behavior
given its thermophilic origin: loss of secondary structure at
ambient temperature. A CD spectroscopy study showed
complete distortion of the secondary structure above 35°C.
Notwithstanding the CD data, intrinsic fluorescence spec-
troscopy revealed that the enzyme retained its tertiary struc-
ture; indeed it showed maximal activity at 50°C. This lipase



New Extremophilic Lipases and Esterases from Metagenomics

is closely identical to lipases from Geobacillus with high
thermostability but there are changes in certain regions at the
amino acid level that might be responsible for its lower
thermostability: an amino acid at position 310 and six other
amino acids at the C-terminus. In any case, this lipase
showed high activity in the presence of detergents and in
30% n-hexane, promising properties for industrial applica-
tion. The modification of this enzyme by error-prone PCR
yielded an improved mutant lipase with the mutation N355K
in the mature polypeptide, close to the catalytic center of the
enzyme, with 144-fold greater thermostability at 60°C over
the wild type enzyme, with an optimal temperature of 40°C
[53].

3.2. Compost

The temperature can rise to 80°C during the thermogenic
phase of composting, so compost could be a good source of
thermostable enzymes. Various esterases have been isolated
from compost through metagenomics in recent years, but not
all of them were thermostable [47, 54]. One of the most in-
teresting discoveries was a novel moderately thermostable
esterase, EstCS2, which has an optimum temperature at 55°C
and remains stable up to 60°C. With respect to stability in
organic solvents, it showed remarkable stability in up to 50%
(v/v) dimethyl sulfoxide (DMSO) or dimethylformamide
(DMF). It can degrade polyurethane, which along with the
ability to cleave sterically hindered esters of tertiary alcohols
has potential use in industrial applications and bioremedia-
tion [55].

Despite the lack of thermostability, another esterase iso-
lated from compost, named Est2K, showed alkaline toler-
ance, high tolerance to 30% methanol and enhanced activity
(236.8% higher) in the presence of 5% methanol, properties
really appreciated in organic synthesis [52].

3.3. Soils

Soil is known to be a great source of antibiotics, pharma-
ceuticals and biocatalysts. Soil metagenomics has yielded
many diverse and novel enzymes for a broad range of appli-
cations.

The properties of two new lipases isolated from soils at
different altitudes in Taishan (China) illustrate the influence
of climate on adaptation of enzyme function: several screen-
ings of the expression libraries at different temperatures re-
vealed a cold-active lipase, pST1, in a sample from 1200 m
altitude (optimal activity at 20°C) and a moderately thermo-
stable lipase, pTS2, in a sample from 400 m altitude (optimal
activity at 40°C) [56].

Other factors such as soil contamination can also favor
the occurrence of lipases/esterases and the appearance of
certain biochemical properties in the enzymes isolated from
contaminated samples. A cold-active lipase, LipCE, was
identified in the metagenome of oil-contaminated soil from
the north part of Germany with maximum activity at 30°C
and remarkably high activity at low temperatures; 28% re-
sidual activity at 0°C and 16% at —5°C. This enzyme also
exhibits high enantioselectivity and specificity for esters of
primary alcohols, unique features that make LipCE a valu-
able biocatalyst in organic synthesis of pharmaceutical com-
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pounds [57]. More recently, a novel solvent-stable lipase
named OSTL28 was identified by metagenomic study of top
soil from an oil field in China. Its high stability in organic
solvents and glycerol make it potentially useful for non-
aqueous reactions such as biodiesel production [58].

Thermophilic esterases-lipases have long been studied,
and during recent years there has been growing attention on
their underexploited cold-adapted counterparts. A PCR-
based metagenomic study was carried out on glacier soil in
order to assess the lipolytic diversity of HSL lipases. Phylo-
genetic analysis of the released sequences revealed that even
at low temperatures there is a great diversity of lipase genes,
most of them with little similarity to known lipases [59].
Arctic and Antarctic soils have also been subjected to pros-
pecting for new lipases/esterases [60] and two studies
yielded particularly interesting examples. In the first of
these, two esterases from Arctic sediment, EstM-N1 and
EstM-N2, with optimal temperatures of 20 and 30°C respec-
tively, showed high homology with B-lactamases and unusu-
ally high B-lactamase activity for esterases of family VIII
[61]. In the second, an extreme alkaliphilic esterase, CHA2,
was isolated from dry valley soil from Antarctica. Its active
temperature range is 5-40°C, with an optimum at 20°C, and
the pH optimum is 11. Such extreme alkaliphilic esterases
are rare, and there has been only one other report of a cold-
active extremely alkaliphilic esterase [62]. This lipase cannot
be classified clearly by sequence analysis [63]. The same
metagenomic library had previously yielded a cold-active
esterase, CHA3, with higher optimal temperature, 40°C, and
without such an extreme alkaliphilic tendency (pH optimum
=9) [64].

More extreme temperature-adapted lipases/esterases have
been revealed by soil metagenomics: a moderately thermo-
stable and thermally activated (80% after 1 h at 50°C) lipase
from Atlantic Rain Forest Soil [65] and a cold-active esterase
from a mountain soil that retains 60% of its maximal activity
at 1°C [19].

Apart from the discovery of lipases/esterases with poten-
tial use in industrial applications, recent functional metage-
nomics studies on soils have yielded important findings that
broaden our knowledge about these enzymes: (1) The dis-
covery of a new family of lipases/esterases through the iden-
tification of the novel lipase Lip018ORF16 in Atlantic Rain
Forest Soil, with no sequence similarity to known li-
pases/esterases, only to sequences annotated as hypothetical
proteins in GeneBank [66]; (2) The study of the first moder-
ately thermostable true lipase derived from a member of the
phylum Acidobacteria revealed that it was probably acquired
by the native host through horizontal transfer [65].

3.4. Marine Environments

There is a great diversity of microbial marine ecosystems
ranging from coastal environments and microbial communi-
ties associated with other marine organisms to hydrothermal
vents. Microbial inhabitants of these ecosystems are exposed
to extreme environmental conditions such as high salinity,
high or low temperatures and high pressure. They and their
enzymes are adapted to survive under such conditions, so
they have the potential to be well suited for many industrial
processes [67].
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3.4.1. Intertidal Flats

Microorganisms of intertidal flat sediments are exposed
to periodically changing physicochemical conditions: salin-
ity, water temperature and flood tides. Therefore, microbial
diversity in this habitat is expected to be distinct from other
marine environments. In fact, three new families and sub-
families of lipases/esterases have recently been reported in
this habitat in three independent metagenomic studies, all of
them, curiously, using samples from different points on Ko-
rean coasts [5, 7, 68].

The first of these studies revealed a new bacterial lipase
named LipG, which along with six other putative lipases
constitutes a new family of bacterial lipolytic enzymes. This
family seems to be related to fungal lipases since its mem-
bers exhibit an Arg-Gly oxyanon hole sequence, a signature
sequence characteristic of filamentous fungal lipases [5].

In the second study, a novel cold-adapted alkaline lipase,
LipEH166, was identified as a member of a novel lipolytic
enzyme family, which also includes three putative open read-
ing frames. This enzyme displays cold-adapted activity with
optimum temperature at 30°C, but it retains 47% of maximal
activity at 5°C; and it is functional over a broad pH range (5-
11), maintaining 80% activity [7].

The last study yielded three esterases with high salt toler-
ance and optimum activity in the mesophilic range, 40°C,
and slightly alkaline pH. These novel enzymes belong to
family IV of lipases/esterases but have a distinctive pen-
tapeptide motif GT(S)SA(G)G harboring the catalytic serine
[68].

3.4.2. Seawater and Coastal Environments

Surface seawater is a highly saline and cationic habitat
that has been prospected for lipolytic enzymes with interest-
ing findings in each metagenomic study. Two esterases with
different properties valuable in industrial applications have
been isolated from the South China Sea: EstA, highly stable
in high concentrations of divalent ions and NaCl, and Est B,
highly stable in 30% methanol, ethanol, dimethylformamide,
and dimethyl sulfoxide. EstA also represents a novel family
of bacterial lipolytic enzymes, related to family III but with a
different active site motif [6]. Using another metagenomic
library, REBT, the first enzyme with esterase and haloacid-
dehalogenase activities in the same active site, was discov-
ered in an area contaminated with crude oil. Four homo-
logues of this enzyme were cloned and expressed but only
REBr exhibited this unique activity [69].

Marine sediments are reported to harbor a diverse micro-
bial community with a potentially high diversity of meta-
bolic enzymes [18]. Several lipolytic enzymes have been
isolated from marine sediments in coastal environments: one
lipase from the Baltic Sea [18] and two esterases from the
Arctic seashore [70]. One of these esterases, EstATI11, pref-
erentially hydrolyzed (S)-racemic oflozacin butyl ester with
an enantiomeric excess value of 70.3%, showing great poten-
tial for the chiral resolution of heat-labile substrates.

Deep-sea hypersaline anoxic basins of the Eastern Medi-
terranean represent extreme and largely unexplored habitats
>3500 m below sea level, with very stable brines entrapped
in sea floor basins and sharply stratified from the overlying
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water column. They are characterized by extremely high
salinity, high hydrostatic pressure, absence of light and an-
oxia [44]. Functional metagenomics on the brine:seawater
interface of the hypersaline Urania anoxic basin released five
esterases with different combinations of tolerance at high
levels of salinity. Only one of these, Oil.16, showed remark-
able properties related to its environmental origin: 180x en-
hanced activity at 2-4M NaCl, and remaining active at 40
MPa. Oil.16 also exhibits unusually enhanced activity in the
presence of 70% ethanol or n-propanol and remarkably high
enantioselectivity in hydrolysis and transesterification of
compounds important in the pharmaceutical, cosmetic, and
food industries. This novel esterase, with no similarity to
known enzymes, exhibits particular features: it exists in dif-
ferent active forms, generated by reversible transitions in its
tertiary and quaternary structures, and it holds three putative
active serines embedded in their respective consensus motifs
[44].

3.4.3. Deep-Sea Sediments

Deep-sea marine sediments represent the most unex-
plored marine habitat and are considered an extreme envi-
ronment, where inhabitants are continuously exposed to ex-
tremes in pressure, salinity, temperature and nutrient avail-
ability.

Many cold-adapted lipolytic enzymes have been isolated
from deep-sea sediments: the lipase EML1 from Edison
Seamount (South West Pacific) [71], which belongs to the
family of lipolytic enzymes previously discovered by Lee
and collaborators [5] in a metagenomic library from tidal flat
sediments; six lipolytic enzymes with low homology to
known lipases/esterases, yielded by a larger metagenomic
library constructed later from the same sample [72]; and the
esterase EM2LS, extremely alkaliphilic, optimum pH 10-11
with activity five times higher than at pH 8 [62].

Large-scale screening of a metagenomic library from
South China Sea deep sediments yielded 15 new lipolytic
enzyme genes, two of them possibly belonging to new fami-
lies, most of them active in a mesophilic/moderately thermo-
philic range (40-50°C), not in a cold-adapted range as ex-
pected on the basis of their environmental origin [73]. How-
ever, one esterase isolated from this metagenomic library
exhibited very low-temperature activity, even at 0°C, with an
active range of 0-60°C and optimum temperature of 50°C.
The reported characteristics and the enhancement of activity
by the organic solvents DMSO ( >10%) and methanol
(>20%) made them attractive for organic synthesis. Besides,
this esterase and six related putative esterases from genome
projects and metagenomes constitute a new family of bacte-
rial enzymes, closely related to family VI but with unique
conserved sequence motifs (a pentapeptide motif and two C-
terminal motifs) [9].

3.4.4. Organism Associated

Marine sponges are particular environments with re-
ported high microbial diversity [74], and several metage-
nomic studies have been carried out yielding lipolytic en-
zymes with potential uses in industry. In Okinawa (Japan), a
new esterase was isolated from a bacterial metagenome as-
sociated with Hystios erecta. This esterase, named EstHEI,
belongs to the family GDSL. Only a few esterases are in-
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cluded in this family, and none have the moderate thermo-
stability and high salt tolerance exhibited by EstHE1, proper-
ties of interest in the industrial field [45]. In Ireland, a halo-
tolerant lipase with optimal activity at 5 M NaCl and 40°C
was discovered, displaying activity over a broad range of pH
(3-12) and temperature (4°C-60°C), and stability in organic
solvents and thermostability [74]. Lipolytic enzymes with
antibacterial activity (lipases hydrolyze lipids and release
fatty acids with known antibacterial properties) have even
been found by functional metagenomics in sponge- and alga-
associated microbial communities [75].

3.5. Other Environments

Freshwater environments have not received as much at-
tention as sea ecosystems, but they also harbor distinctive
microbial diversity. The esterase EstY was detected in a me-
tagenomic library from the water surface of the Yangtze
River in China. This enzyme showed maximal activity at
50°C, which does not correlate with the temperature of the
river, 20°C. Phylogenetic analysis, unique conserved motifs
and conserved domains suggest that EstY and its relative
lipolytic enzymes constitute a new bacterial lipolytic enzyme
family [8].

In activated sludge, a new esterase with unique features,
named Lipol, was isolated from a metagenomic library.
Lipol showed an optimum temperature of 10°C and resis-
tance in the presence of detergents, which could be useful in
organic chemistry and the laundry industry [76].

Carnivorous plants of the genus Nepenthes have devel-
oped a trapping organ called the pitcher, which possesses
specific bacteria that secrete digestive enzymes. Two lipases
with optimal activity at acidic pH were isolated from the
pitcher fluid. Acidophilic lipases could be useful to the dairy
and food industries and in the treatment of waste oil, among
other applications [77].

CONCLUSIONS AND PERSPECTIVES

The studies surveyed in this review prove that functional
metagenomics is a powerful strategy for discovering new
lipolytic enzymes with unique combinations of biochemical
features and potential use in industrial applications. Among
all the enzymes cited, those from marine sources are of out-
standing relevance. The fact that several new families of
bacterial lipases/esterases have been discovered with only a
few metagenomic studies reveals that despite the growing
number of functional metagenomic studies, the unexplored
diversity is still enormous.

Further optimization of metagenomic DNA extraction
protocols, vectors and expression strains for constructing
metagenomic libraries, along with the improvement of
screening methods, will contribute to a better understanding
of this unexplored diversity by allowing more efficient func-
tional metagenomic studies to be conducted. There seem to
be no limits to the knowledge that could be gained using this
methodology.
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