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Abstract Seven lipolytic genes were isolated and

sequenced from a metagenomic library that was con-

structed following biomass enrichment in a fed-batch bio-

reactor submitted to high temperature (50–70�C) and

alkaline pH (7–8.5). Among those sequences, lipIAF1-6

was chosen for further study and cloned in Streptomyces

lividans 10–164. The G?C content within the sequence

was 64.3%. The encoded protein, LipIAF1-6, was related

to various putative lipases previously identified in different

genome sequences. Homology of LipIAF-6 with the dif-

ferent lipases did not exceed 31%. The optimum pH (8.5)

and temperature (60�C) of the purified enzyme were in

agreement with the enrichment conditions. Furthermore,

the enzyme was thermostable for as long as 30 min at

70�C. The maximum activity of the purified lipase was

4,287 IU/mg towards p-nitrophenyl (p-NP) butyrate (60�C;

pH 8.5). LipIAF1-6 does not seem to need the presence of

metal ions for its activity. The enzyme was slightly

inhibited by 10 mM CoCl2 (14%), HgCl2 (12%), and

dithiothreitol (DTT) (15%). The serine protease inhibitor

phenylmethylsulphonyl fluoride (PMSF) reduced activity

by 39% and 71% when incubated at concentrations of 1

and 10 mM, respectively. Finally, LipIAF1-6 was stable in

different organic solvents, and against several surfactants

and oxidative agents commonly found in detergent for-

mulations. These results are quite encouraging for further

use of this enzyme in different industrial processes.
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Introduction

Of all hydrolytic enzymes (EC 3), esterases (EC 3.1.1.1) and

especially lipases (EC 3.1.1.3) are attracting more attention

each year for multiple uses in biotechnology. Numerous

papers have been published describing these enzymes’

general features, covering the different methods of lipase

assays and screening, the regulation of gene expression,

their mechanisms of action, their overall structure, the dif-

ferent methods for their purification, immobilisation tech-

niques and even their classification [2, 3, 13, 14, 21, 23, 37,

43]. The peptidic sequence of lipolytic enzymes is recog-

nized by the presence of the most highly conserved motif,

GxSxG, bearing the active serine residue [23].

It is undeniable that, due to their ability to catalyze

cleavage of triglycerides in diverse conditions, lipolytic

enzymes are of great use for many applications [16, 22,

34]. These biocatalysts can be found in all living organ-

isms, including animals, plants and microorganisms.

However, it appears that microbial lipases are more suit-

able for industrial applications, considering their overall

improved stability [13, 16, 43]. Nowadays, industrial pro-

cesses often take place at temperatures of 45�C and higher,

where many substrates have greater solubility. Reactions

taking place at high temperature also benefit from

decreased risk of contamination, and generally many

reactions are more thermodynamically favoured in these

conditions [16, 33, 38, 49].

Unfortunately, the industry seems to be facing some

difficulties. Consequently, currently employed lipases do
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not always fulfill these criteria of activity and thermosta-

bility [8, 29]. Hence, efforts have been turned towards the

study of extremophiles. Being constantly exposed to harsh

conditions, these microorganisms are the best producers of

thermostable enzymes. These bacteria, often part of the

99% of unculturable microorganisms, can be studied

through metagenomics techniques [15]. Within the last

10 years, many thermostable lipases have been identified

by DNA library screening [1, 6, 25]. Furthermore, the

combination of metagenomics and enrichment has been

shown to decrease the work required by allowing a more

reasonable number of clones to be screened for identifi-

cation of novel enzymes. Also, bioreactor enrichment prior

to construction of the library has proven its efficacy by

targeting genes that display the required characteristics

[1, 4, 10, 27, 46].

Moreover, when it is time to choose the best host for

screening technologies, several strains have been consid-

ered, including Escherichia coli, Pseudomonas putida and

Streptomyces lividans [12, 28, 35, 41]. S. lividans is a

Gram-positive bacteria, naturally living in the soil. This

bacterium is GC rich and represents one of the best alter-

native hosts for expression of thermophilic enzymes,

encoded by genes that also carry high GC content [20, 27].

Therefore, a few publications have demonstrated success-

ful use of this bacterium for expression of heterologous

proteins [9, 28, 50].

The focus of the present work is identification of alkali-

thermostable lipases. The biocatalysts were identified by

screening a metagenomic library constructed following

enrichment of fed-batch reactors submitted to cycles of

temperature and pH variations (50�C/70�C/50�C; 7/8.5/7).

The success of the methodology has been demonstrated by

the characterization of a first lipase, LipIAF5-2, in a pre-

vious publication [32]. The lipase LipIAF1-6 described

herein is thus the second enzyme successfully expressed in

Streptomyces lividans and characterized within the project.

Finally, its high stability at elevated temperatures, in

organic solvents and against tensioactive agents makes this

novel enzyme suitable for many industrial applications.

Materials and methods

Library construction and activity screening

The methodology concerning the library construction,

subcloning and sequence analysis has been described in

detail in our previous publication [32]. E. coli strain

LE392MP (Epicentre) was used as a host for construction

of the metagenomic library. The biomass, enriched with

meat extracts, was grown in the same kind of sequencing

fed-batch reactor (SFBR) and submitted to comparable

72 h cycles of temperature change (50–70�C) and pH

variation (7–8.5) for a period of 3 months prior to DNA

extraction. Following this enrichment, total DNA was

extracted to obtain high-molecular-weight DNA using

lysozyme, freeze–thaw cycles and phenol/chloroform

extractions. DNA was partially digested with BamH1 in

order to generate 40-kb fragments. These fragments were

ligated in pIAFS2 shuttle cosmid vector digested with BglII

(INRS-Institut Armand-Frappier). Lambda phage packag-

ing extracts were added to the ligation, and transduction

was performed. Approximately 10,000 transductants were

screened for lipolytic activity on 1% tributyrin/2xTY agar

plates supplemented with apramycin (50 lg/ml). Candi-

dates showing hydrolysis of the substrate after overnight

incubation at 37�C were chosen for further study.

Subcloning and sequencing of the lipase gene

The positive colonies were grown overnight at 37�C in

2xTY media with 50 lg/ml apramycin. Afterwards, the

cosmids were isolated using a standard phenol/chloroform

protocol. The isolated cosmids were partially digested with

SphI, and the generated inserts, varying in size from 1 to

10 kb, were ligated and transformed in E. coli strain

DH11S. The transformants were de novo screened on 1%

tributyrin/2xTY agar plates in order to identify positive

colonies containing smaller fragments suitable for

sequencing. Once a small fragment containing the gene

conferring lipolytic activity was identified, the latter was

ligated with pTZ19U commercial vector [31] and trans-

formed once again prior to sequencing at Genome Quebec

using universal M13 primers. One lipolytic gene from the

cosmid lipIAF1-6 was chosen for further study. Subse-

quently, specific forward and reverse primers were syn-

thesized by inserting restriction sites SphI and SacI to

amplify the target DNA fragment and clone it in the

appropriate vector and host strain for lipase expression.

Expression and purification

The lipase was expressed in Streptomyces lividans 10-164

strain [19] using pIAFC109 vector, which confers resis-

tance to the antibiotic thiostrepton. Once again, culture

mediums and incubation periods were as described in detail

in a previous publication [32]. In summary, following a

48 h culture in rich TSB medium, the mycelium was

transferred to minimal M14 medium for a 72 h period.

Afterwards, the mycelium was separated from the super-

natant by bulk filtration. A second filtration using a

Whatman 0.2-lm nylon membrane (VWR) was used to

remove smaller particles. Purification of the secreted lipase

was performed using one-step hydrophobic interaction

chromatography (HIC) with HiTrap Butyl Sepharose 4 Fast
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Flow column (Ge Healthcare). The column was equili-

brated with 50 mM potassium phosphate buffer (pH 7)

containing 1 M ammonium sulphate. After passage of the

crude extract equilibrated with the same buffer, elution was

initiated by a descending concentration of ammonium

sulphate. A second gradient was applied, where rising

concentrations of ethylene glycol (0–50%) allowed elution

of more highly bound proteins. Collected fractions were

incubated on an agar plate containing 1% tributyrin, and

the positive fractions were pooled. The purity of the lipase

was then confirmed by sodium dodecyl sulphate (SDS)

polyacrylamide gel electrophoresis (PAGE) analysis, and a

zymogram using 4-methylumbelliferyl (MUF)-butyrate

(Fluka) as a substrate allowed detection of lipase activity

prior to standard silver staining. The zymogram analysis

was performed by incubating the gel for a period of 5 min

with 100 lM substrate in Tris–HCl 50 mM (pH 7). The

purified enzyme concentration was measured by Bradford

method (Bio-Rad) using bovine serum albumin as standard

and was then kept at 4�C until its use for characterization.

Determination of substrate specificity and effect

of pH and temperature on enzyme activity and stability

All enzymatic assays were performed by using a spectro-

photometer (Varian, Cary Win UV 300) connected to a

thermo bath/circulator and a computer running Cary Win

UV software. The following synthetic substrates purchased

from Sigma were used: para-nitrophenyl fatty acyl esters

of butyric acid (C4), octanoic acid (C8), decanoic acid

(C10), lauric acid (C12), myristic acid (C14), palmitic acid

(C16) and stearic acid (C18). These substrates were dis-

solved in isopropanol and added in concentrations of

0.3 mM within the cuvettes. Once the substrates were

hydrolysed by purified lipase, absorbance of the liberated

yellow compound was followed at 405 nm. All experi-

ments were run in triplicate for 5 min.

The pH optimum of the purified lipase was measured by

using 50 mM Tris–HCl buffer (pH 7.2–9) and 50 mM

NaOH–glycine buffer (pH 9–11.3). All buffers contained

0.05% CaCl2. The assays were performed at 21�C against

p-NP decanoate (p-NP C10). A standard curve of para-

nitrophenol (Sigma) in the same buffers allowed correction

of the data, considering the poor absorption of p-NP at

lower pH. The results were expressed in relative activity,

where a value of 100% was assigned to the highest activity.

In order to determine the optimal temperature of the

lipase, a sample of the latter was used to hydrolyse p-NP

C10 at different temperatures ranging from 25�C to 70�C in

Tris–HCl 50 mM (pH 8.5) containing 0.05% CaCl2. The

temperature within the cuvettes was monitored and stable

for at least 5 min prior to addition of the enzyme. Likewise,

thermostability was established by adding enzyme to

pre-incubated Na–P buffer (pH 7.6), kept stable at various

temperatures (40–90�C). After a period of incubation of

30 min, an aliquot of the lipase was taken to calculate the

residual activity at the optimum temperature of the lipase

in the same buffer as cited previously. Once again, the

results were expressed in relative activity.

The substrate specificity of the purified lipase was

examined by observing hydrolytic activity towards the

different p-NP fatty acyl esters listed previously. The

assays were performed at the pH and temperature optimum

of the enzyme. The activity, expressed in international

units, corresponds to lmol of p-NP liberated per minute in

the above conditions.

Effect of various compounds on lipase stability

and activity

Various metal ions (CaCl2, CoCl2, CuCl2, MgCl2, MnCl2,

HgCl2 and ZnCl2) and three potential inhibitors [ethylene-

diamine tetraacetic acid (EDTA), DTT and PMSF] were

used at concentrations of 1 and/or 10 mM to investigate

their effect on lipase activity. The stability of the lipase was

also evaluated in different organic solvents and against

tensioactive agents commonly used in detergent formula-

tions. Two different concentrations (10% and 30%) of

acetonitrile, dimethyl sulphoxide (DMSO), ethanol, meth-

anol, acetone and isopropanol were incubated with the

enzyme for 1 h at room temperature in 50 mM Tris–HCl

buffer (pH 7) without any more additives. Similarly, 1%

and 5% of various agents found in detergents (sodium

dodecyl sulphate, Triton X-100, Tween 80, peroxide,

sodium borate and sodium carbonate) were incubated with

the lipase in the same buffer. Residual activity was then

calculated in 50 mM Tris–HCl buffer (pH 8.5) containing

0.05% CaCl2 at 60�C against p-NP decanoate.

Results

Screening for lipolytic activity and sequencing

of the positive clones

Following construction of the metagenomic library, about

10,000 clones were screened on tributyrin/agar plates in

order to identify colonies exhibiting lipolytic activity. The

primary screening led to the identification of seven clones

presenting a clear halo around the colonies. The isolation of

the corresponding cosmids (*40 kb) and the subsequent

steps of restriction digestion and subcloning led to the

sequencing of small inserts containing seven open reading

frames (ORF) encoding possible lipolytic enzymes (results

not shown). The first observation was that all identified

genes carried high GC content (between 64.3% and 69.9%).

J Ind Microbiol Biotechnol (2010) 37:883–891 885

123



The molecular weight of the encoded proteins varied from

20 to 57.8 kDa. Moreover, all proteins bore the conserved

pentapeptide GxSxG, typical of lipolytic enzymes. NCBI

BLASTp search results demonstrated that all the positive

clones identified were novel and presented no more then

49% identity with other lipases. After purification and

characterization of the lipase LipIAF5-2 [32], the ORF

lipIAF1-6 was chosen for expression and characterization

of a second novel lipolytic enzyme.

Amino acid sequence analysis of LipIAF1-6

The amino acid sequence of LipIAF1-6 (GenBank accession

no. HM049169) was recovered from a 2,527-pb contig

(Fig. 1). No other ORF upstream of the lipase gene was

identified. However, the C-terminal sequence of a protein

showing homology with an acyl-CoA thioesterase II was

observed. Although this sequence was incomplete, BLASTx

results demonstrated that part of the encoded protein showed

homology with Plesiocystis pacifica STR-1 (62% identity

out of 129 amino acids). These results do not conclusively

determine the microorganism of origin, demonstrating that

the DNA fragment comes from an uncultured bacterium.

Furthermore, the LipIAF1-6 sequence was analysed in detail

prior to polymerase chain reaction (PCR) and cloning. The

first analysis was conducted using SignalP 3.0 Server in

order to establish whether the sequence contained a signal

peptide. The results concluded, with high probability, that a

27-amino-acid-long signal peptide allowed secretion of the

protein. Following this analysis, the sequence of the mature

protein was compared with other proteins known from

universal databases. Of all homologous sequences identified

after the BLASTp search, five lipase sequences were aligned

with LipIAF1-6 using ClustalW2 software. On comparison

of the complete sequences of the mature proteins, the per-

centage of identical amino acids varied from 21% to 31%

(Table 1). Furthermore, considering actual knowledge on

the position of all three catalytic residues (Ser, Asp, His)

within the lipase from Pseudomonas mendocina (Accession

number 2FX5_A) [44], the sequence alignment was used to

identify the possible positions of those residues in LipIAF1-

6 (Fig. 2). Consequently, the active serine site is thought to

be in position S117 of the mature protein. This serine is

surrounded by other residues that follow the GxSxG con-

served motif. Also, D166 and H195 are the putative posi-

tions for the aspartate and histidine residues of the catalytic

triad (Fig. 2).

Expression and purification of LipIAF1-6

The sequence analysis of LipIAF1-6 presented many clues

to the function of the enzyme, and so the latter was

amplified by PCR and expressed in Streptomyces lividans

10-164 as described previously. Since the enzyme is

thought to be secreted, the proteins in the supernatant

were analysed by SDS–PAGE. Zymogram analysis using

MUF-butyrate as substrate was a simple assay to deter-

mine the presence of a lipolytic enzyme in the crude

extract. Fortunately, in the culture conditions used for the

enzyme expression, no lipases are secreted by the wild-

type strain that does not contain the gene of interest. A

fluorescent band after the zymogram analysis was visible

Table 1 Results of the BLASTp search comparing amino acid sequences for LipIAF1-6 and its closest homologues

Protein Length (amino

acids)

Source organism Accession

number

Homology

(%)

Reference

LipIAF1-6 289 Uncultured bacteria – 100 This work

Lipase 281 Uncultured bacteria AAF87662 24 [18]

Lipase 258 Pseudomonas mendocina 2FX5_A 31 [5]

Lipase 282 Pseudomonas stutzeri
A1501

YP_001174476 29 [51]

Lipase 309 Geobacillus sp. Y412MC10 ZP_03040339 22 Lucas et al. 2009 (Unpublished)

Triacylglycerol

lipase

319 Thermobifida fusca YX YP_288943.1 21 [30]

Fig. 1 Schematic

representation of the contig that

was sequenced and that carried

the lipIAF1-6 gene
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around the corresponding molecular weight (27.4 kDa) of

the protein (Fig. 3, lanes 1 and 2). The nature of the

protein hydrolysing the substrate MUF-butyrate was

confirmed to be LipIAF1-6 by mass spectrometry analysis

(results not shown). Purification of LipIAF1-6 was per-

formed in a single step using HIC HiTrap Butyl Sepharose

4 Fast Flow column. The flow-through collected after

the passage of the crude extract was kept to assess the

presence of any lipolytic activity. The results demon-

strated that the total amount of the enzyme was bound to

the column, since no activity was observed in the flow-

through. Elution of LipIAF1-6 started when the concen-

tration of ammonium sulphate in the buffer was zero,

although it seemed that its affinity to the ligand was

high, because a second peak of protein corresponding

to LipIAF1-6 was observed when ethylene glycol was

applied on the column. Overall, the fractions containing

the purified protein were pooled, and the Bradford method

was performed to determine the amount of purified

protein. Afterwards, spectrophotometric assays were per-

formed at room temperature, using Tris–HCl 50 mM

buffer (pH 8.5) containing 0.05% CaCl2 and p-NP

decanoate as substrate. Both the crude and purified sam-

ples were assayed to determine the yield of purification.

In total, 31 mg proteins was applied on the column, and

15 mg LipIAF1-6 was collected after purification. This

single step was sufficient to recover 91.7% of the enzyme.

Furthermore, the purification factor was established to be

1.9. Finally, the purity of the enzyme was confirmed by

silver-stained SDS–PAGE before characterization of the

enzyme (Fig. 3, lane 4).

Effect of pH and temperature on enzyme activity

and stability

The effect of pH and temperature on activity was deter-

mined spectrophotometrically by monitoring the activity of

the lipase towards p-NP decanoate. The activity of

Fig. 2 Amino acid alignment

of LipIAF1-6 lipase with the

most related lipolytic enzymes

from P. mendocina (2FX5_A),

P. stutzeri A1501

(YP_001174476), an uncultured

bacterium (AAF87662),

Geobacillus sp. Y412MC10

(ZP_03040339) and T. fusca
YX (YP_288943.1). Identical,

conserved and semi-conserved

residues are marked by asterisk,

colon and period, respectively.

The conserved residues present

in the catalytic triad (Ser, Asp,

His) are marked by black dots
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LipIAF1-6 was maximal in Tris–HCl buffer 50 mM

(pH 8.5) containing 0.05% CaCl2. The lipolytic activity

was still high between pH 8 and 9.5 but started to drop at

more alkaline pH (Fig. 4). When pH was below 8, the

activity was very low; about 60% of activity was lost when

compared with the activity at pH 8.5 (100% value). The

activity and stability of the enzyme at various temperatures

are shown in Fig. 5. The enzyme preferred high tempera-

tures between 50�C and 70�C. The 100% value was

attributed to a temperature of 60�C. Between temperatures

of 45�C and 70�C, more then 80% of activity was retained.

On the contrary, at temperatures of 40�C and below,

hydrolysis of p-NP decanoate was reduced (Fig. 5).

Furthermore, when the enzyme was incubated for 30 min

at temperatures ranging from 40�C to 70�C before the

spectrophotometric assays, it was observed that its activity

was identical to that of the control kept on ice (Fig. 5).

However, after being incubated for 30 min at 80�C, the

enzyme lost about 70% of activity.

Substrate specificity

Substrate specificity of the purified enzyme against dif-

ferent fatty acid esters of p-nitrophenyl was assessed at

60�C in Tris–HCl 50 mM (pH 8.5) with CaCl2. The results

demonstrated that LipIAF1-6 can hydrolyse a broad range

of triglycerides (Fig. 6). All chain lengths from 4 to 18

carbons were cleaved, although the preference was for

p-NP C4 (4,287 IU/mg) and p-NP C5 (3,548 IU/mg).

Activity towards substrates with longer chain lengths

(p-NP C16 and p-NP C18) was still significant: 2,422 and

2,145 IU/mg, respectively (Fig. 6).

Effect of various compounds on enzyme stability

and activity

LipIAF1-6 showed no significant increase or decrease of

activity when incubated with 10 mM CaCl2 (107%), CuCl2
(96%), MgCl2 (96%), MnCl2 (105%), ZnCl2 (104%) and

EDTA (95%). However, CoCl2, HgCl2 and DTT slightly

inhibited the enzyme, reducing activity to 86%, 88% and

85% at 10 mM concentration, respectively. Furthermore,

PMSF, a known inhibitor of serine proteases, inhibited

LipIAF1-6 activity, which only retained 61% and 29% of

activity after incubation with 1 and 10 mM concentrations.

As for the effect of other compounds, the activity of the

lipase was unchanged when the incubation took place with

10% water-miscible solvents. When the concentration

was increased to 30%, acetonitrile, ethanol, methanol and

Fig. 3 Silver-stained SDS–PAGE of proteins secreted by S. lividans
10-164 expressing LipIAF1-6 (lane 1) following zymogram analysis

with MUF-butyrate (lane 2) and the purified lipase (lane 4).

Molecular size markers (lane 3) was Broad Range from Bio-Rad

Fig. 4 Effect of pH on enzyme activity. Tris–HCl buffers were used

from pH 7.2 to 9 (filled circles) and NaOH–glycine buffers from pH 9

to 11.3 (filled triangles)

Fig. 5 Effect of temperature on enzyme activity (filled circles) and

stability (filled squares)

Fig. 6 Substrate specificity of LipIAF1-6 towards p-nitrophenyl

esters
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acetone seemed to increase the activity towards p-NP C10

(Table 2). Finally, the effect of tensioactive and oxidative

agents was evaluated. All tested compounds had a stimu-

lating effect on the hydrolytic activity following incubation

at 1% of the agents. The activating effect was still observed

when exposed to 5% of the same agents, except for Tween

80 and Triton X-100, which highly inhibited the enzyme,

leaving only 26% and 13% residual activity (Table 3).

Discussion

In the present study, screening of 10,000 clones on tribu-

tyrin (C4:0) allowed sequencing of seven different ORFs

encoding lipolytic enzymes. The metagenomic library was

constructed following extraction of biomass that had been

submitted to high temperature (50–70�C) and alkaline pH

(7–8.5) in the hope of identifying lipases that would cata-

lyze fatty acids in these conditions. The first observation

was that the seven ORFs all presented high G?C content,

often found in the genome of thermophilic bacteria

[20, 27]. LipIAF1-6 represents the second enzyme to be

characterized within this project. Its optimum temperature

(60�C) and pH (8.5) of activity are similar to the optimum

conditions (60�C and 10.5) observed for LipIAF5-2 in our

previous study [32]. Both lipases were novel, presenting

only slight similarity with other known lipolytic enzymes.

Furthermore, the two lipases presented characteristics

corresponding to the enrichment conditions. These results

demonstrate, as in other publications, that enrichment

technologies are useful to favour the growth of adapted

microorganisms encoding biocatalysts with target charac-

teristics [7, 11, 17, 41]. The analysis of the biochemical

properties of the enzyme also demonstrated that LipIAF1-6

was stable for at least 1 h at 60�C (results not shown) and

for 30 min at 70�C, a characteristic that is important for

many commercial applications [33, 38, 49]. The hydrolytic

activity of the novel lipase extended to all experimented

substrates, although there was a marked preference for the

soluble substrate p-NP butyrate. The hydrolytic activity

towards this substrate was evaluated to be 4,287 IU/mg,

which is quite high compared with the activity of some

other thermophilic lipases; for example, the lipase char-

acterized by Elend et al. [10] presented 513 IU/mg at 45�C

and pH 7.2. Another isolated lipase, LipG, showed

458.8 IU/mg using p-NP palmitate as a substrate at 37�C

[26]. Finally, thermostable lipase LipA from Geobacillus

presented 3,586 IU/mg when assayed at 55�C and pH 7

[46]. Several indications tend to classify LipIAF1-6 with

lipases rather than esterases. First of all, the sequence of the

conserved pentapeptide GHSQG is more common in lipa-

ses than in esterases [14]. Moreover, esterases are usually

unable to hydrolyse insoluble substrates ([C10). Other

experiments have shown that the newly isolated lipase does

not depend on the presence of metal ions for its activity,

since most of the cations tested did not significantly affect

the hydrolytic activity. This hypothesis is also confirmed

by the fact that LipIAF1-6 was not affected by the chelator

EDTA, unlike known lipases which need various cations to

enhance their activity [27, 36, 45]. The lipase was only

slightly inhibited by 10 mM HgCl2 (12%) and DTT (15%),

which suggests that disulphide bridges are not essential for

lipase activity. The only compound that altered LipIAF1-6

activity was the serine protease inhibitor, PMSF. The

residual activities after 1 h of incubation with 1 and

10 mM were 61% and 29%, respectively. PMSF usually

binds covalently to the serine residue of the catalytic triad.

However, many lipases contain a mobile structure called

the lid, which covers the active site in aqueous solution,

preventing, in some cases, PMSF inhibition [23, 27].

LipIAF1-6 is not totally inhibited by PMSF, as an esterase

would be [24, 39, 48]. Also, some lipases have shown a

preference for fatty acids having long carbon chains and

were also affected by the inhibitor [40]. The interaction

between the inhibitor and the lipase must depend on several

factors, including their three-dimensional (3D) conforma-

tion at the time of inactivation. Finally, the overall stability

Table 2 Stability of LipIAF1-6 in organic solvents

Organic solvents Relative activity (%) after incubation

with a concentration of (%)

10 30

Control 100 100

Acetonitrile 102 121

Dimethyl sulphoxide 100 105

Ethanol 91 116

Methanol 103 121

Acetone 94 112

Isopropanol 113 106

Table 3 Effect of surfactants and oxidative agents commonly found

in detergents on LipIAF1-6 activity and stability

Tensioactive/oxidative agents Relative activity (%) after incubation

with a concentration of (%)

1 5

Control 100 100

Sodium dodecyl sulphate 181 170

Triton X-100 289 13

Tween 80 208 26

H2O2 115 98

Sodium borate 119 106

Sodium carbonate 117 119
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of thermophile enzymes should also be accompanied by

high stability in solvents and also against surfactants [33].

These features are of critical importance when using lipase

for biotransformation in non-aqueous media or, in the case

of surfactants, for the detergent industry [13, 16, 22, 26,

44]. The experiments conducted on LipIAF1-6 have dem-

onstrated its high stability in all organic solvents tested at

concentrations of 10% and 30%. Other thermostable lipa-

ses have shown similar stability in organic solvents [42,

47]. Finally, detergent formulations often contain different

tensioactive and oxidative agents. The lipase LipIAF1-6

was activated by SDS, Tween 80 and Triton X-100 (1%)

after 1 h incubation at room temperature. Similarly, other

compounds commonly found in detergents, such as H2O2,

sodium borate and sodium carbonate, also enhanced the

enzyme activity. Unfortunately, higher concentrations of

Tween 80 and Triton X-100 (5%) almost completely

inhibited (26% and 13% residual activity, respectively) the

enzyme after 1 h incubation. Detergents have similar

properties to the natural substrates of the lipases, and the

surfactant–enzyme interaction could displace the lid and

activate the enzyme activity, or modify the 3D structure of

the enzyme, thus inhibiting its activity. All these interac-

tions depend on many factors, including the critical micelle

concentrations of the surfactants [18, 35]. Ultimately, this

study has allowed the rapid identification of novel

enzymes, and the high stability of LipIAF1-6 in various

conditions justifies the potential interest of this lipase for

many industrial applications.
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