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Abstract

Lipases and esterases have been recognized as very useful biocatalysts because of their wide-ranging versatility in industrial
applications, their stability, low cost, and non-requirement for added cofactors. The physical properties of lipidic substrates,
typically water insoluble, have determined a great difficulty in studying lipolytic enzymes. A method for fast and simple
detection of lipolytic activity, based on the use of 4-methylumbelliferone (MUF)-derivative substrates was developed. The
system has been used for the detection of lipase activity either from microbial colonies, cell culture suspensions, or from
proteins separated on SDS-polyacrylamide or isoelectric focusing gels. The use of MUF-derivative substrates has also been
extended to the quantitative determination of lipolytic activity from a variety of assays including optimum pH and temperature
determination, growth dependency, kinetics or stability studies, or residual activity quantification after treatment with potential
inhibitors. The method has shown to be a useful tool for the characterization of a variety of lipases from microbial origin,
including those cloned in heterologous hosts.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction physiological functions of most microbial lipases or
esterases are not clear, some of them being proba-
Lipases (glycerol ester hydrolases, E.C. 3.1.1.-) are bly involved in metabolic pathways to provide carbon
hydrolases acting on the carboxyl ester bonds presentsources, in plant cell-wall degradation, in pathogenic-
in acylglycerols to liberate organic acids and glyc- ity, or in biocide detoxificatiorf4]. However, lipases
erol. Triacylglycerols are mainly uncharged insoluble and esterases have been recognized as very useful bio-
lipids, although those with short-chain fatty acids are catalysts because of their great versatility in indus-
slightly soluble in water. The physical properties of trial applications. Practical use of microbial lipases has
lipids have caused many difficulties in studying the determined a great interest concerning the improve-
characteristics of lipolytic enzymés]. ment of both the producing strains and the biochemi-
A variety of lipases from microbial origin with dif-  cal properties of lipolytic enzym¢$,6].
ferent enzymological properties and substrate speci- A large number of methods for measuring lipolytic
ficities have been found and characterif2@]. The activity have been reported, most of which differ on
the systems used for substrate solubilization, and the
"+ Corresponding author. Tek34-3-4034627; type of activity marker emplqyg{ﬂ,?]. Thg choice
fax: +34-3-4034629. of a method for enzyme activity determination de-
E-mail address: pdiaz@bio.ub.es (P. Diaz). pends on the type of enzymes being studied and the
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information required. Traditionally, lipases have been pRB473[26] were used as cloning and expression

assayed by radiometric or titrimetric techniqUe$. vectors.

Radiometric methods are the most sensitive but re-

quire the use of radiolabelled and expensive substrates.2.2. MUF-staining technique

On the other hand, titrimetric systems suffer from low

sensitivity[7]. For experiments involving a large num- Stock solutions of MUF-butyrate (25mM) or

ber of assays or non-purified samples, it is convenient MUF-oleate (100 mM; Sigma, USA) in ethylenegly-

to use chromogenic or fluorogenic substrates which col monomethylether (§HgOy) in the presence of

can simply and rapidly be tested. Nevertheless, many 50 mM phosphate buffer, pH 7.0 were prepared and

chromogenic substrates show low specificity and sen- used for further assays. Lipase producing microbial

sitivity, or become spontaneously hydrolyzed under strains grown on solid medium were detected under

certain conditions, which represents the major disad- UV illumination after covering the plate surface with

vantages of using these type of substraigs a 100uM solution of MUF-butyrate[11]. Detection
Therefore, efforts to improve systems for lipase ac- of lipolytic activity from cell suspensions or cell frac-

tivity detection from purified or non-purified prepara- tions was performed by transferring a small aliquot

tions are desirable. The use of lipidic substrates linked (5 wl) of each sample onto filter paper, and addition of

to fluorescent compounds provides a sensitive method 5 .l of 25 mM MUF-butyrate stock solution, followed

for detection and quantification of enzyme activity
in biological systemg8,9]. Among the fluorogenic
substrates, 4-methylumbelliferone-derivatives, com-
mercially available in a wide range of chain-length,
have shown to be useful tools for lipase activity deter-
mination[9-11]. In this report we describe the use of
MUF-derivative substrates for the complete charac-
terization of several lipases well suited for biotechno-
logical applications, some of which have already been
cloned and expressed in heterologous hfis?s-15]

2. Experimental
2.1. Srains, plasmids and growth conditions

Bacillus subtilis MB216 [16], Bacillus sp. BP-7
[17], and Paenibacillus sp. BP-23[18] were used as
gene donors and grown in nutrient broth at°80
Escherichia coli 5K [19], Saccharomyces cerevisiae
strains 13bxV4 (CECT10837trpl]) and CENPK
113-11A (rp1-289 his3-A1) [20,21] andB. subtilis
strains MB216 and BCL105{22], were used as re-
cipient hosts for recombinant plasmids. coli was
grown in LB medium at 37C. S. cerevisiae strains
were routinely grown at 30C in YPD [21], and oc-
casionally in Difco Minimal Medium [0.17% YNB
w/o amino acids+0.5% NH(SOy)2] plus glucose
(2%) or olive oil (1%), supplemented in some cases
with histidine [23]. Plasmids pBR322, pUC1R4],
YEplac112[25], and the pUB110-derivative plasmid

by UV illumination of the paper. This procedure
was also used to select the most convenient working
concentration of MUF-substrate for a given sample,
or to determine the amount of enzyme required for
hydrolyzing a defined MUF-substrate. Detection of
lipolytic activity on MUF-butyrate was achieved in
less than 1 min, while hydrolysis of MUF-oleate usu-
ally required a 15 min incubation at room temperature
[11].

2.3. Electrophoresis and zymograms

SDS-PAGE was performed in 10% (w/v) gels, es-
sentially as described by LaemnijR7]. Isoelectric
focusing was performed in a Pharmacia Phast Sys-
tem Unit, using gels with a pH range 3.0-9.0. After
the run, gels were soaked for 30 min in 2.5% Triton
X-100® at room temperature, briefly washed in 50 mM
phosphate buffer, pH 7.0, and covered by a solution
of 100pM MUF-butyrate or 20.M MUF-oleate in
the same buffefll]. Activity bands became visible
in a short time after UV illumination. Following zy-
mogram analysis, both SDS-PAGE and IEF gels were
subsequently stained with Coomassie Brilliant Blue
R®-250, and protein bands visualized.

2.4. Nucleic acid manipulation and cloning
procedures

Plasmid and genomic DNA were purified es-
sentially as described24]. Restriction nucleases
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and DNA-modifying enzymes were obtained from
Bio-Labs and used according to the manufacturer’s
specifications. Northern hybridization analysis (not
shown) and DNA manipulations were performed as
described[24]. Primer oligonucleotides were pur-
chased at Gifco BRL, anBfu polymerase was from
Stratagene. DNA was sequenced as descrB8{
homology analyzed through BLAS[R9], and align-
ments were performed using ClustalW (1.74) Multal-
ign software fittp://www?2.ebi.ac.uk/clustalw

Gene libraries fromPaenibacillus sp. BP-23 and
Bacillus sp. BP-7 were constructed as described pre-
viously [28,13] and the clones coding for esterases
EstA and EstA1l, respectively, were isolated for further
characterizatiorB. subtilisMB216 lipase A gene was
isolated by PCR amplification and cloned in several
hosts as previously describgh].

2.5. Activity assays

Determination of lipolytic activity was routinely
performed from crude cell extracts or concentrated
culture media[12]. Activity was determined by
measuring the release qfara-nitrophenol PNP)
or 4-methylumbelliferone (MUF) frompNP or
MUF-derivative substrates. For colorimetric assays,
0.3% stock solutions opNP-derivatives (0.15% for
pNP-palmitate andpNP-stearate) were prepared in
isopropanol, and emulsified by sonicati{80]. The
reaction mixture consisted of 450 of a 1:10 dilution
of the substrate stock solution in 50 MM phosphate
buffer pH 7.0, containing 0.1% Arabic gum and 0.4%
Triton X-100®, and 5Qul of cell extract. This mixture
was incubated at 37T for 15min, the reaction ter-
minated by addition of 3pl of 0.1 M NaCOs, and
the releaseNP determined by measuring the ab-
sorbance at 410 nm. One unit of activity was defined
as the amount of enzyme that releasedrol of pNP
per minute under the assay conditions described.

Fluorometric assays using MUF-derivative sub-
strates were usually performed as time—drive plots
in a Hitachi F-2000 spectrofluorimeter (Hitachi,

ing vigorously [31]. The reaction mixture consisted
of 1.5 ml of 50 mM phosphate buffer pH 7.0 contain-
ing 0.1% Arabic gum and 0.4% Triton X-180 to
which 6pl MUF-derivative stock solution and 4

cell extract were added. Activity was determined by
measuring the increase of fluorescence emission due
to the release of MUF caused by hydrolysis, accord-
ing to previously generated standard plfit2]. One
unit of activity was defined as the amount of enzyme
required to release jimol of MUF per minute under
the conditions described.

Optimum pH was established using 50 mM sodium
succinate (pH 4-6), phosphate buffer (pH 6-7.5),
Tris—HCI (pH 7-9), and glycine buffer (pH 9-12) in
the standard fluorometric assay. To subtract the effect
of pH on fluorescence emission, the reactions were
terminated by addition of 3@l 20% HCI so that
fluorescence could be measured under the same con-
ditions for all samples. Determination of the optimum
temperature or stability was performed by incubating
the reaction mixtures or crude cell extracts at dif-
ferent temperatures prior to determination of MUF
release. For inhibition studies, assays were performed
on pNP-laurate and MUF-butyrate in the presence
of several metal ions, enzyme modifiers or chemical
agents, and the residual activity was measured with
respect to that of untreated samples.

3. Results and discussion
3.1. creening for lipase activity

MUF-derivative substrates were used for the detec-
tion and isolation of lipase or esterase-producing mi-
crobial strains. This is routinely one the first steps in
the study of microbial lipolytic activity. As shown in
Fig. 1A, MUF-derivative substrates provide a fast and
simple tool for lipolytic activity detection. Lipase pro-
ducing microbial strains can easily be identified af-
ter growth on agar plates, by addition of the chosen
MUF-derivative substrate solution onto the plate. A

Japan). The fluorescence release caused by hydrolfluorescent signal is visible only for strains bearing
ysis of the fluorogenic substrates was measured atlipolytic activity (Fig. 1A).

rex = 323 nm andiem = 448 nm, established as the
maximum under our assay conditions. Stock solutions
of MUF-derivative substrates (25 or 100 mM) were

Once selected the lipase or esterase producing mi-
croorganisms on solid media, fast detection of activity
in cell suspensions~g. 1B) or purified enzyme so-

prepared as described above and emulsified by shak-utions (ig. 10 can be performed by transferring a
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Fig. 1. Activity detection on agar plates and filter paper. (A)
Recombinan€. coli XI1 colonies expressing esterase EstAl from
Bacillus sp. BP-7. (B) Whole cell suspensions of lipolytic strains
Bacillus sp. BP-7 (1),Paenibacillus sp. BP-23 (2),Burkholderia
cepacia R6 (4), recombinanE. coli 5K expressing EstA from
Paenibacillus sp. BP-23 (5), and the non-lipolytic strah coli 5K
(3). (C) Several Pancrealip&elilutions assayed on MUF-oleate;
samples 1-6 correspond tdd4 108, 2.45x 1075, 1.22x 1075,
6.1x10°7,3.0x 1077, and 15x 10~/ enzyme units, respectively.
C+ and G- are the control samples.

small aliquot of each sample onto filter paper, and
addition of a MUF-derivative solution to the sam-
ples. UV transillumination of the papefFig. 1B)

allows the identification of the lipase or esterase

producing cells by appearance of a fluorescent sig-
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Fig. 2. Zymogram analysis performed on SDS-PAGE gels.
(A) Zymogram from an SDS-polyacrylamide gel of different
Pancrealipage dilutions analyzed with MUF-butyrate. Samples
(1-9) correspond to .9 x 1078, 49 x 107, 245 x 1075,
1.22x 10°%, 61 x 107, 3.0 x 1077, 1.5 x 107, 7.5 x 1078,

and 37 x 108 enzyme units, respectively. (B) SDS-PAGE of cell
fractions fromE. coli 5K bearing Paenibacillus sp. BP-23 es-
terase A, analyzed for lipolytic activity using MUF-butyrate (right)
and subsequently stained with Coomassie Brilliant BIfe 280
(left) to determine the molecular mass of the active proteins. The
samples loaded correspond to peryplasm (1), cytoplasm (2), and
membrane-bound proteins (3).

for protein and enzyme characterization. Conventional

nal. The same system can be used as well for the staining methods allow the identification of purified

detection of lipolytic activity in different cell frac-

tions, to determine the amount of enzyme required
for activity detection, or as a tool to select the most
convenient MUF-substrate concentration for a given

sample (not shown). Using the described method,

6.1 x 10~/ units of PancrealipaSecould be detected
on MUF-butyrate, while 2 x 10~ units of the en-
zyme were detected on MUF-oleatéid. 10). In all
cases, detection of lipolytic activity was achieved in
less than 15 min under UV illumination.

3.2. Zymogram analysis

Separation of proteins in polyacrylamide or isoelec-
tric focusing gels is a common analytical technique

lipases, but non-purified enzymes have to be detected
through zymograms, usually performed by overlay
technique$32]. MUF-derivative substrates were used
for the rapid detection of lipases and esterases sepa-
rated on SDS-PAGE and IEF geBBig. 2A shows a
zymogram analysis performed with MUF-butyrate of
several Pancrealipa®alilutions separated on a 10%
SDS-polyacrylamide gel. In contrast to other zymo-
graphic systemg32], the sensitivity range of this tech-
nique is extremely high, allowing detection of61x

10~7 units of Pancrealipa$eon MUF-butyrate in less
than 15 min. The short time required for activity detec-
tion on gels greatly contributes to prevent protein dif-
fusion, thus allowing a most accurate determination of
the protein molecular weight. Nevertheless, the degree
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of sensitivity of the system is a function of the prop-
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section.Fig. 3 shows the production of lipolytic ac-

erties of the enzyme analyzed and the substrate usedtivity along growth ofPaenibacillus sp. BP-23 strain

According to this, higher amounts of enzyme were
needed (5 x 1076 units of Pancrealipa$® when

(Fig. 3A), and the production of lipase A in parental
strains and recombinant clones ®fcerevisiae bear-

MUF-oleate was used as a substrate in the zymograming B. subtilislipA gene Fig. 3B). Fig. 3A shows that

(not shown).
An important advantage of the zymographic tech-
nique described is that after activity detection, the

there is a growth-dependent expression of lipases in
strainPaenibacillus sp. BP-23, as the highest amount
of lipolytic activity appeared after 24 h incubation.

same gels can subsequently be stained with a conven-On the contrary, expression &. subtilis lipase A

tional dye in order to determine the molecular mass
of the active proteinsKig. 2B and . This fact and

the lack of protein diffusion due to the short reaction
time allow a great accuracy in the determination of
the molecular weight of a given enzyme, not provided
by the conventional overlay systems or by analysis of
proteins and activity in separate gelisg. 2B and C

show the same gel containing different cell fractions

in recombinantS cerevisiae strains is mainly con-
stitutive, with a maximum peak of production after
24 h growth. Activity was found at the cell extract
fractions of these clones from the beginning of the
exponential phase for both MUF-butyrateid. 3B)
and MUF-oleate Kig. 30 substrates. These results
are in agreement with the use of a constitutive yeast
promoter in the recombinant constructiofist]. As

of lipolytic strainPaenibacillussp. BP-23, analyzed as
a zymogramig. 20, and subsequently stained with
Coomassie Brilliant Blue R-250 (Fig. 2B). The active activity.
bands detected by the zymogram are not visible at the Lipases exhibit different kinetic behaviors depend-
Coomassie Blue stained gel due to their low protein ing on the properties and concentration of the sub-
contents. Zymographic analysis with MUF-derivatives strate they hydrolyze. An interfacial activation of true
was also used for the determination of the isoelectric lipases occurs at high substrate concentration or when
point of several lipolytic enzymes (not shown). Like long chain-length substrates are used. On the con-
in the case of PAGE, IEF gels can subsequently be trary, esterases and other lipolytic enzymes display a
stained by conventional dyes, and the pl of the ac- Michaelis—Menten behaviour, without interfacial acti-
tive proteins established with great accuracy. Tradi- vation [1,3]. Therefore, we used the MUF-derivative
tional zymographic analysis of lipases are less sen- substrate-based spectrofluorometric method to assay
sitive, time consuming and more expensive proce- the substrate specificity and kinetic parameters of li-
dures. For this reason, the higher effectiveness of the pases.Table 1shows the results obtained f&aeni-
method described makes it a very valuable tool for bacillussp. BP-23 EstABacillussp. BP-7 EstAl, and
straightforward detection of lipolytic enzymes even B. subtilis LipA, assayed from crude cell extracts of
from non-purified or non-concentrated samles|. the corresponding clonesk coli 5K. In all cases, ac-
tivity was higher on MUF-butyrate, indicating a pref-
erence of these enzymes for short chain-length sub-
strates. A significant decrease of activity was observed
as the length of the fatty acid chains increased, a be-
Biochemical characterization of enzymes requires havior similar to that described for true esteralds
the use of systems that allow accurate quantification The kinetic parameters of the cloned enzymes were
of activity. We extended the use of MUF-derivative analyzed on MUF-butyrate and MUF-oleate. For both
substrates to the determination of lipolytic activity in substrates, a standard Michaelis—Menten plot was ob-
samples from different origin and under a variety of tained (not shown), with the apparent constants shown
conditions. in Table 1 According to the proposed model for es-
Growth dependency of enzyme production by mi- terases and true lipases, the three enzymes displayed
crobial strains or by recombinant microorganisms the typical properties of esterases, showing no interfa-
bearing lipase genes was evaluated by spectroflu- cial activation by substrate concentration. The results
orometry assays, as described in the experimental obtained are not surprising fBaenibacillussp. BP-23

expected, parental yeast strains lacking lipase A,
used as control samples, showed negligible lipolytic

3.3. Characterization of lipases using
MUF-derivative substrates
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Fig. 3. Use of MUF-derivative substrates for lipase activity determination. Growth dependency of lipase activity produeammbiacillus

sp. BP-23; @) absorbance at 600 nm() secreted activity, measured with MUF-butyrate (A). Cell extract lipase activity found on
MUF-butyrate (B) or MUF-oleate (C) foB cerevisiae strains 13bxV4 (squares) and CENPK113-11A (circles) transformed with plasmid
YE[pACT1-ssInv-LipA-T] (empty symbols) or YEplac112 (control samples, solid symbols), grown in YPD medium.

EstA orBacillussp. BP-7 EstAl, previously described A number of enzyme activity inhibitors were
as esterasd$2,13]. AlthoughB. subtilis LipA has for also studied by fluorometric techniques using MUF-
a long time been considered a true lipase, our results derivatives.Fig. 4B shows an example of enzyme
agree with recent reports indicating that no interfa- inhibition caused by phytic acid on Pancrealigase
cial activation is required for activity, as the enzyme Increasing concentrations of phytic acid were added
lacks a structurak-helix fold that acts to prevent true  to the reaction mixture, and residual activity was mea-
lipases from displaying activity in the absence of an sured using MUF-butyrateF{g. 4B) or MUF-oleate

interface[4,33,34] (not shown). A concentration of 0.31% phytic acid
Table 1
Specific activity andKy,, values of tested lipases for different MUF-derivative substrates

Paenibacillus sp. BP-23 EstA Bacillus sp. BP-7 EstAl Bacillus subtilis LipA

Units (mg) Km (MmM) Units (mg) Km (mM) Units (mg) Km (mM)
MUF-butyrate 9.5 0.0155 0.28 0.026 0.13 0.031
MUF-oleate 1.2x 1074 0.029 3x 1073 0.055 0.02 0.044

Activity values are the mean of three independent assays.
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Fig. 4. Characterization of lipases using MUF-derivative substrates. (A) Optimum temperature determinaiooofor5K cell extracts
bearing EstA1 fronBacillus sp. BP-7, using MUF-butyrate. (B) Inhibition of Pancrealifasetivity caused by phytic acid, measured with
MUF-butyrate. (C) Optimum pH determination f&. coli 5K cell extracts bearing EstAl frorBacillus sp. BP-7, using MUF-butyrate.
The reaction was performed at different pH in the presence of succi@®tephosphate@), Tris—HCI (), and glycine #) buffers. (D)
Thermal stability ofBacillus megaterium lipase A cloned inE. coli 5K, measured using MUF-butyrate. Temperatures assayed wege: 4
(A), 20°C (0), 30°C (@), and 45C (®). The highest relative activity value for each parameter analysed was set at 100.

caused a 50% reduction in Pancrealifaaetivity on for Bacillus sp. BP-7 EstAl esterase cloneddncoli
MUF-butyrate. However, we must point out that when 5K, performed using MUF-butyrate. As shown in the
inhibition assays are performed using MUF-derivative plots, maximum activity of the enzyme was achieved
substrates, quenching of fluorescef®%, potentially at pH 7.0 and 48C. The system described was also
caused by the added substances or their solvents, mussuccessfully used for measuring the thernfad(4D)
be taken into account, and accurate standard plotsor pH stability of lipases and to study the need for
must be performed for each compound as well as for cofactors of these enzymes (not shown). Lipase A
the solvents used. In all our determinations, standard from B. megaterium [15] displayed good thermal sta-
plots for both the compound and the solvent were bility in the temperature range from O to 30, being
constructed and used to calculate the quenching effect.fully active for at least 40 daysF{g. 4D). When
Determination of optimum pH and tempera- incubated at 45C, a rapid decrease of activity was
ture for lipase activity was also performed using detected, reaching 50% of the initial activity after
MUF-derivative substrates. However, both parameters 2.5 h incubation. All the activity determinations were
cause important effects on fluorescence emisigbh performed in triplicate, and control plots were ob-
For this reason, a simple modification of the standard tained for each sample. The reliability of the method
protocol was established, based on stopping the reac-was studied usingara-nitrophenyl-derivatives as al-
tion with HCI and bringing all samples to the same ternative substrates. The results obtained following
pH and temperature conditions before measuring the the protocol described in the experimental section
fluorescence emissioRig. 4shows the determination  [12] (not shown) confirmed the reproducibility of the
of optimum temperature~g. 4A) and pH Fig. 40 MUF-based system.
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The results obtained indicate that detection and
determination of lipase activity using MUF-derivative
substrates provides a fast, sensitive and accurat
system to gain information about the biochemical
and molecular properties of lipases, allowing thus to
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