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Abstract To increase the thermostability of Rhizomucor
miehei lipase, the software Disulfide by Design was used to
engineer a novel disulfide bond between residues 96 and
106, and the corresponding double cysteine mutants were
constructed. The R. miehei lipase mutant could be
expressed by Pichia pastoris in a free secreted form or
could be displayed on the cell surface. The new disulfide
bond spontaneously formed in the mutant R. miehei lipase.
Thermostability was examined by measuring of hydrolysis
activity using 4-nitrophenyl caprylate as a substrate. The
engineered disulfide bond contributed to thermostability in
the free form of the R. miehei lipase variant. The variant
displayed on the yeast cell surface had significantly
increased residual hydrolytic activity in aqueous solution
after incubation at 60°C for 5 h and increased synthetic
activity in organic solvent at 60°C. These results indicated
that yeast surface display might improve the stability of R.
miehei lipase, as well as amplifying the thermostability
through the engineered disulfide bond.

Keywords Disulfide bond - Rhizomucor miehei -
Thermostability - Lipase - Yeast surface display
Introduction

Lipase-catalyzed reactions have received much attention in

recent years, as they are increasingly used in biotechnology
applications in the chemical, food, and pharmaceutical

Z.-1. Han - S.-y. Han - S.-p. Zheng - Y. Lin (X))

Guangdong Key Laboratory of Fermentation and Enzyme
Engineering, School of Bioscience and Bioengineering, South
China University of Technology,

Guangzhou 510006, People’s Republic of China

e-mail: feylin@scut.edu.cn

industries (Noel and Combes 2003; Weber et al. 2004,
2006; Keng et al. 2008). Regardless of process conditions,
thermostability is often a key factor in successful industrial
bioprocesses, since reaction rates typically increase expo-
nentially with temperature, until the point of enzyme
denaturation (Peterson et al. 2007). Thus, the engineering
of thermostable lipases from biological entities for use in
industrial reactors is an important goal. The most common-
ly used approaches for obtaining thermostable lipases are
various immobilization techniques (Gandhi et al. 1996;
Guisan et al. 2001; Palomo et al. 2003; Mateo et al. 2007,
Iyer and Ananthanarayan 2008) and enzyme mutagenesis
(Svendsen 2000; Eijsink et al. 2005). The combination of
both has also been used to improve lipase thermostability
(Costa et al. 2009).

Previous mutagenesis strategies to obtain a lipase with a
higher thermostability have included introducing extra
disulfide bonds (Yamaguchi et al. 1996) and directed
evolution (Niu et al. 2006). Disulfide bonds make consid-
erable contributions to protein stability (Yamaguchi et al.
1996; Mansfeld et al. 1997; Turunen et al. 2001; Shimizu-
Ibuka et al. 2006; Mansfeld and Ulbrich-Hofmann 2007),
mainly because of decreases in the conformational chain
entropy of the denatured protein (Thornton 1981; Pace et al.
1988; Zhang et al. 1994). Many attempts have been made
to enhance the stability of proteins by the introduction of
novel disulfide bonds (Wells and Powers 1986; Matsumura
and Matthews 1991; Kanaya et al. 1991; Wakarchuk et al.
1994; Yamaguchi et al. 1996; Clarke et al. 2000; Turunen et
al. 2001; Mimura et al. 2005; Mansfeld and Ulbrich-
Hofmann 2007). While some led to the expected stabiliza-
tion (Kanaya et al. 1991; Wakarchuk et al. 1994;
Yamaguchi et al. 1996; Turunen et al. 2001; Mansfeld and
Ulbrich-Hofmann 2007), many variants showed no effect,
or even destabilization, when compared to the native
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enzymes (Wells and Powers 1986; Matsumura and
Matthews 1991; Clarke et al. 2000; Mimura et al. 2005).
Possible reasons for detrimental effects include strain
caused by steric contacts or because the introduced
disulfide bond precluded required stereochemistry, or
caused loss of favorable interactions after substitution of a
residue with cysteine (Katz and Kossiakoff 1986;
Mitchinson and Wells 1989).

Disulfide by Design is a program for designing novel
protein disulfide bonds that is based on an algorithm
previously developed to assist in protein fold recognition
(Dombkowski and Crippen 2000). This method has made
considerable contributions to identifying residue pairs that
are likely to form a disulfide bond if particular amino acids
are mutated to cysteines, but it requires that a crystal
structure of the given protein is known. Cases where
disulfide bonds have been successfully introduced using
this program to create a stabilized protein include (f3ot)g-
barrel protein (Ivens et al. 2002), Trichoderma reesei endo-
1,4-beta-xylanase II (Fenel et al. 2004), a cold-adapted
alkaline phosphatase (Asgeirsson et al. 2007), and xylanase
from Bacillus stearothermophilus (Jeong et al. 2007).

Yeast cell-surface display systems are convenient tools
for applied biotechnology. The cell-surface display of
lipases on yeast has been effective for the preparation of
whole-cell biocatalysts (Matsumoto et al. 2002; Sato et al.
2002; Tanino et al. 2006). The productivity of lipase-
displaying yeast cells could be improved, however, to
increase their usefulness in large-scale manufacturing
processes.

In this work, Rhizomucor miehei lipase with enhanced
thermostability was generated for improving potential
applications. Because the 3-dimensional (3-D) structure of
R. miehei lipase had been determined by X-ray crystallog-
raphy (Brady et al. 1990), an R. miehei lipase variant with a
new disulfide bond could be engineered by Disulfide by
Design and the indicated cysteine residues substituted
before functionally expressing the R. miehei lipase variant
in P. pastoris. Both a free form and a cell-surface-displayed
form were generated, as a fusion with the N-terminal 874
residues of the Flolp flocculation domain (FS). The two
forms of the R. miehei lipase variant were subjected to
thermostability assays using the commercial Lipozyme IM
RM as a benchmark.

Materials and methods
Strains, vectors, and media
P pastoris GS115 and plasmid pPIC9k were purchased

from Invitrogen (USA). The ProRML gene was amplified
from plasmid pPICOK-RML (Xu et al. 2008). Plasmid
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pouBis containing Flol gene was a gift from Prof. Blondin
(France). Surface-display plasmid pKFS was constructed
from plasmid pPIC9k and the N-terminal 874 residues of
Flol (FS). P. pastoris GS115 was grown in complete YPD
(1% yeast extract, 2% peptone, 2% glucose) or selective
MD (1.34% yeast nitrogen base (YNB), 400 ug 1" biotin,
2% dextrose, 2% agar) media. BMGY (1% yeast extract,
2% peptone, 100 mM potassium phosphate, pH 6.0, 1.34%
YNB, 400 pg 17" biotin, 1% glycerol) and BMMY (1%
yeast extract, 2% peptone, 100 mM potassium phosphate,
pH 6.0, 1.34% YNB, 400 pg 1! biotin, 0.5% methanol)
were used to culture the recombinant P. pastoris. Escher-
chia coli DH5« (supE44 AlacU169 hsdR17 recAl endAl
gyrA96 thi-1 relAl; TaKaRa, Dalian) was used for the
transformation of recombinant plasmids and was grown in
Luria—Bertani medium (1% tryptone, 0.5% yeast extract,
1% NaCl, pH 7.0) with ampicillin (50 ug ml™") added when
necessary.

Disulfide bond design and plasmid construction

A model of R. miehei lipase (3TGL; http://www.rcsb.org/
pdb) was analyzed using Disulfide by Design, which
recognizes cysteine pairs that are in the proper orientation
to form a disulfide bond (Dombkowski 2003). Swiss-
PdbViewer (http://www.expasy.ch/spdbv/; Guex and
Peitsch 1997) was used for viewing and manipulating the
R. miehei lipase structures and models.

To facilitate purification of the lipases, the C-terminal
hexahistidine (His6)-tagged ProRML was amplified using
the primers 5'-ccggaattegttccaattaagagacaatctaac-3" with an
EcoRI site and 5'-tattat geggcegettagtgatgatgatgatgatgagt
acacaaaccagtgtt-3" with a Nofl site, using plasmid pPIC9K-
RML as a template. The ProRML gene was ligated to the
plasmid pPIC9k after digestion with EcoRI and Notl, and
the resulting plasmid was designated pPICR. A plasmid
containing His6-tagged ProRML with the Pro96Cys and
Lys106Cys mutations was created by QuikChange muta-
genesis (Stratagene) using pPICR as a template. The
Pro96Cys mutation was created using the primer 5'-
gacttttgtttgtgtttcttacccac-3', and the Lys106Cys mutation
was created using the primer 5'-gtttctggtacttgtgttcataagg
g-3'. The mutagenesis oligonucleotides were synthesized by
Sangon (Shanghai, China) and the mismatched sites for
site-directed mutagenesis are underlined. After sequencing
to verify the mutations, the resulting plasmid was designat-
ed pPICR66 (Fig. la) and the mutated RML named
mRMLG66.

To display R. miehei lipase and its variant mRML66 on
the P. pastoris cell surface, both RML and mRML66 were
amplified using the primer 5'-ccggaattegttccaattaagag
acaatctaac-3" with an EcoRI site and 5'-cgccge geggeege
ttaagtacacaaaccagtgttaatac-3’ with a Nofl site using pPICR
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Fig. 1 a To construct plasmid pPICR, the C-terminal His6-tagged
ProRML was link to pPIC9K after enzymatic digestion with EcoRI
and Notl; the mutated plasmid pPICR66 was created through
QuikChange mutagenesis (Stratagene) using plasmid pPICR as a
template. b To construct plasmids for cell-surface display, ProRML
and PromRML66 were linked to the plasmid pKFS to form a complete
open reading frame with FS

and pPICR66 as templates. Subsequently, the two frag-
ments were ligated to the surface-display plasmid pKFS
after digestion with EcoRI and Norl, and the resultant
plasmids were designated as pKFSR and pKFSR66
(Fig. 1b). All plasmids were verified by sequencing by
Sangon (Shanghai, China).

Transformation of P. pastoris and expression of lipases

Lithium chloride-competent GS115 was obtained as de-
scribed by the Pichia Expression Kit Instruction Manual
(Invitrogen 1997). P. pastoris GS115 harboring recombi-
nant plasmids was spread on BMGY plates for 1 day at
30°C and then transferred onto BMMY plates supple-

mented with 0.5% tributyrin before adding 100 pl methanol
every 24 h to induce expression of R. miehei lipase and the
variant mRML66. P. pastoris GS115 harboring pPICIK
and pKFS were spread on plates and cultured as controls.
Lipase activity was determined by clear zones around the
colonies.

Expression and purification of lipases

Fresh P. pastoris transformants were inoculated into 50 ml
BMGY medium in a 500-ml flask. After 24 h of cultivation,
the culture was centrifuged at 6,000xg for 10 min and
resuspended in BMMY medium containing 0.5% methanol.
In order to maintain the induction of R. miehei lipase and
mRML66, 100% methanol was added every 24 h to the
culture to a final concentration of 0.5%. Cells were
incubated for 6 days at 30°C at 250 rpm shaking.

After centrifugation of the culture medium at 10,000xg
for 10 min at 4°C to remove the yeast cells, the supernatant
was ultrafiltered with a Millipore Amicon ultra-15 10K
centrifugal device. The concentrate was collected and
diluted in 5 ml of buffer A (20 mM sodium phosphate
containing 500 mM NaCl and 20 mM imidazole, pH 8.0)
before purification with an AKTA purifier system using a
Ni**-charged 1-ml HisTrap® FF Crude column (GE
Healthcare) equilibrated with buffer A. Lipases were eluted
with buffer B (buffer A plus 500 mM imidazole). Purified
lipases were stored at —20°C in 15% glycerol until use.
Samples were boiled in 120 mM Tris-Cl buffer (pH 6.8)
containing 2% sodium dodecyl sulfate (SDS), 3% glycerol,
and 1% p-mercaptoethanol (3-ME) for 10 min. Samples
were centrifuged at 10,000xg for 5 min, and supernatants
subjected to a 12% SDS-polyacrylamide gel electrophoresis
(PAGE) with 0.1% SDS (Laemmli 1970) in a vertical slab
gel apparatus (Bio-Rad, USA).

Determination of protein concentration

The Bradford method was used to measure protein
concentration in solutions. A 20% (v/v) solution of dye
reagent (HOU-BIO, Hong Kong) was prepared with
distilled water. A sample of 0.01 ml was added into
0.99 ml of Bradford solution. The test tubes were incubated
at ambient temperature for 10 min. The quantity of protein
in solution was determined by spectrophotometer (595 nm)
using bovine serum albumin as the standard protein.

Confirmation of the de novo disulfide bond in the variant
SDS-PAGE was used to discriminate between the reduced

and nonreduced lipases by difference in Stokes’ radius
(Anthony et al. 2002). Samples were incubated for 1 h at
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room temperature in 60 mM Tris-HCl buffer (pH 8.0)
containing 1% SDS and 3% glycerol in the presence
(reducing conditions) or absence (nonreducing conditions)
of 20 mM 3-ME. Then samples were adjusted to pH 6.8
and centrifuged at 10,000xg for 5 min; supernatants were
subjected to 12% SDS-PAGE.

Analysis of lipase activity

The commonly used procedure to investigate lipase activity
uses 4-nitrophenyl caprylate (pNPC; Sigma) and the release
of p-nitrophenol, measured spectrophotometrically at
405 nm. Free lipases and cell-surface-displayed lipases
were dissolved in lipase assay buffer (50 mM Tris-HCI, pH
8.0), mixed with substrate solution (0.0625 mM pNPC,
0.1% Triton X-100 in lipase assay buffer), and reacted for
5 min before measuring OD4os with a kinetic microplate
reader. Reactions were terminated by the addition of 20 ul
of 20% trichloroacetic acid (Sigma) solution. After centri-
fugation at 10,000xg for 1 min, a 200-ul aliquot of the
resultant supernatant was placed in a 96-well plate and
measured. Product yields were determined from a standard
curve prepared using p-nitrophenol as a standard. One unit
of activity was defined as the amount of enzyme that
released 1 wmol of pNP per minute from pNPC under the
assay conditions. Each sample was assayed in triplicate and
the average value was determined.

Enzymatic properties and kinetic parameters of free R.
miehei lipase and R. miehei lipase variant

The optimum pH for the free R. miehei lipase and
mRML66 was determined using pH buffer solutions
ranging from 7.0 to 9.0. The optimum temperature of R.
miehei lipase and mRML66 was determined by measuring
the activity at pH 8.0 in a water bath at temperatures
ranging from 30°C to 50°C. All the reactions were carried
out for 5 min before the activity was calculated.

The kinetic parameters K, and V,,.x were determined for
lipase activity. Enzyme assays with 50 ul of free lipases
were performed in Tris-HCl buffer, pH 8.0, with pNPC
concentrations from 6.25 to 62.5 uM. The data obtained
were plotted according to the method of Lineweaver—Burk
to determine K, and V., graphically (Sharma et al. 2002).

Thermostability of lipases in aqueous solution

To determine the thermostability of free R. miehei lipase
and mRML66 and further confirm the new disulfide bond in
mRML66, the purified lipases of free R. miehei lipase and
mRML66 were incubated in 50 mM Tris-HCI buffer (pH
8.0) in the presence or absence of 20 mM [3-ME at room
temperature for 1 h and maintaining the solution at 60°C in a
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water bath with periodic shaking. Samples were taken every
2 min for the measurement of residual lipase activity under
standard assay conditions (pH 8.0, 40°C); 50 pl aliquots
were diluted into 1 ml of the activity assay solution.

For displayed lipases, yeast cells harvested from culture
medium were washed twice with 50 mM Tris-HCI (pH 8.0)
and resuspended in 50 mM Tris-HCI buffer (pH 8.0). The
thermostability of the displayed lipases and the commercial
Lipozyme IM RM standard were determined by keeping a
suspension in a 60°C water bath with periodic shaking and
removing samples every hour for the measurement of
residual lipase activity.

Thermostability of lipases used for synthesis of ethyl
caproate in organic solvent

The esterification reaction was performed by fully dehy-
drating all reagents in advance using zeolite. As substrate,
0.25 M ethanol and 0.2 M caproic acid were dissolved in
heptane. A total of 200 mg (dry weight) of yeast displaying
R. miehei lipase or commercial Lipozyme IM RM was
suspended in 10 ml of the substrate mixture in a 50-ml
conical flask, stoppered to prevent evaporation of solvents
and reactants. The reaction was carried out at 60°C at
200 rpm. To obtain the initial synthetic activity of lipases,
the samples were collected after 10 min of reaction and
centrifuged at 10,000xg for 10 min. The supernatant or a
final concentration of 0.04% butyl acetate as an internal
standard were mixed and dissolved in 1 ml of n-hexane. A
2.0-ul aliquot of the treated sample was subjected to gas
chromatography (Agilent 7890 A; Agilent chromatography
workstation, hydrogen flame ionization detector; DB-FFAP
capillary column; USA) to quantify the amount of ethyl
caproate produced by the esterification reaction. The
temperature for gasification and detection was 260°C, and
the capillary column was maintained at 50°C for 1 min,
then warmed to 60°C at a rate of 10°C min ', then to 68°C
at a rate of 40°C min ', then to 95°C at a rate of 20°C
min!, followed by 200°C at a rate of 40°C min ",
maintained for 2 min. High-purity N, was used as a carrier
gas, the pressure of the precolumn was 58,800 Pa, the flow
rate of H, was 40 ml min ', and the air was 400 ml min .
One unit of synthetic activity was defined as the synthesis
of 1 umol of ethyl caproate per minute.

Results

Generation and confirmation of the introduced disulfide
bond

To improve the thermophilic profile of R. miehei lipase, the
protein structure file in PDB format (3TGL) was analyzed.
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The output showed 39 residue pairs satisfying the geomet-
ric constraints for disulfide bonds, including the three
original disulfide bonds (residues 29-268, 40-43, 235-244)
that stabilize the molecule (Brady et al. 1990; Table 1). The
results showed that the software was effective in predicting
the residue pairs to form disulfide bonds. Next, to select the
most promising candidates for new disulfide bonds, the
locations of residues that would be changed to cysteine
were investigated. Two amino acids, Pro96 and Lys106,
were on the -sheet (Fig. 2), could form a loop to stabilize
the active site lid region, and had a strong potential for
disulfide bond formation when substituted with cysteine
(estimated x5 torsion angle of 129.87°). Furthermore, the
active site lid region containing Pro96 and Lysl106 is
reported to be related to the activation of R. miehei lipase
(Peters and Bywater 2002), and the positions of the amino
acids are far from the catalytic center of R. miehei lipase by
tertiary structure analysis (Fig. 2a). Cysteines were modeled
in the two positions and the resulting 3TGL model
containing the Cys96—Cys106 disulfide was viewed and
manipulated using Swiss-PdbViewer. The 3-D structure
predicted that Cys96 and Cys106 would be exposed and the
disulfide bond would be generated successfully (Fig. 2b).
Consequently, the mutations were quantified with the
GROMOS96 (van Gunsteren et al. 1996) using Swiss-
PdbViewer with the GROMOS96 43B1 parameters set, and
the resulting models with mutations were subjected to

Table 1 Disulfide bond prediction result of R. miehei lipase using
Disulfide by Design™

Residue 1 AA Residue 2 AA Chi3* Energy”
9 Ala 13 Glu 113.97 3.03

20 Tyr 141 Thr 112.71 6.45

20 Tyr 172 Tyr 88.12 1.5

29 Cys 268 Cys 109.26 0.98

40 Cys 43 Cys 12511  4.94

96 Pro 106 Lys 129.87 3.80
235 Cys 244 Cys 114.4 2.02
253 Ser 256 Asp 92.29 0.79

?The Chi3 (X3 ) torsion angle is formed by the C—Sy—Sy—Cf3 bonds,
with rotation about the Sy-Sy bond and can be described as a
function of the distance between C{3 atoms

°The energy value is useful for comparison of potential disulfides to
select the best possible candidates. Disulfides with a lower energy
value are preferential to those with a higher score. The calculated
energy is not intended as a comprehensive assessment of conforma-
tional energy, but it is provided to allow comparisons of prospective
disulfide bonds

Cysl06

§ Cys96

Fig. 2 a Molecular graphic cartoon showing the main chain of R.
miehei lipase. The catalytic triad (Ser144, Asp203, and His257) and
the two mutated sites, Pro96 and Lys106, were labeled in yellow. b
Stereo view of the disulfide bond and its surrounding. The disulfide
bond was shown in yellow. The green dashed lines indicate hydrogen
bonding network around disulfide bond

energy minimization analysis. This resulted in significant
predicted reduction of calculated total free energy,
from —12,604.277 to —14,235.750 kJ mol !, meaning that
the variant was predicted to be more stable than the native
lipase.

Based on these observations, we introduced a disulfide
bond between positions Pro96 and Lys106 by substituting
the two residues with cysteine by site-directed mutagenesis.
The wild-type lipase and the resulting variant were
designated R. miehei lipase and mRML66, respectively.
The selected variants were constructed and successfully
expressed in P. pastoris. The C-terminal His6-tagged R.
miehei lipase and mRML66 were expressed in GS115 and
purified with a Ni**-chelating affinity column. SDS-PAGE
analysis revealed that the molecular mass of purified R.
miehei lipase and mRML66 was about 32 kDa (Fig. 3),
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kDa
97.2
66.4

44.3

29.0

20.1

14.3

Fig. 3 SDS-PAGE analysis of R. miehei lipase and mRML66 purified
by the C-terminal His6-tag. Samples were boiled with 120 mM Tris-
Cl buffer, pH 6.8, containing 2% SDS, 3% glycerol, and 1% {3-ME for
10 min. The sample buffers were centrifuged at 10,000xg for 5 min,
resolved on 12% polyacrylamide gel, and then stained with Coomassie
blue R-250. Lane M protein molecular mass markers (TaKaRa). Sizes
in kilodaltons are indicated on the left; lane I purified R. miehei lipase,
lane 2 purified mRML66

consistent with the reported molecular mass (Wu et al.
1996).

P. pastoris is known to be capable of producing disulfide
bonds in proteins. To verify that a disulfide had formed,
samples of the purified proteins were subjected to SDS-
PAGE under reducing and nonreducing conditions. Re-
duced and nonreduced R. miehei lipase showed almost no
difference in mobility, probably because the three original
disulfide bonds are buried in the core of the molecule and
solvent inaccessible and the mild treatment of the samples
could not open the interior disulfide bonds. This would
result in identical conformations for reduced and non-
reduced R. miehei lipase. mRMLG66 ran at a lower apparent
molecular mass than R. miehei lipase (Fig. 4), probably due
to the addition of the two cysteine residues, because both
the Pro96 and Lys106 in R. miehei lipase are exposed to the
surface and have longer side chains than cysteine residues.
The substitution of proline with cysteine would cause some
conformation changes, because proline has an exceptional
conformational rigidity compared to other amino acids, so
mRML66 would be expected to have a smaller Stokes’
radius than R. miehei lipase. The treatment of R. miehei
lipase and mRML66 for SDS-PAGE did not result in full
denaturation. SDS is not expected to fully bind to the
lipases to form protein—-SDS complexes (Fig. 3). It is
expected to bind only to the exposed side chains and not to
the exposed disulfide bond, because of the lack of side
chains. Therefore, in addition to a smaller Stokes’ radius,
lower predicted SDS binding to mRML66 would cause
mRML66 to have a greater SDS-PAGE mobility than R.
miehei lipase. An approximately 1-kDa difference in
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1 2 3 4 M

Fig. 4 SDS-PAGE analysis of R. miehei lipase and mRML66 under
reducing and nonreducing conditions. Samples were digested with
60 mM Tris-Cl buffer, pH 8.0, containing 1% SDS and 3% glycerol in
the presence (reducing conditions) or absence of 20 mM (-ME
(nonreducing conditions) for 1 h at room temperature. Lane I reduced
R. miehei lipase, lane 2 nonreduced R. miehei lipase, lane 3 reduced
mRML66, lane 4 nonreduced mRML66. Lane M is protein molecular
mass markers (TaKaRa). Sizes in kilodaltons are indicated on the right

mobility was observed between reduced and nonreduced
mRML66. The new disulfide bond was exposed to the
surface and could be easily reduced in the presence of (3-
ME, thus causing a conformational change between
reduced and nonreduced mRML66. The difference in
mobility may be due to nonreduced mRML66 having a
more regular Stokes’ radius that caused slightly accelerated
migration in SDS-PAGE (Hartig et al. 2005; Truscott et al.
2007). Another explanation is that the restricted conforma-
tion of the nonreduced form might be resistant to
degradation compared to the reduced form, or less SDS
binding might result in slightly accelerated migration,
causing the nonreduced form to appear smaller than the
reduced form.

Enzymatic properties and kinetic parameters of free R.
miehei lipase and mRML66

To compare the enzymatic properties and kinetic parame-
ters of R. miehei lipase and mRML66, the two His6-tagged
lipases were assayed as described in “Materials and
methods” section. As shown in Table 2, the optimum pH
of R. miehei lipase and mRML66 was estimated to be 8.0,
the same as the lipase without the His6-tag (Xu et al. 2008),
and the optimum temperatures were 40°C for R. miehei
lipase and 43°C for mRML66. The specific activity was
194.5+2.8 U mg ' for R. miehei lipase and 239.4+5.0 U
mg ' for mRML66. mRML66 showed altered kinetic
parameters compared to R. miehei lipase. The K, values
for R. miehei lipase and mRML66 were 22.0+1.7 and
25.941.3 uM, respectively. The catalytic constant (k.,;) was
calculated to be 7,721.5+188.4 min 'for R. michei lipase
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Table 2 Enzymatic property of free R. miehei lipase and mRML66

Optimum temperature (°C) Optimum pH Specific activity (U mg ') Ky (M) keae (min~")
R. miehei lipase 40 8.0 194.5+2.8 22.0+1.7 7,721.5+188.4
mRML66 43 8.0 239.4+5.0 259+1.3 9,595.4+290.9

and 9,595.4+290.9 min' for mRML66. These results
indicated that the presence of the introduced novel disulfide
bond changed the reaction velocity and substrate affinity of
mRML66. Furthermore, the specific activity of mRML66
was slightly higher than R. miehei lipase, while displaying,
in some cases, identical or more reactive characteristics,
indicating that the conformation was stabilized by the
introduced disulfide bond.

Thermostability of lipases in aqueous solution

To determine the effect of the introduced disulfide bond on
the thermostability of R. miehei lipase, purified R. miehei
lipase and mRML66 were incubated at 60°C and hydrolysis
activity examined at various times. The substrate hydrolyz-
ing ability of both lipases decreased with increase in
incubation time. However, the thermostability of free
mRML66 was improved, with half-times approximately
fivefold that of native R. miehei lipase at 60°C, as
determined by pNPC hydrolysis. The thermostability of R.
miehei lipase before and after treatment with the reducing
agent 3-ME was almost the same, which indicated that the
conformation was not changed by 3-ME and the three
original disulfides were not reduced. While the (3-ME-
treated mRML66 showed a lower thermostability than the
nonreduced mRML66, the result suggested that the newly
designed disulfide in this study was reduced by 3-ME and
caused the loss of its thermostability (Fig. 5a). This result
further confirmed the formation of the new disulfide bond
in mRML66. In this manner, it was possible to rapidly
screen for the presence of new disulfide bond.

The thermostability of surface-displayed lipases in
aqueous solution was also analyzed. The maximum
activities of displayed R. miehei lipase and mRML66 for
hydrolysis of pNPC were 105.3 and 112.3 U g ' dry cell
weight, respectively. Irreversible thermal inactivation of
displayed R. miehei lipase and displayed mRML66 was
determined by incubation in aqueous buffer at 60°C.
Interestingly, R. miehei lipase and mRML66 displayed on
the yeast cell surface showed not only a high thermostabil-
ity but also a remarkable increase in activity (Fig. 5b),
reaching a value approximately 1.6 times the initial value
after 1 h incubation at 60°C. Similarly, Tanino et al. (2006)
reported that the activity of Rhizopus oryzae lipase
displayed on yeast using the same anchor system increased
to about 6.5-fold of the initial value after 4 h at 60°C. The

thermostability of displayed mRML66 against irreversible
inactivation was significantly higher than displayed R.
miehei lipase, with residual activities of 47% and 88% of
the initial activity, respectively, after incubation at 60°C for
5 h. This result suggested that the thermostability of
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Fig. 5 a Time courses of residual activity of free R. miehei lipase
(open diamond) and mRML66 (open square) in the absence of 3-ME,
or free R. miehei lipase (closed diamond) and mRML66 (closed
square) in the presence of 3-ME. One milliliter of enzyme solution,
50 png of purified lipases were incubated in 50 mM Tris-HCI buffer
(pH 8.0) in the presence or absence of 20 mM (-ME at room
temperature for 1 h and then incubated at 60°C over time. After
incubation, 50 aliquots were diluted into 1 ml of the activity assay
solution. b Time courses of residual activity of displayed R. miehei
lipase (open diamond), displayed mRML66 (open square), and
commercial Lipozyme IM RM (open triangle) in aqueous solution at
60°C. The relative activity indicates residual lipase activity which was
calculated relative to the initial lipase activity, which was defined as
100%. The data points represent the average of three independent
experiments
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displayed lipases was superior to their free form. In this
investigation, the initial activity of commercial Lipozyme
IM RM was about 10 U/g. When its thermostability was
tested in the same conditions, the result indicated that both
the surface-displayed R. miehei lipase and mRML66
showed higher activity and tolerance than Lipozyme IM
RM in aqueous solution.

Thermostability of lipases in the synthesis of ethyl caproate
in organic solvent

Esterification of ethanol and caproic acid to ethyl caproate
by displayed lipases was analyzed. Ethanol and caproic
acid could easily access the surface-displayed lipases.
Cells displaying lipases were therefore used for ethyl
caproate production without any permeabilizing treat-
ment. To compare the catalytic ability of lipases, the
initial synthetic activities of displayed R. miehei lipase,
displayed mRML66, and Lipozyme IM RM were deter-
mined to be 27.7, 78.8, and 243.2 U g ' dry cell weight,
respectively. This indicated that the disulfide bond
increased the synthetic ability of displayed mRML66,
but its activity was lower than commercial Lipozyme IM
RM. The conversion rate increased with reaction time at
60°C, and the caproic acid molar conversion rate for
displayed mRML66 and Lipozyme IM RM was about
three- or fourfold higher than displayed R. miehei lipase,
after a 0.5-h reaction (Fig. 6). However, the caproic acid
molar conversion of displayed mRML66 and Lipozyme
IM RM reached 96% after 6 h at 60°C, while the
conversion rate of displayed R. miehei lipase increased
slowly after 3 h. This indicated that displayed R. miehei
lipase was almost inactivated after 3 h at 60°C, while
displayed mRML66 remained active. It also indicated that
the introduced disulfide bond stabilized the conformation
of R. miehei lipase in organic solvent. Although Lipozyme
RM IM showed a higher initial synthetic activity than
displayed mRML66 in organic solvent, displayed
mRML66 showed a higher final conversion rate for
caproic acid than Lipozyme RM IM after 9 h of reaction,
indicating a better thermostability.

Discussion

R. miehei lipase has been frequently used for hydrolysis and
transesterification and is a model for the molecular
modeling of other homologous lipases, because of the
extensive knowledge of its 3-D structure (Brady et al.
1990). In this study, we determined the most effective
cysteine residues for replacement in R. miehei lipase, using
a disulfide bond design program and the 3-D structure
model. We investigated the effect of an introduced disulfide

@ Springer

100

80

60

40

Conversion(%)

20

0 X 2 X
3 6 9
Time(h)

Fig. 6 Time course of esterification reaction using displayed R.
miehei lipase (open diamond), displayed mRML66 (open square), and
commercial Lipozyme IM RM (open triangle) and GS115/pKFS
(multiplication symbol) in organic solvent. The reactions were carried
out in a 50-ml conical flask with stopper containing 10 ml of n-
heptane, 0.2 M caproic acid, 0.25 M ethanol, and 0.2 g whole-cell
biocatalyst or commercial Lipozyme IM RM at 200 rpm and 60°C.
Molecular sieves (3 A) were added to the reaction system to remove
the water produced in the reaction. Percentages of caproic acid molar
conversion were plotted against reaction time. The data points
represent the average of three independent experiments

bond on the enzymatic properties of free lipases and on
lipases anchored to the yeast cell surface with FS. Cell-
surface display is an in vivo immobilization that cannot
only be prepared easily by simple cultivation and separation
of cells but also stabilizes and immobilizes the enzyme
(Jung et al. 2006). Thermostability generally results from
molecular rigidity introduced by attachment to a rigid
support and creation of a protected microenvironment.
Previous studies on displaying R. miehei lipase on the
Saccharomyces cerevisiae cell surface using «-agglutinin as
an anchor protein showed little improvement in thermosta-
bility (Zhang et al. 2007). P. pastoris is used for the
expression of heterogeneous proteins because it has a high
growth rate and is easily cultivated on simple inexpensive
media. Its major advantage is that it is appropriate for
protein folding, with the capability to produce disulfide
bonds and glycosylation. The results of this study also
indicated that R. miehei lipase displayed on the P. pastoris
cell surface with FS improved its thermostability. Further-
more, stabilization improved with the introduced engi-
neered disulfide bond. This could be due to addition to the
molecular rigidity by the disulfide bond and the result of
immobilization. Hydrophobic effects and hydrogen bonds
may also play a role in the stabilization (Fig. 2b). The
formation of intramolecular disulfide bond may result in
structural changes that alter the short-range order of
mRML66.

The thermostability is of particular interest since it has a
marked effect on the lipase activity. While the disulfide
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bond has a strong effect on the thermostability of
mRML66, excessive rigidity in this region may influence
the catalytic activity. In this investigation, hydrolytic and
synthetic tests allowed the comparison of whole cell lipases
and immobilized commercial Lipozyme IM RM, with very
promising results for the yeast cell-surface-displayed
mRML66. Although the synthetic activity of displayed
mRML66 was lower than Lipozyme IM RM, mRML66 had
a significantly improved activity and thermostability over
displayed R. miehei lipase and was feasible for high-
temperature industrial reactions.

Lipozyme RM IM had better synthesis activity in
organic solvent but a poorer hydrolysis activity in aqueous
solution, than yeast cell-surface-displayed lipases. The
difference was probably attributable to the anion-exchange
resin, which was a hydrophobic support whose surface
would improve the contact of lipases and substrate in
organic solvent, while the yeast cell surface on which R.
miehei lipase and its variant were displayed was highly
glycosylated and hydrophilic (Tanino et al. 2006).

In summary, a strategically placed disulfide bond made
the R. miehei lipase more thermostable and able to resist
thermal inactivation, suggesting it would be more effective
in resisting the extremely harsh conditions of industrial
processes.
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