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Introduction

Lipases and esterases, collectively known as lipoly-
tic enzymes, hydrolyze hydrophobic long- and short-
chain carboxylic acid esters, respectively (Arpigny and
Jaeger, 1999; Fojan et al., 2000; Singh et al., 2006).
They are also able to catalyze esterification, transeste-
rification and enantioselective hydrolysis reactions
(Pandey et al., 1999). Due to the lack requirement for
cofactors, stability in organic solvents, chemo-, regio-
and stereoselectivity lipolytic enzymes are important
biocatalysts in many branches of industry. They are
widely used in food industry, manufacturing of cos-
metics and detergents, fats and oils processing, synthe-
ses of fine chemicals and pharmaceuticals, in paper
making, sewage treatment plants, and in polymer
decomposition (Jaeger and Reetz, 1998; Jaeger et al.,
1999; Pandey et al., 1999; Sharma et al., 2001;
Jaeger and Eggert, 2002). Nowadays an increasing
attention has been drawn to potential applications of
cold-active lipolytic enzymes isolated from psychro-

philic and psychrotrophic microorganisms (Rashid
et al., 2001; Kulakova et al., 2004; Ryu et al., 2006)
due to the high catalytic activity at low temperature
and low thermostability.

Our group has isolated a psychrotrophic bacterium
Pseudoalteromonas sp. strain 643A, producing a novel
cold-active esterase EstA belonging to the GDSL
family of bacterial lipolytic enzymes (Cie�liñski et al.,
2007). The subclass of GDSL esterases and lipases is
characterized by a broad substrate specificity and
regiospecificity, so these enzymes could be used in
synthesis and hydrolysis reactions in many branches
of industry (Lo et al., 2003; Akoh et al., 2004). We
have isolated and sequenced the gene encoding esterase
EstA of Pseudoalteromonas sp. 643A and characteri-
zed the purified enzyme from the native source. How-
ever, its heterologous overexpression in E. coli was not
satisfying either due to formation of inclusion bodies
and its probable integration in E. coli cell membrane
(Cie�liñski et al., 2007), or ineffective extracellular
secretion (D³ugo³êcka et al., 2008).
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In this study we describe a new E. coli expression
system in which the cold-active esterase was produced
without its signal sequence to be accumulated in E. coli
cells and to avoid its integration into the cell mem-
brane. The recombinant esterase was purified under
denaturing conditions (8 M urea) and its biochemical
characteristics were assayed without removing the
urea from the reaction mixture. Moreover, we esti-
mated the optimal concentration of urea with respect
to purified enzyme activity and the changes in the
enzyme structure. To this end, the EstA protein struc-
ture was determined using the FT-IR technique in the
presence and absence of urea.

Experimental

Material and Methods

Bacterial strains, plasmids, growth conditions.
E. coli TOP10F� (Invitrogen) and BL21(DE3) (Nova-
gen) were used as the host strains for DNA manipula-
tion and gene expression, respectively. Plasmid pUC19
(Invitrogen) was used for subcloning, and pET22b(+)
(Novagen) was used as expression vector. Plasmid
pLipo1 (Cie�liñski et al., 2007) was used for PCR
amplifications of estA gene. The E. coli strain was
grown on LB medium (Sambrook and Russel, 2001),
supplemented with ampicillin (100 µg/ml), and IPTG
(0,5 mM) (Sigma). IPTG (isopropyl-$-D-thiogalacto-
pyranoside) was used as expression inducer.

General DNA manipulations. DNA manipulations
were carried out according to the standard procedures
(Sambrook and Russel, 2001) or manufacturer�s re-
commendations. Restriction enzymes were purchased
from Fermentas and DNA ligase was purchased from
Epicentre. DNA polymerase Pwo and other PCR re-
agents were purchased from DNA Gdañsk II s.c. Kits
for plasmid isolation and DNA purification were pur-
chased from A&A Biotechnology.

Electrophoresis. Protein fractions were analysed
by sodium dodecyl sulphate-polyacrylamide gel electro-
phoresis (SDS-PAGE) on 15% gel slabs and stained
with Commassie blue (Walker, 1996). The amount of
recombinant protein was evaluated by the optical den-
sitometry of SDS-PAGE gels using the Quantity One
program (Bio-Rad) with the bovine serum albumin
(Sigma) as a standard.

Expression of the recombinant esterase gene in
E. coli and protein purification. Primers used for am-
plification of the estA gene of Pseudoalteromonas sp.
643A were: EstHis-F 5�-ATACATATGCACCATCAT
CATCATCATGACAACACGATTTTAATAC
ACGGAG-3� (containing NdeI recognition site and
sequence encoding poliHis domain) and Est-R 5�-
CCCAAGCTTTTAGACGTTATTTAACCAC-3�

(containing HindIII recognition site) were used. The
boldface parts of primer sequences are complemen-
tary to the nucleotide sequences of the Pseudoaltero-
monas sp. 643A EstA esterase gene, whereas added
recognition sites for restriction endonucleases are
underlined. The obtained PCR product, encoded EstA
esterase devoid of its signal sequence and with His-
tag domain at the N-termini, was cloned into SmaI
site of pUC19 vector, resulting in recombinant plas-
mids of pUC19-EstAHis. The correctness of the con-
structed plasmid was confirmed by DNA sequencing
using ABI 3730 xl/ABI 3700 sequencing technology
(AGOWA GmbH). Expression plasmid for production
of His-tagged esterase EstA was constructed by ex-
cising the estA gene from pUC19-EstAHis by NdeI
and HindIII and ligated into the pET22b(+) plasmid
digested with the same endonucleases to give the
expression plasmid pET22b(+)-EstAHis. The E. coli
strain Bl21(DE3) cells transformed with pET22b(+)-
EstAHis were grown for 16 h at 37°C in LB medium
containing ampicillin (0.1 mg/ml). The preculture was
inoculated (1%) into fresh LB medium containing
ampicillin and cultivation was continued at 37°C to
OD600 of 0.5. The culture was then supplemented with
0.5 mM IPTG and grown for 3 h at 30°C to achieve
the overexpression of GDSL-esterase gene. Cells were
harvested by centrifugation at 16 000×g for 10 min,
resuspended 50 mM Tris-HCl buffer pH 8.0 contain-
ing 300 mM NaCl, 5 mM imidazole, and 8 M urea,
disrupted by sonification, and cell debris was removed
by centrifugation at 16 000×g for 10 min. The enzyme
was purified on His-Bind Resin (Novagen) using de-
naturing conditions, with a gravity flow of 2 ml min�1.
For washing 50 mM Tris-HCl buffer pH 8.0 contain-
ing 300 mM NaCl, 5 mM imidazole, and 8 M urea was
used and esterase EstA-His was eluted with a 50 mM
Tris-HCl buffer pH 8.0 containing 300 mM NaCl,
250 mM imidazole, and 8 M urea. Protein was then
dialyzed against 50 mM Tris-HCl buffer pH 8.0 con-
taining 8 M urea (for activity assays) or against 20 mM
phosphate buffer pH 8.0 (for FT-IR).

Enzyme assays. Esterase activity was determined
spectrophotometrically by measurements of concen-
tration of p-nitrophenol (at 405 nm) released from
p-nitrophenyl butyrate. Reaction mixtures contained
5 µl of 50 mM substrate solution and 5 µl of enzyme
solution buffered in 100 µl of 50 mM Tris-HCl pH
7.5 were incubated at 20°C for 5 min. To determine
urea influence on EstA activity substrate solution and
enzyme solution were buffered in 50 mM Tris-HCl
pH 7.5 containing urea at different concentrations.
However the characterization of EstA esterase under
denaturing conditions was performed for the final
concentration 0.4 M of urea in the reaction mixture.

One unit of esterase activity is equivalent to 1 mmol
of p-nitrophenol released from the p-nitrophenyl bu-

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


213Cold-active esterase from Antarctic bacterium3

tyrate in 1 min at 20°C. For routine enzyme assay,
p-nitrophenyl butyrate (pNPB) (Sigma) was used as
esterase substrate. To determine enzyme specificity
various p-nirophenyl derivatives were used. Short-
chain fatty acid esters of p-nitrophenol (p-nitrophenyl
acetate, p-nitrophenyl butyrate, p-nitrophenyl capry-
late, and p-nitrophenyl decanoate) were dissolved
in acetonitrile whereas long-chain fatty acid esters
(p-nitrophenyl palmitate and p-nitrophenyl stearate)
were dissolved in n-hexane.

FT-IR measurements and analysis. Protein pel-
let suspension (1ml) dialyzed against 20 mM phos-
phate buffer pH 8.0 was resuspended (not solubilized)
in 100 µl of 20 mM phosphate buffer pH 8.0 or com-
pletely solubilized in 20 mM phosphate buffer pH 8.0
containing 8 M urea. To prepare the calibration curve
ten solutions of urea were prepared in the range 0 to
9 M urea (pH 8.0). The refractive index of each sample
was measured with thermostated refractometer (PZO).
High urea concentration excluded the usage of classi-
cal transmission cell. Instead, attenuated total reflec-
tion accessory (ATR) had been used, which allowed
to obtain satisfactory spectra of protein and protein-
urea solutions. The spectra were recorded on Nicolet
8700 spectrometer (Thermo Electron Co.), using the
Golden Gate single-reflection ATR accessory (Specac).
The temperature during measurements was kept at
25 ± 0.1°C using electronic temperature controller
(Specac). For each spectrum 128 scans were collected
with a resolution of 4 cm�1. The spectrometer source
was on Turbo mode during measurement. The spec-
trometer and the ATR accessory were purged with dry
nitrogen to diminish water vapour contamination of
spectra. All ATR spectra were water vapour subtracted
and corrected using advanced ATR correction algo-
rithm (part of the OMNIC software). The absorbance
value at 1160 cm�1 was used to determine the urea
concentration in protein sample. The corresponding
urea spectrum was interpolated using Yanusz.ab pro-
gram run under Grams/32 (Galactic Industry Corpo-
ration) and subtracted from protein spectrum. The ref-
erence water spectrum was subtracted from the
protein spectra to obtain straight horizontal line in the
range of 1900�1720 cm�1. The spectra were smoothed
with a 13-point Savitzky-Golay algorithm. The dif-
ference spectra were analysed using the OMNIC
(Thermo Electron Corporation) and Grams/32 pro-
grams (Galactic Industry Corporation).

Results and Discussion

Gene cloning, expression, and purification of
EstA. EstA esterase was produced as a His-tagged
protein at its N-terminus. Additionally, to avoid accu-
mulating in cell membrane or in periplasm of E. coli,

the enzyme was devoid of its signal sequence. How-
ever, the enzyme accumulated in the cytoplasm as in-
clusion bodies, which were easily solubilized in buff-
ers containing 8 M urea. Surprisingly, esterase activity
was at high level and was found to precipitate during
dialysis against buffers without urea. The EstA esterase
shown the highest activity in the presence of 1 M urea
whereas it partially lost the activity at lower or higher
denaturant concentrations (Table I). The applied ex-
pression system was quite efficient, giving about
140 mg of esterase from 1 L induced culture. As
a result of purification in �denaturant� conditions about
80 mg of electrophoretically homogenous protein was
obtained, with a specific activity of 420 U mgEstA

�1

(Fig. 1),which was the highest activity in comparison
with all previous attempts (Table II).

The enhancement of activity in the presence of
urea at low concentration was also observed for some
other enzymes (Kaufman, 1968; Narayanasami et al.,
1997; Zhang et al., 1997; Kumar et al., 2003;
Shahnawaz et al., 2007). The presence of urea (at low
concentration) in the environment of the protein
causes some slight conformal changes in the neigh-
borhood of the active site. These changes in the se-
condary and tertiary protein structure might promote
the more open enzyme conformation (Deshpande
et al., 2001; Kumar et al., 2003) or make the active
site more flexible (Zhang et al., 1997).

The esterase EstA Pseudoalteromonas sp. 643A
which possesses its esterolytic activity in the presence
of urea might be useful due to its simple purification
procedure for some biotechnological applications:
there is no need to remove the denaturant after solu-
bilisation of inclusion bodies. However, it is important

0.08 387.0 ± 2.34 58

0.1 431.0 ± 2.53 65

0.2 464.0 ± 2.19 70
0.3 464.0 ± 2.50 70

0.4 420.0 ± 2.78 63

0.5 420.0 ± 2.11 63
0.6 409.0 ± 4.19 62

0.7 464.0 ± 2.43 70

0.8 442.0 ± 2.32 67
0.9 464.0 ± 2.17 70

1 663.0 ± 2.45 100

2 420.0 ± 2.54 63
4 132.0 ± 2.03 20

6 126.0 ± 2.80 19

8 99.0 ± 3.23 15

Table I
EstA activity at different urea concentrations.

Urea concentation
[M]

Specific activity
[U × mg

EstA
�1]

Relative activity
[%]

Average ± SD, (n = 3).
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to evaluate the optimal concentration of urea with
respect to enzyme concentration in the reaction con-
dition e.g. 1 M urea for recombinant EstA enzyme.
On the other hand, for some applications the purifica-
tion of EstA might be unnecessary � the E. coli pro-
teins coproduced with EstA should be inactive in the
presence of denaturing agent.

Characterization of EstA esterase at denaturing
conditions. The optimum temperature for activity of

recombinant enzyme was 20°C. Esterase retained
above 40% of maximum activity at 0°C and lost it
rapidly above 20°C (Fig. 2a). It was found to be stable
at the temperature near to 0°C and it was completely
unstable after 1 h incubation at 30°C (Fig. 2b). The
optimum pH range for the enzyme activity and sta-
bility is from 7.0 to 8.5 (Fig. 2c, d). Studies of the
substrate specificity of purified recombinant EstA
esterase performed by comparing enzymatic activity

Fig. 1. Purification of EstA esterase.
Lane 1 � Unstained Protein MW Marker (Fermentas); lane 2 � E. coli BL(DE3), cell fraction;

lane 3 � E. coli BL(DE3) + pET22b(+)-EstAHis, soluble fraction of total lysate; lane 4 � fraction of unbounded proteins;
lane 5 � fraction of protein collected during washing; lane 6 � protein fraction after purification and dialysis.

EstA from a native source � Pseudoalteromonas sp. 643A 3.78 10.8 51 Cie�liñski et al., 2007

Recombinant EstA produced in E. coli cells,
23 0.21 0.01

Cie�liñski et al., 2007;
purified from inclusion bodies unpublished data

Recombinant EstA co-produced in E. coli
D³ugo³êcka et al., 2008;with ABC transporters of Pseudoalteromonas sp., 28 362 10.3
unpublished data

 purified from culture medium
Recombinant EstA produced in E. coli cells,

80 3.3 104 420 This study
purified in urea-containing buffer

Table II
Comparison of various methods for EstA isolation and purification. Data relate to protein purified from 1 L culture.

Isolation and purification
Total protein

[mg]
Total activity

[U]
Specific activity

[U/mg
EstA

]
Reference

towards various chromogens (p-nitrophenyl deriva-
tives) revealed that the preferred substrate for EstA
esterase is p-nitrophenyl butyrate, but it hydrolyses
also esters of shorter- (p-nitrophenyl acetate) and
longer-chain (p-nitrophenyl caprylate) fatty acids
(Table III). Enzyme was strongly or completely in-
hibited by 5 mM Cd2+, Co2+, Cu2+, Ni2+, and Zn2+

ions, whereas Ca2+ and Mg2+ ions were found to acti-
vate it (Table IV). Furthermore, 5 mM thiol com-
pounds strongly decreased esterase activity (Table V).
Recombinant esterase was also activated by EDTA,

p-nitrophenyl acetate 2 62

p-nitrophenyl butyrate 4 100

p-nitrophenyl caprylate 8 21

p-nitrophenyl decanoate 10 3

p-nitrophenyl palmitate 16 1

p-nitrophenyl stearate 18 0

Table III
EstA activity for p-nitrophenyl esters.

Substrate
No. of C atoms
in alkyl chain

Relative activity
[%]
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but it can be easily explained by chelating Ni2+ resi-
dues used in purification step.

The performed biochemical characteristic of recom-
binant EstA revealed that enzyme produced in E. coli
cells and dissolved in buffer with urea possesses simi-

lar properties (Tables III�V) to esterase isolated from
the native source without addition of urea (Cie�liñski
et al., 2007). The main difference is the tempera-
ture dependence activity (Fig. 2a) and thermal stabi-
lity (Fig. 2b), respectively. Recombinant EstA in the

Residual activity [%] 103 18 30 12 189 69 4 8 100

Table IV
Effects of selected chemicals on EstA activity. The enzyme was incubated for 1 h at 20°C with

the reagent (5 mM) and the residual activity was assayed under standard conditions.

Reagent Ca2+ Cd2+ Co2+ Cu2+ Mg2+ Mn2+ Ni2+ Zn2+ None

Fig. 2. Effects of temperature and pH on EstA activity and stability.
(a) � temperature dependence of EstA activity. (b) � thermal stability after 1 h incubation of EstA at various temperatures;

(c) � pH dependence of EstA activity; (d) � pH-stability after 1 h incubation of EstA at various pH; comparatively, results for native EstA
esterase (Cie�liñski et al., 2007) were added and indicated with dashed lines, results for recombinant EstA esterase with continuous line.

presence of urea was found to show the highest activ-
ity at the temperature of 20°C and it completely lost
its stability after 1 h incubation at 30°C. In contrast,
enzyme isolated from a native source without addi-
tion of urea displayed its maximal activity at the tem-
perature of 35°C and was much more stable at higher
temperatures- the complete inactivation occurred after
1 h incubation at 65°C. Another difference is that the
recombinant enzyme in the presence of urea is active
and stable in more narrow range (Fig. 2c, 2d). These
differences were probably connected with the esterase
EstA structure, which was slightly changed in the

2-mercaptoethanol 13

DTT 10

EDTA 281

Glutathione-SH 20

PMSF 23

None 100

Table V
Effects of selected chemicals on EstA activity. The enzyme
was incubated for 1 h at 20°C with the reagent (5 mM) and
the residual activity was assayed under standard conditions.

Reagent Residual activity [%]
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presence of urea (Desphande et al., 2001; Grinberg
et al., 2008). The decreasing of the optimum tempera-
ture for the EstA activity in the presence of urea might
be another advantage of using the enzyme for some
specific applications. However, to explain the role of
this denaturant in decreasing of the optimal tempera-
ture for enzyme activity, the esterase EstA structure
without addition of urea has to be solved.

Analysis of the EstA structure in the presence
of urea. In the amide I region of protein spectra
(1600�1700 cm�1) it is possible to distinguish several
overlapped bands characteristic to various structures
(e.g. $-sheets, "-helix) (Arrondo and Goni, 1999; Barth

and Zscherp, 2002). By means of different mathemati-
cal methods (second derivative, Fourier self-decon-
volution) the amide I band can be resolved into indi-
vidual components, allowing describing the secondary
structure of a given protein. The peak-fitting tech-
nique allows describing the amide I band shape with
a few synthetic bands of specified shape. Such resolved
amide I band and its components allow to ascribe the
percentage participation of particular secondary struc-
ture in the overall structure of a given protein (Barth and
Zscherp, 2002). Figure 3a reveals that the main struc-
tural components of the EstA protein in 20 mM phos-
phate buffer are both "-helices (band near 1655 cm�1)

Fig. 3. Decomposition of amide I band into Gaussian-Lorentzian product components.
(a) the amid I band (solid line) of EstA in 20 mM phosphate buffer pH 8.0; (b) EstA dissolved in 8M urea

in 20 mM phosphate buffer, pH 8.0; the components (dashed line) are described with corresponding secondary structures
(Arrondo and Goni, 1999; Barth and Zscherp, 2002; Natalello et al., 2005).
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and $-sheets (band near 1630 cm�1). The data would
seem to suggest that the protein consists of twice as
many "-helices as $-sheets (34% and 17%, respec-
tively). This is not quite consistent with available struc-
ture data of analogous E. coli thioesterase I/protease
I/lysophospholipase L1 (PDB no.: 1IVN_A) which
consists of 47�56% "-helices and 11�14% $-sheets,
depending on secondary structure assignment algo-
rithm. The arising differences probably result from the
form of measured sample which was a precipitated
protein suspended in phosphate buffer, not dissolved.
It is possible that intermolecular interactions contri-
bute in the $-sheet characteristic bandwidth (van de
Weert et al., 2001). However, the spectrum of this
protein still exhibits a shape characteristic for "/$ pro-
teins. The preservation EstA activity dissolved in phos-
phate buffer containing 8 M urea suggests that the
structure of this protein is retained and it does not un-
dergo dramatic changes due to high urea concentration.
This thesis can be confirmed with the FT-IR data. No
band characteristic for protein denaturation can be
seen in the spectra (Haris and Severcan, 1999; van de
Weert et al., 2001; Natalello et al., 2005). Figure 3b
suggests that secondary structure of the protein still
can be described as consisting of " and $ structures.
The proportions of both are similar to the protein sus-
pended only in buffer, though exact analysis of bands
area indicates, that participation of "-helix and $-sheet
bands in the whole amide I band area is higher (42%
and 20%, respectively). These are closer to the avail-
able structure of E. coli thioesterase I, particularly the
"-helix content. Although the products of amide I band
decomposition must be taken with great care, the re-
sults can suggest that structure of EstA protein might
be slightly different than the E. coli thioesterase,
especially the amount of $-sheet structure seems to
be a little higher. Though, these results must be con-
firmed with other techniques.

Conclusions. Research of recombinant lipolytic
enzymes is significantly limited by their tendency to
accumulate in the cytoplasm as inactive inclusion
bodies (Chung et al., 1991; Zhuo et al., 2005). An
active lipase or esterase can be then obtained by dis-
solving the inclusion bodies and then refolding the
enzyme in buffer with denaturing agent, e.g. urea. In
standard enzyme purification procedures the denatur-
ing agent is removed at the next purification step to
promote protein renaturation. However, in many cases
the efficiency of the refolding procedure is low.
Therefore, in our study we decided to modify the stan-
dard procedure of refolding the EstA esterase. In this
aim we analyzed the impact of urea concentration on
the structure (FT-IR measurements and analysis) and
activity of the analyzed esterase. We found that the
active EstA esterase could be effectively retrieved from

inclusion bodies and purified by immobilized metal
affinity chromatography under denaturing conditions
without removing the denaturing agent completely,
which might enable the use of the EstA enzyme for
some biotechnological applications.

Literature

Akoh C.C., G.C. Lee, Y.C., Liaw, T.H. Huang and J.F. Shaw.
2004. GDSL family of serine esterases/lipases. Prog. Lipid. Res.
43: 534�552.
Arpigny J.L. and K.E. Jaeger. 1999. Bacterial lipolytic enzymes:
classification and properties. Biochem. J. 343: 177�183.
Arrondo J.L. and F.M. Goni. 1999. Structure and dynamics of
membrane proteins as studied by infrared spectroscopy. Prog.
Biophys. Mol. Biol. 72: 367�405.
Barth A. and C. Zscherp. 2002. What vibrations tell us about
proteins. Quart. Rev. Biophys. 35: 369�430.
Chung G.H., Y.P. Lee, O.J. Yoo and J.S. Rhee. 1991. Cloning
and nucleotide sequence of thermostable lipase gene from
Pseudomonas fluorescens SIK W1. Appl. Microbiol. Biotechnol.
35: 237�241.
Cie�liñski H., A.M. Bia³kowska, A. D³ugo³êcka, M. Daroch,
K.L. Tkaczuk, H. Kalinowska, J. Kur and M. Turkiewicz.
2007. A cold-adapted esterase from psychrotrophic Pseudoaltero-
monas sp. strain 643A. Arch. Microbiol. 188: 27�36.
Deshpande R.A., A.R. Kumar, I..Khan and V. Shankar. 2001.
Ribonuclease Rs from Rhizopus stolonifer: lowering of opti-
mum temperature in the presence of urea. Biochim. Biophys. Acta
1545: 13�19.
D³ugo³êcka A., H. Cie�liñski, M. Turkiewicz, A.M. Bia³kowska
and J. Kur. 2008. Extracellular secretion of Pseudoalteromonas
sp. cold-adapted esterase in Escherichia coli in the presence of
Pseudoalteromonas sp. components of ABC transport system.
Protein Expr. Purif. 62: 179�84.
Fojan P,. P.H. Jonson, M.T.N. Petersen and S.B., Petersen.
2000. What distinguishes an esterase from a lipase: A novel struc-
tural approach. Biochimie. 82: 1033�1041.
Grinberg V.Y., T.V. Burova, N.V. Grinberg, T.A. Shcherbakova,
D.T. Guranda, G.G. Chilov and V.K. Svedas. 2008. Thermo-
dynamic and kinetic stability of penicillin acylase from Esche-
richia coli. Biochim. Biophys. Acta 1784: 736�746.
Haris P.I. and F. Severcan. 1999. FTIR spectroscopic characteri-
zation of protein structure in aqueous and non-aqueous media.
J. Mol. Catal. B: Enz. 7: 207�221.
Jaeger K.E., B.W. Dijkstra and M.T. Reetz. 1999. Bacterial
biocatalysts: molecular biology, three-dimensional structures, and
biotechnological applications of lipases. Annu. Rev. Microbiol. 53:
315�351.
Jaeger K.E. and T. Eggert. 2002. Lipases for biotechnology.
Curr. Opin. Biotechnol. 13: 390�397.
Jaeger K.E. and M.T. Reetz. 1998. Microbial lipases form ver-
satile tools for biotechnology. Trends Biotechnol. 16: 396�403.
Kaufman B.T. 1968. Studies on dihydrofolic reductase. III. Acti-
vation of the chicken liver enzyme by urea and thiourea. J. Biol.
Chem. 243: 6001�6008.
Kulakova L., A. Galkin, T. Nakayama, T. Nishino and N. Esaki.
2004. Cold-active esterase from Psychrobacter sp. Ant300; gene
cloning, characterization, and the effects of Gly→Pro substitu-
tion near the active site on its catalytic activity and stability.
Biochim. Biophys. Acta 1696: 59�65.
Kumar A.R., S.S. Hegde, K.N. Ganesh and M.I. Khan. 2003.
Structural changes enhance the activity of Chainia xylanase in
low urea concentrations. Biochim. Biophys. Acta 1645: 164�171.

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


218 D³ugo³êcka A. et al. 3

Lo Y.C., S.C. Lin, J.F. Shaw and Y.C. Liaw. 2003. Crystal struc-
ture of Escherichia coli thioesterase I/protease I/lysophospho-
lipases L1: consensus sequence blocks constitute the catalytic
center of SGNH-hydrolases through a conserved hydrogen bond
network. J. Mol. Biol. 330: 539�551.
Narayanasami R., J.S. Nishimura, K. McMillan, L.J. Roman,
T.M. Shea, A.M. Robida, P.M. Horowitz and B.S.S. Masters.
1997. The influence of chaotropic reagents on neuronal nitric
oxide synthase and its flavoprotein module, urea and guanidine
hydrochloride stimulate NADPH-cytochrome c reductase activity
of both proteins. Nitric Oxide 1: 39�49.
Natalello A., D. Ami, S. Brocca, M. Lotti and S.M. Doglia. 2005.
Secondary structure, conformational stability and glycosylation
of a recombinant Candida rugosa lipase studied by Fourier-trans-
form infrared spectroscopy. Biochem. J. 385: 511�517.
Pandey A., S. Benjamin, C.R. Soccol, P. Nigam, N. Krieger and
V.T. Soccol. 1999. The realm of microbial lipases in biotechno-
logy. Biotechnol. Appl. Biochem. 29, 119�131.
Rashid N., Y. Shimada, S. Ezaki, H. Atomi and T. Imanaka.
2001. Low-temperature lipase from psychrotrophic Pseudomonas
sp. strain KB700A. Appl. Environ. Microbiol. 67: 4064�4069.
Ryu H.S., H.K. Kim, W.C. Choi, M.H. Kim, S.Y. Park,
N.S. Han, T.K. Oh and J.K. Lee. 2006. New cold-adapted lipase
from Photobacterium lipolyticum sp. nov. that is closely related
to filamentous fungal lipases. Appl. Microbiol. Biotechnol. 70:
321�326.

Sambrook J. and D.W. Russel. 2001. Molecular cloning: A la-
boratory manual, 3rd ed. Cold Spring Harbor, NY: Cold Spring
Harbor Laboratory.
Shahnawaz M., A. Thapa and I.S. Park. 2007. Stable activity
of a deubiquitylating enzyme (Usp2-cc) In the presence of high
concentrations of urea and its application to purify aggregation-
prone peptides. Biochem. Biophys. Res. Commun. 359: 801�805.
Sharma R., Y. Chisti, Y. and U.C. Banerjee. 2001. Production,
purification, characterization, and application of lipases. Biotech-
nol. Adv. 19: 627�662.
Singh R., N. Gupta, V.K. Goswami and R. Gupta. 2006. A simple
activity staining protocol for lipases and esterases. Appl. Micro-
biol. Biotechnol. 70: 679�682.
van de Weert M., P.I. Haris, W.E. Hennink and D.J.A.
Crommelin. 2001. Fourier transform infrared spectrometric
analysis if protein conformation: effect of sampling method and
stress factors. Anal. Biochem. 297: 160�169.
Walker J. M. 1996. The protein protocols handbook, 2nd ed. Hu-
man Press, New Jersey.
Zhang H.J, X.R. Sheng, X.M. Pan and J.M. Zhou. 1997. Acti-
vation of adenylate kinase by denaturants is due to the increasing
conformational flexibility at its active sites. Biochem. Biophys.
Res. Commun. 238: 382�386.
Zhuo Q., J.H. Piao, R. Wang and X.G. Yang. 2005. Refolding
and purification of non-fusion HPT protein expressed in Escheri-
chia coli as inclusion bodies. Protein Expr. Purif. 41: 53�60.

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl

