
BIOTECHNOLOGICALLY RELEVANT ENZYMES AND PROTEINS

Structural insights into methanol-stable variants of lipase T6
from Geobacillus stearothermophilus

Adi Dror1 & Margarita Kanteev1 & Irit Kagan1
&

Shalev Gihaz1 & Anat Shahar2 & Ayelet Fishman1

Received: 24 December 2014 /Revised: 7 May 2015 /Accepted: 16 May 2015
# Springer-Verlag Berlin Heidelberg 2015

Abstract Enzymatic product ion of biodiesel by
transesterification of triglycerides and alcohol, catalyzed by
lipases, offers an environmentally friendly and efficient alter-
native to the chemically catalyzed process while using low-
grade feedstocks. Methanol is utilized frequently as the alco-
hol in the reaction due to its reactivity and low cost. However,
one of the major drawbacks of the enzymatic system is the
presence of high methanol concentrations which leads to
methanol-induced unfolding and inactivation of the biocata-
lyst. Therefore, a methanol-stable lipase is of great interest for
the biodiesel industry. In this study, protein engineering was
applied to substitute charged surface residues with hydropho-
bic ones to enhance the stability in methanol of a lipase from
Geobacillus stearothermophilus T6. We identified a
methanol-stable variant, R374W, and combined it with a var-
iant found previously, H86Y/A269T. The triple mutant,
H86Y/A269T/R374W, had a half-life value at 70 % methanol
of 324 min which reflects an 87-fold enhanced stability com-
pared to the wild type together with elevated thermostability
in buffer and in 50 % methanol. This variant also exhibited an
improved biodiesel yield from waste chicken oil compared to
commercial Lipolase 100L® and Novozyme® CALB. Crystal

structures of the wild type and the methanol-stable variants
provided insights regarding structure-stability correlations.
The most prominent features were the extensive formation
of new hydrogen bonds between surface residues directly or
mediated by structural water molecules and the stabilization of
Zn and Ca binding sites. Mutation sites were also character-
ized by lower B-factor values calculated from the X-ray struc-
tures indicating improved rigidity.
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Introduction

During the last decades, the use of biodiesel in compression-
ignition engines has become popular as it offers an environ-
ment-friendly, biodegradable, nontoxic, and sustainable alter-
native to the traditional fossil diesel (Al-Zuhair 2007; Bajaj
et al. 2010; Meher et al. 2006; Tan et al. 2010). Biodiesel
comprises mono alkyl esters of long-chain fatty acids which
is mainly produced by transesterification of triglycerides de-
rived from renewable sources (e.g., plant oil or animal fat) and
short-chain alcohol in a nonaqueous reaction system. Metha-
nol is frequently used for biodiesel production due to its
reactivity and low cost, and the reaction is termed as
methanolysis (Al-Zuhair 2007; Lotti et al. 2014; Meher
et al. 2006; Tan et al. 2010).

Most of the industrial biodiesel production is catalyzed by
strong alkali catalysts resulting in high conversion yields and
short reaction times of the process (Al-Zuhair 2007; Du et al.
2008; Tan et al. 2010). Biocatalytic processes based on lipases
(EC 3.1.1.3) also exist. These enzymes are ubiquitous in all
life domains where they play a key role in the biological turn-
over of lipids. Under natural aqueous conditions, they
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facilitate the hydrolysis of the carboxyl ester bonds present in
triglycerides. However, in micro-aqueous environment, they
possess the abil i ty to catalyze esterif icat ion and
transesterification reactions (Gupta et al. 2004; Jaeger et al.
1994, 1999; Lotti et al. 2014).

The enzymatic reaction system enables the use of low-
grade and low-cost feedstock with high free fatty acids or
water content (e.g., waste cooking oil or tallow). It reduces
the amounts of alkali waste water that requires treatment and
enables easy recovery of the product and the byproduct, glyc-
erol. In addition, the biocatalyst is biodegradable and when
immobilized can be reused for many production cycles and
can lower the operational cost of the process. However, the
major drawbacks of the enzymatic system are the biocatalyst
cost and its limited stability in the presence of high methanol
concentrations (Al-Zuhair 2007; Bajaj et al. 2010; Lotti et al.
2014; Tan et al. 2010). In order to achieve complete conver-
sion of one oil molar equivalent to fatty acid methyl ester
(FAME), three molar equivalents of methanol are necessary.
However, in reaction systems with more than 1.5 methanol
equivalents, the methanol is not completely dissolved and
methanol droplets stay in the mixture (Shimada et al. 1999).
The interaction of these methanol droplets with the lipase is
most likely the reason for methanol-induced unfolding and
inactivation.

Several explanations were offered for the destructive effect
of polar solvents, such asmethanol, on enzymes. Among them
are the stripping off structurally important water molecules,
penetration of the solvent into the protein, and disruption of
the core hydrophobic interactions, as well as unbalanced elec-
trostatic interactions between the enzyme surface and the or-
ganic solvent molecules (Arnold 1990; Chakravorty et al.
2012; Doukyu and Ogino 2010). Moreover, methanol has
been shown by Pleiss et al. to be a competitive inhibitor of
lipase B fromCandida antarctica (CALB) (Kulschewski et al.
2013). Finally, methanol may influence lipases via its interac-
tions with substrates (Smith and Canady 1992).

Different strategies were used to overcome the limited sta-
bility of lipases in methanol. The most popular strategy is the
immobilization of the enzyme on various support matrices
leading to structural rigidity and stability of the catalyst along
with recycling ability (Dizge et al. 2009; Hsu et al. 2002;
Noureddini et al. 2005; Yagiz et al. 2007). Process engineering
was also used to lower the methanol concentration in the re-
action by stepwise addition (Bélafi-Bakó et al. 2002; Nie et al.
2006; Soumanou and Bornscheuer 2003) or by the use of co-
solvent systems. In addition, in recent years, few attempts
were made to enhance lipases stability in methanol by apply-
ing protein engineering methods (Dror et al. 2014; Korman
et al. 2013; Park et al. 2012). However, the protein engineer-
ing approach was hardly exploited due to the lack of structural
information and profound understanding of methanol effect
on the lipase structure and activity.

Different studies on lipase stability in polar organic sol-
vents have highlighted the importance of the enzyme surface
as a target for mutagenesis.Modification of surface charges by
substitution with more hydrophobic residues was successfully
used by Martinez and Arnold to enhance the stability of α-
lytic protease in the presence of DMF (dimethylformamide)
(Martinez and Arnold 1991). Furthermore, the introduction of
new electrostatic interactions, hydrogen bonds, or salt bridges
was reported to enhance enzyme stability (Dror et al. 2014;
Kawata and Ogino 2009; Korman et al. 2013; Park et al. 2012;
Reetz and Carballeira 2007; Reetz et al. 2010).

In this study, we employ a lipase isolated from the thermo-
philic bacterium, Geobacillus stearothermophilus T6. Lipase
T6 is a highly active robust thermostable enzyme of the I.5
lipase subfamily (Meshulam-Simon 2001). These properties
make it a potential biocatalyst for various industrial applica-
tions. Yet, its poor stability in the presence of short-chain
alcohols, such as methanol or ethanol, prevents its application
in reactions systems with high concentrations of these alco-
hols, like in the case of biodiesel production. In our previous
work, we enhanced lipase T6 stability in methanol and ethanol
by applying complimentary protein engineering approaches of
randommutagenesis and structure guided consensus. We suc-
cessfully evolved a methanol-stable variant, H86Y/A269T,
which showed elevated thermostability together with im-
proved methanolysis activity (Dror et al. 2014). In order to
further improve the lipase stability in methanol, we substituted
surface charged residues to hydrophobic ones. By combining
several mutations, we obtained an additive effect and en-
hanced methanolysis activity of soybean oil and chicken oil.
In addition, X-ray crystallography was used to determine the
structures of wild-type lipase and its methanol-stable variants
in order to gain insights on structure-stability correlations.

Materials and methods

Chemicals Methanol, glycerol, and Triton X-100 were pur-
chased fromBio-Labs (Jerusalem, Israel) and 2-propanol from
J.T. Baker (Deventer, The Netherlands). Ethyl acetate, sulfuric
acid 98 %, petroleum ether, and diethyl-ether were purchased
from Gadot (Haifa, Israel), acetonitrile from Spectrum Chem-
ical MFG (Gardena, CA, USA). Trizma-base, 4-nitrophenyl
laurate (pNPL) and kanamycin were purchased from Sigma–
Aldrich (Rehovot, Israel). p-Nitrophenol was purchased from
Fluka (Switzerland). Methyl esters of palmitic acid,
heptadecanoic acid, stearic acid, oleic acid, linoleic acid,
linolenic acid, and polyethylene glycol (PEG 3015–3685)
were purchased from Sigma–Aldrich (Rehovot, Israel). Re-
fined soybean oil was purchased from a local grocery store,
and waste chicken oil was obtained from Green City Ltd. (Ein
Hamifratz, Israel). All materials used were of the highest pu-
rity available.
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Bacterial strains, plasmids, and enzymes Recombinant
Geobacillus stearothermophilus T6 lip gene (EMBL,
AF429311.1) (Meshulam-Simon 2001) with a histidine tag
introduced to the gene C-terminus was cloned into vector
pET9a (Novagen, Darmstadt, Germany) after double diges-
tion with NdeI and BamHI (New England Biolabs, MA,
USA) (Dror et al. 2014). The vector pET9a/lip T6His was
transformed into Escherichia coli BL21 (DE3; Novagen,
Darmstadt, Germany) for overexpression.

Novozymes® Lipolase 100L (Thermomyces lanuginosus
lipase) and CALB (Candida antarctica lipase B) were pur-
chased from Sigma–Aldrich (Rehovot, Israel).

Lipase activity assay The lipase hydrolytic activity was de-
termined using a simple colorimetric assay as described before
by Dror et al. coworkers (Dror et al. 2014) with few modifi-
cations. Briefly, the assay was based on the hydrolysis of
pNPL in 96-well plates format and periodic measurement of
the liberated p-nitrophenol (pNP) absorbance at 405 nm using
a multi-plate reader (Eon™ Microplate Spectrophotometer,
BioTek Instruments, Inc., USA). A total of 10 μl of lipase
solution (crude or purified) was added to 180 μl reaction mix-
ture (50mMTris–HCl pH 8, 1.25mMCaCl2, 4% 2-propanol,
and 1 % acetonitrile). The reaction was conducted at 40 °C
and started with the addition of 10 μl 20 mM pNPL dissolved
in 2-propanol. After incubation in methanol, the lipase solu-
tion was diluted with dilution buffer (0.5 mMCaCl2, 100 mM
NaCl, 50 mM Tris–HCl pH 7.5 buffer) prior to the activity
assay so that the methanol final concentration in the reaction
mixture was <4×10−3 %. All experimental results represent
triplicates unless pointed otherwise.

Surface charge modification Positions (E23A, R104A,
K139A, R215A, R231A, R336A, R374W, and R379A) were
targeted for mutagenesis based on a 3D homology model with
lipase from G. stearothermophilus P1 (PDB code 1JI3
(Tyndall et al. 2002)). Eight oligonucleotides were designed
and obtained from Sigma–Aldrich (Rehovot, Israel) (see
Table S1 in supplementary material). DNA library of lip
T6His with randomization of the eight specific mutations
was created by using the ISOR protocol (Incorporating Syn-
thetic Oligonucleotides via Gene Reassembly (Herman and
Tawfik 2007)) with modifications as previously described
(Dror et al. 2014). After the random hybridization of the oli-
gonucleotides, the assembly product was amplified using
Bnested^ PCR reaction. 1.5 μl assembly product was ampli-
fied using Phusion DNA polymerase and 2 ng μl−1 of each
primer (NdeI-F and BamHI-R, Table S2) in standard reaction
conditions. After purification, the PCR product was incorpo-
rated into pET9a as described by Dror et al. (Dror et al. 2014).
The resulting library was transformed into E. coliBL21 (DE3)
cells via electroporation. Plasmids from 10 colonies were ex-
tracted using Mini Kit (Qiagen, CA, USA) and sequenced in

order to test the reassembly success and hybridization rate.
Ninety-six-well master plates were created with two positive
control wells containing E. coli BL21 (DE3) expressing wild-
type lipase T6 as previously described for the library screening
(Dror et al. 2014).

Site-directed mutagenesis The triple mutant H86Y/A269T/
R374W was created by combining mutants R374W and
H86Y/A269T using QuikChange® II Site-Directed Mutagen-
esis Kit (Stratagene, USA). Mutation R374W was added to
pET9a/lip T6His-H86Y/A269T using primers R374W-F and
R374W-R (Table S2). The plasmid pET9a/lip T6His-H86Y/
A269T/R374W was transformed into E. coli BL21 (DE3)
competent cells via electroporation.

Screening for methanol-stable mutants In order to identify
and isolate the methanol stable mutants, we used a high
throughput screening in a 96-well plate format as described
earlier (Dror et al. 2014). Briefly, colonies from the 96-well
master plates were transferred into 96-deep-well plates for
containing 1.2 ml of LB with 25 μg ml−1 kanamycin for over-
night growth (at 37 °C with shaking at 200 rpm). After, the
growth stage cells were harvested by centrifugation, and the
cell pellets were broken by incubation in lysis buffer followed
by freezing at −80 °C and thawing at 37 °C steps. The cell
lysate was diluted by addition of 300 μl 50 mM sodium phos-
phate buffer pH 8. After additional centrifugation, the super-
natant was used as the enzyme solution for activity assay
before and after 30 min incubation in 60 % methanol. The
relative residual activity of each variant was calculated by
comparing its residual activity after incubation in 60 % meth-
anol to the residual activity of the wild type (Dror et al. 2014).

Purification of lipase T6 His6-tag wild-type lipase T6 and its
methanol stable mutants were purified in a one-step process
using an Ni(II)-bound affinity column (HisTrap HP,
Amersham Biosciences, Giles, UK) as described by Dror
et al. (Dror et al. 2014) with few modifications. After over-
night growth of single E. coli BL21 (DE3) cells harboring
pET9a/lip T6His colonies in 0.5 l 0.5 mM CaCl2 TB medium
with 25 μg ml−1 kanamycin, The cells were harvested by
centrifugation and resuspended in a binding buffer (20 mM
Tris–HCl buffer pH 7.5, 0.5 mM CaCl2, 0.1 mM Triton
X-100, 500 mMNaCl, and 40 mM imidazole). The cells were
broken using a homogenizer (EmulsiFlex-C3 High Pressure
Homogenizer, AVESTIN, Ottawa, Canada) followed by cen-
trifugation (16,000×g for 20 min at 15 °C) for the removal of
cell debris. The supernatant was separated and exposed to heat
treatment of 50 °C for 15 min followed by another centrifu-
gation step. The supernatant was loaded on to Ni(II)-bound
affinity column which was prior equilibrated with the binding
buffer. The lipase was eluted from the column with a linear
gradient of elution buffer (20 mM Tris–HCl buffer pH 7.5,
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0.5 mM CaCl2, 0.1 mM Triton X-100, 500 mM NaCl, and
500 mM imidazole). The lipase fractions were collected and
dialyzed against lipase buffer (2.5 % glycerol, 0.5 mM CaCl2,
100 mM NaCl 50 mM Tris–HCl pH 7.5 buffer) at room tem-
perature for 24 h.

To prepare the protein for crystallization, the same purifi-
cation method was used. However, the purification buffers
were replaced in order to increase protein solubility and enable
protein crystallization. Binding and elution buffers contained
20 mM Tris–HCl buffer, pH 8.5, 1 mMCaCl2, 0.1 mM Triton
X-100, 500 mM NaCl, 10 mM 2-mercaptoethanol, 5 % 2-
propanol, and 20 mM (binding) or 500 mM (elution) imidaz-
ole. The eluted lipase fractions were supplemented with 5 mM
DTT and dialyzed against 20 mM Tris–HCl buffer pH 8.5,
0.5 mM CaCl2, 0.1 mM Triton X-100, 100 mM NaCl, 5 %
2-propanol, 0.5 mM ZnCl2, and 5 mM DTT.

Half-life determination in 70 % methanol Half-life (t1/2)
values of lipase T6 and its mutants in 70 % methanol were
determined by measuring their residual activity after different
incubation periods (0–600 min) as previously described (Dror
et al. 2014). Briefly, 300 μl of 0.2 mg ml−1 lipase solution
were mixed with 700 μl methanol to a final volume of 1 ml.
Twenty-microliter aliquots were periodically withdrawn from
the incubation mixture and transferred into 180 μl lipase dilu-
tion buffer. This solution was used to determine the lipase
residual activity as described above.

Thermal unfolding of lipase T6 The thermal induced
unfolding temperatures of wild-type lipase T6 and the
methanol-stable mutants R374W, H86Y/A269T, and
R374W/H86Y/A269T were determined by differential scan-
ning calorimetry (DSC) on a MicroCalVP-DSC (GE
Healthcare Bio-Sciences AB, Sweden) as described previous-
ly (Dror et al. 2014) with a small modification in the lipase
buffer. In addition, we tested the methanol effect on the Tm of
wild type and R374W/H86Y/A269T by conducting the DSC
measurements in 50 % methanol lipase buffer. The reaction
cell contained 1 ml of 1.5 mg ml−1 lipase in lipase buffer
(2.5 % glycerol, 0.5 mM CaCl2, 100 mM NaCl, 50 mM
Tris–HCl, pH 7.5 buffer) or in 50 % methanol/lipase buffer,
and the reference cell contained 1 ml of lipase buffer or 50 %
methanol/ buffer without the lipase. The measurements were
performed by scanning from 25 to 95 °C at 1 °C min−1 and
analyzed using Origin software (MicroCal Inc.). Values rep-
resent an average of triplicates.

Fatty acid composition and water content of soybean and
waste chicken oil Chemical transesterification of soybean
and waste chicken oil was conducted in order to determine
the fatty acid composition of the oils. The chemical
transesterification was catalyzed by sulfuric acid based on
the reaction described by Liu (Liu 1994) with modifications.

A total of 20 mg of oil were mixed with 20 ml 2.5 % H2SO4

methanol solution in an Erlenmeyer flask equipped with a
condenser. The mixture was stirred on a hot plate at 90 °C
using a magnetic stirrer for 2.5 h. Subsequently, the flask was
cooled down to room temperature for 15 min followed by
addition of 5 ml of 1:1 petroleum ether:diethyl–ether solution.
The mixture was transferred into 100 ml measuring bottle
followed by addition of distilled water until the organic phase
was clearly seen at the bottle neck. After 30 min, the organic
phase containing the fatty acid methyl esters (FAME) was
transferred into a glass vial, the solvent was evaporated, and
FAMEmixture was suspended in 1 ml ethyl acetate. A total of
10 μl of the FAME mixture was mixed with 490 μl ethyl
acetate and taken for gas chromatographic analysis. The water
content of the oils was determined by the Karl Fisher method
(Fischer 1935) using 787 KF Titrino (Metrohm, Switzerland).

Enzymatic methanolysis of soybean oil and waste chicken
oil Enzymatic methanolysis of soybean oil catalyzed by li-
pase T6 and its methanol stable mutants was carried out in
order to evaluate the mutations effect on the transesterification
activity. In addition, we evaluated the methanolysis of soy-
bean oil and waste chicken oil by wild-type lipase T6, variant
H86Y/A269T/R374W and two commercial lipases,
T. lanuginosus lipase (Novozymes®, Lipolase 100 L, TLL)
and Candida antarctica lipase B (Novozymes® CALB),
which were often used in biodiesel production studies
(Maceiras et al. 2011; Raita et al. 2011; Rodrigues et al.
2008; Tan et al. 2010). The protein concentration of the lipase
solutions was determined by the method of Bradford
(Bradford 1976), and samples were analyzed on SDS-PAGE
(Sambrook and Russel 2001) to ensure their protein purity.
The commercial lipases were diluted with lipase buffer to
2 mg ml−1 lipase. The methanolysis reactions were carried
out in 14-ml closed glass vials filled with 2 g oil. In the
methanolysis of soybean oil by wild type and methanol stable
variants, we used 1.5:1, methanol to soybean oil molar ratio.
One hundred microliters of 2 mg ml−1 lipase solution
(0.5 mM CaCl2, 2.5 % glycerol, 100 mM NaCl, 50 mM
Tris–HCl, pH 7.5) was added to the reaction mixture resulting
in 0.01 % lipase and 5 % water content based on oil weight.

For evaluating lipase T6 performance in methanolysis of
soybean oil and waste chicken oil in comparison with com-
mercial enzymes, experiments were conducted in high meth-
anol concentrations typically used in industry (methanol to oil
ratio of 4.5:1). For both substrates, we added to the reaction
mixture 200 μl of 2 mg ml−1 lipase solution resulting in
0.02 % lipase and 10 % water content based on oil weight.
Prior to lipase addition, the methanol and oil were mixed to
avoid lipase contact with high methanol concentrations. The
glass vials with the reaction mixture were maintained at 45 °C
in a Vibramax 100 orbital shaker (Heidolph Instruments, Ger-
many) at 1350 rpm. A total of 50 μl samples were taken from
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the reaction mixture periodically and centrifuged for 3 min at
20,000×g. A total of 10 μl aliquots of the upper layer were
weighted and mixed with 490 μl of ethyl acetate with
1 mgml−1 heptadecanoic acid methyl ester (internal standard)
for gas chromatographic analysis.

Gas chromatography analysis of FAME The FAME con-
tent of the chemical and enzymatic transesterification samples
was analyzed and quantified using a 6890N GC instrument
(Agilent Technologies, CA, USA) equipped with a capillary
DB-23 column (60 m×250 μm×0.25 μm, Agilent Technolo-
gies) and a flame ionization detector as previously described
(Dror et al. 2014). The identification and quantification of
FAME in the enzymatic methanolysis were done based on
FAME standards (Sigma–Aldrich, Rehovot, Israel) retention
times and calibration curves described by Dror et al. (Dror
et al. 2014). FAME yields were defined as percentage of the
sample weight. The FAME percentage in the chemical
transesterification was calculated based on the peak area of
each FAME in the sample.

Crystallization and data collection Crystallization trials
were performed in 96-well hanging drop plates using
MOSQUITO robot with a PEGs Suite (www.qiagen.
com) at 20 °C. The crystals appeared after a week at
a wide range of crystallization conditions, which were
further optimized. The optimal conditions contained 0.
2 M sodium citrate and 25 % PEG3350. The hanging
drop contained 2 μl protein solution (4 mg ml−1) and
2 μl crystallization condition.

X-ray diffraction data of lipase T6 wild type,
H86Y/A269T, and H86Y/A269T/R374W were collected
in-house X-ray beam R-Axis HTC (Rigaku), while the
X-ray diffraction data of A269T variant were collected
at the European Synchrotron Radiation Facility (ESRF),
Grenoble, France, at beamline BM14 at 9.8 keV corre-
sponding to the anomalous signal of zinc. Diffraction
data was indexed, integrated, and reduced with Moslfm
and Scala (Leslie and Joint 1992) or with HKL2000
(Otwinowski and Minor 2001).

The structure of A269T variant was solved by mo-
lecular replacement using Phaser (McCoy 2007) and the
c o o r d i n a t e s o f a t h e rmo s t a b l e l i p a s e f r om
G. stearothermophilus P1 (PDB code 1JI3), which has
a 95 % sequence identity to lipase T6. Refinement was
performed using PHENIX (Adams et al. 2010). Manual
model building, real-space refinement, and structure val-
idations were performed using Coot (Emsley and
Cowtan 2004). The structure of wild-type lipase T6
and variants H86Y/A269T and H86Y/A269T/R374W
were solved using coordinates of the A269T variant.
Crystal parameters and data statistics are summarized
in Table S3 in the supplementary material.

Protein data bank accession numbers

The coordinates and structure factors of wild-type lipase T6,
A269T, H86Y/A269T, and H86Y/A269T/R374W have been
deposited in the RCSB PDB under accession codes 4X6U,
4X71, 4X7B, and 4X85, respectively.

Results

Mutagenesis at surface residues A semi-rational protein en-
gineering approach of surface chargemodificationwas used in
order to enhance the stability of lipase T6 in the presence of
high methanol concentrations. This approach suggests that
substitution of charged residues on the enzyme surface by
more hydrophobic residues may stabilize the protein structure
in the presence of polar organic solvents (Arnold 1990). In the
absence of a crystal structure of lipase T6 at this point of the
research, a 3D homology model of wild-type lipase T6 was
generated based on the crystal structure of lipase from
G. stearothermophilus P1 (PDB code 1JI3 (Tyndall et al.
2002)) and charged residues on the lipase surface were locat-
ed. In order to avoid activity loss, we excluded residues placed
on the α-helix lid. In addition, in order to prevent destabiliza-
tion, no residues which were likely to participate in stabilizing
interaction (e.g., salt bridges or hydrogen bonds) or placed on
the calcium- or zinc-binding domains were chosen for substi-
tution. Considering these criteria, we located eight surface
charged residues for substitution (Glu23, Arg104, Lys139,
Arg215, Arg231, Arg336, Arg374, and Arg379). All of the
residues, besides Arg374, were substituted to alanine. Based
on the lipase model, position of Arg374 on the surface was
relatively close to Trp41. Therefore, we substituted it to tryp-
tophan in order to generate π interactions between these two
residues. A combinatorial library based on these eight residues
was generated and screened (Herman and Tawfik 2007).

Over 1000 colonies were screened for enhanced stability in
methanol by measuring their residual activity before and after
30 min incubation in 60 % methanol. Only one variant,
R374W, showed 2.3-fold improved stability in methanol com-
pared to the wild type. This variant was purified for further
characterization. The mutation R374W was added to the dou-
ble variant H86Y/A269T which was previously found as the
most stable variant in methanol (Dror et al. 2014) to create the
triple variant H86Y/A269T/R374W.

Half-life determination in 70 % methanol Half-life values
of l ipase T6 variants R374W, H86Y/A269T, and
H86Y/A269T/R374W were determined in 70 % methanol
by periodically measuring their residual activity (E/E0) and
calculating their half-life values from their deactivation pro-
files (Fig. 1).E0 and Ewere defined as the lipase activity in the
standard activity assay conditions before and after incubation
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in 70 % methanol. The half-life value (t1/2) of the lipase was
defined as the time required for the enzyme to lose half of its
original activity in 70 % methanol. The half-life values were
calculated using the exponential model E/E0=exp(−Kdt). The
correlation coefficient of the model was R2>0.93 for all mu-
tants. This model was previously found to have good agree-
ment with the deactivation profiles of lipase T6 in methanol
and ethanol (Dror et al. 2014) and to other enzymes in polar
organic solvents (Fishman et al. 2002). In the model, (t) rep-
resents the incubation time while (Kd) represents the enzyme
inactivation constant.

The initial specific hydrolytic activity in buffer was similar
for all enzymes. Values of 6.2±0.1, 6.0±0.3, and 6.7±0.2
μmole pNP mg−1 min−1 were measured for wild-type,
R374W, and H86Y/A269T/R374W, respectively. In our pre-
vious work, we found that 70 % methanol had a strong de-
structive effect on the wild type as evidenced from a low half-
life value of 4 min (Dror et al. 2014). The single mutant,
R374W, and the double mutant, H86Y/A269T, showed half-
life values of 96 and 224 min, respectively. The combination
of these mutations to the triple variant, H86Y/A269T/R374W
resulted in an additive stabilizing effect of 324 min half-life
value which reflects an 87-fold enhanced stability compared
to the wild type (Fig. 1, Table 1).

Thermal unfolding of lipase T6 The thermal induced
unfolding (Tm) of lipase T6 and the methanol-stable variants

was measured byDCS. In our previous work, we have found a
positive correlation between the lipase thermostability and its
stability in methanol (Dror et al. 2014). This correlation was
found for other enzymes in organic solvents as well (Reetz
et al. 2010; Vazquez-Figueroa et al. 2008). The wild-type li-
pase showed thermal-induced unfolding Tm of 66.8±0.2 °C
and H86Y/A269T showed significant elevation of Tm to 70.9
±0.1. However, the addition ofmutation R374Wdid not affect
the unfolding temperature (P < 0.05). R374W and
H86Y/A269T/R374W showed Tm values of 66.2±0.2 and
70.6±0.1 °C, respectively.

In order to evaluate the influence of methanol on Tm, we
conducted DSC measurements for wild type and the triple
mutant, H86Y/A269T/R374W, in the presence of 50 %
methanol. The DSC results in the presence of 50 % methanol
showed a significant decrease in the Tm of 23.6 and 21.2 °C
for the wild type and R374W/H86Y/A269T, respectively,
compared to their Tm in buffer (Table 2 and Fig. 2). In addi-
tion, the delta Tm between the wild type and the triple variant
was increased from 3.8 °C in buffer to 6.2 °C in 50 % meth-
anol (Table 2). A decrease in thermostability in the presence of
methanol was previously reported for Pseudomonas cepacia
lipase (Tanaka 1998) and Bacillus subtilis lipase (Kamal et al.
2013). The effect of the Bcatalyst^ factor (wild type or mutant)
and the Bmedium^ factor (buffer or 50 % methanol) on the
lipase Tm was found significant for each factor separately
(P<0.001). In addition, post hoc ANOVA analysis revealed
that the interaction between the Bcatalyst^ and the Bmedium^
factors was significant (P<0.001). These results emphasize
the mutations’ contribution to the lipase conformational sta-
bility since the mutant thermal stability was significantly ele-
vated compared to the wild type in the presence of methanol
(Table 2 and Fig. 2).

Fatty acid composition and water content of soybean and
waste chicken oil The fatty acid (FA) composition of soy-
bean oil and waste chicken oil was determined by chemical
transesterification. In the soybean oil, the main fatty acid was
linoleic acid (18:2, 52.1 %) and five fatty acids (16:0, 18:0,
18:1, 18:2, and 18:3) composed 99.8 % of the total FA

Fig. 1 Deactivation profiles of wild-type lipase T6 and methanol-stable
variants in 70 % methanol. The activity of purified lipase T6 variants in
the standard activity assay conditions (0.002 μg enzyme in 200 μl of
50 mM Tris–HCl pH 8 buffer containing 1 mM pNPL as substrate) was
measured after different incubation times in 70 % methanol. The residual
activity (E/E0) was calculated by comparing the activity of before (E) and
after (E0) incubation in 70 % methanol. The wild-type data was adapted
from Dror et al. (2014). The results represent triplicates

Table 1 Half-life (t1/2) and inactivation constant (Kd) of wild-type
lipase T6 and mutants in 70 % methanol

Variant t1/2 [min]
a Kd [min

−1]×10−4

Wild typeb 4 1760

R374W 96 72

H86Y/A269T 224 31

H86Y/A269T/R374W 347 20

a t1/2 values were calculated using the exponential model E/E0=exp(−K-
dt). The correlation coefficient of the model was >0.93 for all mutants
b t1/2 and Kd values of the wild type were adapted from Dror et al. (2014)
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(Table S4). In the waste chicken oil, the main fatty acid was
oleic acid (18:1, 38%) and the main six fatty acids (16:0, 16:1,
18:0, 18:1, 18:2, and 18:3) composed 94.5 % of the total FA.
In addition, there was a significant amount of myristic acid
(14:0) and unsaturated long-chain FAwhich were absent in the
soybean oil (16:1, 20:1, 20:2, 20:4 and 24:1) (Table S4). Fur-
thermore, the percentage of saturated FA in the soybean oil
and in the waste chicken oil was 15.2 and 26.1 %, respective-
ly. The FA composition and the percentage of saturated FA of
the waste chicken oil were similar to previous reports
(Kaewmeesri et al. 2015; Nizar et al. 2013). The water content
of the soybean oil was very low, 0.047±0.002 %, as expected
for refined edible oil. In contrast, the water content of the
waste chicken oil was 5-folds higher (0.246±0.004 %). This
water content was in the typical range for waste chicken oil
according to literature (Kaewmeesri et al. 2015).

Enzymatic methanolysis of soybean oil and waste chicken
oil Enzymatic methanolysis of oil for biodiesel production
holds many advantages over the chemically catalyzed process.
However, the limited stability of the lipase in the presence of
high methanol concentrations present in the reaction mixture
is a major obstacle for industrial implementation of the en-
zyme catalyzed process (Al-Zuhair 2007; Lotti et al. 2014).

In this work, we carried out methanolysis reactions using
soluble forms of the enzymes. For the evaluation of the mu-
tation effect on the lipase performance in methanolysis, we
used soybean oil and a 1.5:1 methanol to oil molar ratio which
enables maximal theoretical FAME yield of 50 %. The results
indicated a positive correlation between lipase T6 variants’
stability in methanol and their methanolysis activity
(Figure S1). The highest conversion rate for all variants was
measured during the first 2 h of the reaction and decreased
with time. Themethanol stable variant, H86Y/A269T/R374W
showed a slow decrease in activity after 2 h and after 24 h
reached 46 % FAME yield, which is close to the theoretical
maximal yield. The decrease in rate can be attributed to lower
availability of the substrate (methanol) or tomethanol-induced
unfolding. On the other hand, wild-type lipase T6 showed
poor methanolysis activity, and its activity rate was steeply
decreased after 2 h reaction and after 24 h reached 8.6 %
FAME yield (Figure S1). These results suggest that lipase
T6 poor methanolysis activity was a result of methanol-
induced unfolding which led to inactivation.

Wild-type lipase T6, variant H86Y/A269T/R374W, and
the commercial lipases were evaluated in methanolysis of
soybean oil and waste chicken oil in the presence of a high
methanol concentration (4.5:1 methanol:oil). These condi-
tions represent the industrial reaction system in which excess
of methanol is used in order to obtain full conversion of oil to
FAME. In the soybean oil reaction system, the best activity
was observed for TLL which had a very high conversion rate
(55 % after 2 h) and reached 95 % FAME yield after 24 h
(Fig. 3a). Wild-type and variant H86Y/A269T/R374W
showed lower conversion rates (16 and 26% after 2 h, respec-
tively) with a steep decline in the activity after the first 2 h
(Fig. 3a). On the other hand, in the waste chicken oil reaction
system, the best activity was observed for H86Y/A269T/
R374W (44 % after 2 h) which reached 64 % FAME yield
after 24 h (Fig. 3b). In this reaction system, the wild type and
TLL showed a much lower activity and reached only 19 and
16% FAME yield after 24 h (Fig. 3b). The commercial lipase,
CALB, showed a very poor methanolysis activity in both
reaction systems, and it was almost inactivate after 2 h
(Figures 3a, b).

Overall structure of lipase T6 Crystals of wild type and
variants diffracted to a 2.19–2.4 Å and belonged to the
P212121 space group with the same cell parameters and mo-
lecular packing of one molecule in the asymmetric unit

Table 2 Mutation effect on the lipase unfolding temperature (Tm) in
buffer and in 50 % methanol

Mediuma Catalysta Tm (°C) Δ Tm
b (°C)

Lipase buffer Wild type 66.8±0.2 3.8±0.3
H86Y/A269T/R374W 70.6±0.1

50 % methanol Wild type 43.2±0.2 6.2±0.2
H86Y/A269T/R374W 49.4±0.1

a The Bmedium^ and Bcatalyst^ factors and the interaction between them
were found significantly affecting the lipase Tm (P<0.001). The statistical
analysis was done using two-way ANOVAwith post hoc analysis of the
interaction
bΔ Tm=Tm H86Y/A269T/R374W−Tm wild type

Fig. 2 Typical DSC thermograms of wild-type lipase T6 and variant
H86Y/A269T/R374W in lipase buffer or 50 % methanol. The
unfolding temperatures of purified wild-type lipase T6 and variant
H86Y/A269T/R374W were measured by DSC in buffer (0.5 mM CaCl2,
2.5 %glycerol, 100 mM NaCl, 50 mM Tris–HCl, pH 7.5) or in 50 %
methanol (%V/V). The thermal-induced unfolding of lipase T6 occurs as
a single transition. The thermograms were generated by Origin software
(MicroCal Inc.)
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(Table S3). The overall structure of lipase T6 is similar to
lipase P1 from G. stearothermophilus (PDB code 1JI3,
rms 0.225) (Tyndall et al. 2002) and consists of 10 β-
strands and 18 α-helices. The active site of lipase T6 is
located in a hydrophobic pocket and composed of a
catalytic triad Ser114, His359, and Asp318, while a hy-
drophobic helical lid (residues 176–192) in closed con-
formation isolates the active site from the solvent. Two
metal ions Zn2+ and Ca2+ were found in the structures
of lipase T6. These metal ions were also reported for
other lipases belonging to I.5 subfamily and contribute
to the thermostability of the enzymes (Guncheva and
Zhiryakova 2011). The Ca2+ is coordinated by Asp366,
Glu361, Pro367, and Gly287 and two water molecules,
which were visualized only in variant A269T. The Zn2+

is coordinated by His82, His88, Asp62, and Asp239
(Figs. 4 and 5). The Zn2+ presence was confirmed using
zinc anomalous scattering (Figure S2).

Effect of mutations on methanol-stability Structures of the
methanol-stable variants were solved and compared to the
structure of wild-type enzyme. The overall structures are very
similar (rms 0.144–0.212), suggesting that the stabilizing ef-
fect in methanol did not occur as a result of significant con-
formational changes but due to local ones. It was observed that
the replacement of Ala to Thr at position 269, enabled the
formation of hydrogen bonds with two structurally conserved
water molecules. These water molecules connect between β8
and α16 thus stabilizing this entire region (Figure 5a, b). The
replacement of His to Tyr at position 86 provoked the move-
ment of a conserved water molecule, this movement widened
a hydrogen bond network and enabled more direct contact
with His82 which coordinates Zn2+. In addition Tyr86 also
formed a hydrogen bond with Lys85 which stabilizes the re-
gion around the Zn2+ binding site (Figure 5c, d).

The most interesting observation was at position 374, in
which we substituted Arg with Trp to presumably form π-

Fig. 3 Methanolysis of soybean
oil (a) and chicken waste oil (b)
by wild-type lipase T6, variant
H86Y/A269T/R374W,
T. lanuginosus lipase
(Novozymes® Lipolase 100 L,
TLL), and Candida antarctica
lipase B (Novozymes® CALB).
Reaction conditions: 2 g oil, 10 %
water, 4.5:1 methanol to oil molar
ratio, and 0.02 % lipase content
based on oil weight, 1350 rpm,
45 °C. The results represent
triplicates

Fig. 4 Crystal structure of wild-type lipase T6. The α-helix lid, α9,
(Phe177-Ala192) is marked in red. The catalytic triad residues (Ser114,
Asp318, and His359) are shown in green sticks. The calcium-binding
residues (Glu361,Gly287, Pro367, and Asp366) are shown in magenta
sticks, and zinc-binding residues (Asp62, His88, Asp239, and His82) are

shown in cyan sticks. Calcium and zinc metal ions are shown as yellow
and gray spheres, respectively. Residues subjected to mutagenesis (H86,
A269, and R374) are shown in orange sticks. All figures presented in this
work were generated using PyMOL (http://www.pymol.org/)
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interactions with Trp41. However, in contrast to our expecta-
tion, Trp41 made a flip of 100° and formed a hydrogen bond
with the back bone of Trp374. This hydrogen bond connects
helices α1 and α18 and thus provides structural stability
(Figure 5e, f). In addition, Trp374 formed a hydrogen bond
with a conserved water molecule which in turn formed a hy-
drogen bond with Arg35. Arg35 plays a key role in coordina-
tion and stabilization of the Ca2+ binding site residues through
hydrogen bond interactions with the backbone of Phe371,
Asn368, and a structural water molecule. This water molecule
generates hydrogen bonds with the backbone of Asp366
and Glu361 which ligate Ca2+ in the binding site. More-
over, a larger network of hydrogen bonds between water
molecules, Arg35 and the Ca2+ binding site loop was
formed (Figure 5e, f).

Another way to evaluate the stabilizing effect of the muta-
tions on the lipase structure was to calculate the change in the
average B factor values surrounding the mutation positions.
The B-factor or the temperature factor in X-ray data reflects
the flexibility of an atom position. Therefore, we calculated
the changes in B-factor values between the wild type and
variant H86Y/A269T/R374W (Table 3). A decrease of 2.4–
4.0 Å2 in the B-factors corresponds well with the improved
structural stability of the triple variant H86Y/A269T/R374W.

Discussion

Enzymatic esterification and transesterification reactions, cat-
alyzed by lipases, hold a great promise for environmentally
friendly, sustainable, and economical industrial production of
biodiesel. However, the biocatalyst cost and its poor stability
in methanol hinder the exploitation of the process on a large
scale. Consequently, methanol stable lipases are of great inter-
est for the biodiesel and chemical industries. Protein engineer-
ing by a semi-rational approach was applied to modify surface
charged residues. These residues did not participate in electro-
static interactions, and it was generally expected that their
charge modification may eliminate a potential force for struc-
tural unfolding in the presence of methanol. Eight different
charged residues were substituted by hydrophobic ones and
screened for improved stability. However, only one mutation,
R374W, was found as beneficial to enhance the lipase stability
in methanol (Fig. 1, Table 1). Structural visualization of this
mutation revealed the formation of new hydrogen bonds be-
tween helices and structural water molecules which stabilized
the Ca2+ binding site loop (Fig. 5e, f). These observations
suggest that the stabilizing effect was more likely a result of
new hydrogen bonds formation on the lipase surface rather
than charge modification or π interactions as was presumed.
In our study, we have chosen alanine as the alternative amino
acid for seven charged surface residues. Although these sub-
stitutions eliminated the surface charge, they were not effec-
tive in stabilizing the lipase inmethanol presumably since new
stabilizing interactions were not introduced (e.g., hydrogen
bonds, salt bridges). Therefore, we assume that by using sat-
uration mutagenesis at the predetermined positions rather than
the introduction of specific alternations, we could have found
more beneficial substitutions which could have created new
stabilizing interactions. Alternatively, a polar residue such as
serine could have been superior. Martinez and Arnold (1991)
have successfully used saturation mutagenesis to modify the
surface charge of α-lytic protease to enhance its stability in
DMF. Their results have shown that for each position different
substitutions contributed to the enzyme stability, and their
stabilizing effect was not solely attributed to the charge mod-
ification (Martinez and Arnold 1991).

Fig. 5 Close-up of structural mutation sites in wild-type lipase T6 and
variant H86Y/A269T/R374W.Wild-type A269 (a) and A269T (b). Wild-
type H86 (c) and H86Y (d). Wild-type R374 (e) and R374W (f). The
residues subjected to mutagenesis are in orange sticks. Zinc and calcium
metal ions are shown as gray and yellow spheres, respectively. Water
molecules are shown as red spheres. Conserved water molecules
discussed in the text are marked by yellow asterisks. Possible hydrogen
bonds are marked in black dashed lines; α18
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The combination of variants R374W and H86Y/A269T to
create the triple variant, H86Y/A269T/R374W, resulted in an
additive stabilizing effect in methanol and improved perfor-
mance in methanolysis of soybean oil and waste chicken oil
(Figs. 1, S1, 3, and Table 1) while the hydrolytic activity
remained unchanged. In addition, all three mutations are lo-
cated on the enzyme surface and have no direct contact with
structural regions directly associated with the lipase activity
(e.g., lid helices, active site) (Fig. 4). Based on these observa-
tions, we suggest that the improved methanolysis activity of
the triple mutant was a result of its enhanced stability in meth-
anol rather than a change in the catalytic activity. A positive
correlation between lipase-enhanced stability in methanol,
and improved methanolysis activity was also reported by
Korman et al. who applied directed evolution to Proteus
mirabilis lipase (Korman et al. 2013). Furthermore, the muta-
tion stabilizing effect was confirmed by the DSC analysis in
which the ΔTm between the triple mutant, and the wild type in
50 % methanol was nearly twice larger than in buffer (Fig. 2
and Table 2).

The overall goal of our study was to enhance lipase T6
stability in methanol in order to improve its performance in
biodiesel synthesis. Therefore, we compared the methanolysis
activity of wild type and variant H86Y/A269T/R374W with
two commercial lipases (Fig. 3). These lipases in their
immobil ized form, Lipozyme®TL IM (TLL) and
Novozym®435 (CALB) were considered as the leading
biocatalysts for biodiesel synthesis (Fernandez-Lafuente
2010; Hernández-Martín and Otero 2008). However,
methanol-induced inactivation in reaction systems with more
than 1.5 methanol molar equivalent to oil was previously re-
ported for TLL (Xu et al. 2004), CALB (Shimada et al. 1999),
and lipase T6 (Dror et al. 2014). For the methanolysis reac-
tions, we used soybean and waste chicken oil. Waste chicken
oil is a slaughterhouse byproduct, and its low cost and low
grade make it a perfect feedstock for enzymatic biodiesel pro-
duction. The percentage of saturated FA in the waste chicken

oil was significantly higher than in soybean oil (Table S4),
making it a more suitable feedstock for biodiesel production.
A higher percentage of saturated FA may increase the cetane
number and increase the cloud point of the FAME (Karmakar
et al. 2010). The methanolysis results showed that for both oil
feedstocks, variant H86Y/A269T/R374W was better than the
wild type as a result of its enhanced stability in methanol. In
the soybean oil system, TLL showed the best activity and
closely reached full conversion of oil to FAME while
H86Y/A269T/R374W was the second best (Fig. 3a). Howev-
er, in the methanolysis of waste chicken oil, H86Y/A269T/
R374W was much better than TLL and greatly surpassed
CALB (Fig. 3b). The different activities of H86Y/A269T/
R374W and TLL on different oil feedstocks are most likely
a result of their composition. Refined soybean oil is composed
mainly of triglycerides while the waste chicken oil was com-
posed of 89.5 triglycerides and 10.5 % of diglycerides, mono-
glycerides, and FFA (according to the supplier). TLL was
reported to have high stability in methanol (Fernandez-
Lafuente 2010), and this explains the high conversion of the
soybean oil. However, its poorer activity in the waste chicken
oil can be attributed to inhibition by detergent-like molecules
such as FFA, monoglycerides, or phospholipids present in the
feedstock. It was previously reported by Mogensen et al. that
TLL activity was inhibited by detergents (Mogensen et al.
2005). It was suggested that the inhibition may occur when
the detergent molecules bind in the active site pocket, and as a
result, the substrate access into the active site is prevented
(Mogensen et al. 2005). Methanolysis inhibition by phospho-
lipids was also reported for Aspergillus niger lipase (Li
et al. 2014) and CALB (Watanabe et al. 2002). On the
other hand, H86Y/A269T/R374W methanolysis of soy-
bean oil stopped after 2 h reaction time probably due to
direct contact of the lipase with methanol droplets
which led to methanol-induced unfolding. We suggest
that the high content of polar Bdetergent-like^ sub-
stances in the waste chicken oil improved the methanol

Table 3 Mutations effect on the
B-factor values Mutation position Segmentsa Average B-factor [Å2]b Δ B-factorc

Wild type H86Y/A269T/R374W

86 82–88 26.3 23.9 −2.4
236–240 24.6 22.1 −2.4

269 322–327 25.3 21.8 −3.5
350–356 30.3 26.3 −4.0

374 32–46 28.6 25.7 −2.9
363–387 31.1 27.6 −3.5

a The segments surrounding the positions that were subjected to the mutagenesis
b The average B factors were calculated from the X-ray data collected for wild-type lipase T6 (PDB code: 4X6U)
and for variant H86Y/A269T/R374W (PDB code: 4X85)
cΔ B-factor (for every segment)=(average B-factor) H86Y/A269T/R374W−(average B-factor)wild type
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solubility and decreased the lipase T6 unfolding
resulting in improved methanolysis (Fig. 3b).

The results presented in this work show that by introducing
three mutations, lipase T6 poor methanolysis activity can be
elevated to the level of the commercial lipase TLL (Fig. 3). In
addition, the results of the waste chicken oil methanolysis
showed the great potential of lipase T6 as a biocatalyst for
biodiesel production from low-grade feedstocks. Neverthe-
less, further improvement of lipase T6 stability in methanol
will enable its application in reaction systems with higher
methanol content which will improve the FAME yield and
shorten reaction times.

In our previous work, we used homology modeling to
study the contribution of A269T and H86Y to the stability in
methanol. We suggested that these mutations enable the for-
mation of new hydrogen bonds with other residues (Dror et al.
2014). In this study, the crystal structures of the lipase variants
have confirmed our assumptions and provided a detailed view
of the stabilizing interactions which could not have been seen
in the model. The most prominent feature discovered from the
structures was the extensive formation of new hydrogen bonds
between surface residues directly or mediated by structural
water molecules (Figs. 4 and 5). Mutations on the protein
surface were also found to have a great influence on the sta-
bility in polar organic solvents of Pseudomonas aeruginosa
LST-03 lipase (Kawata and Ogino 2009), Salinivibrio
proteolyticus metalloprotease (Badoei-Dalfard et al. 2010),
CALB (Park et al. 2012) and Bacillus subtilis lipase (Reetz
et al. 2010). It was noted that polar solvents, such as methanol,
can destabilize the protein structure by penetrating into the
hydrophobic core, thus leading to unfolding and inactivation
(Doukyu and Ogino 2010). We suggest that lipase T6-
enhanced stability in methanol resulted from the extension
of the hydrogen bonds network on the lipase surface which
contributed to its rigidity and prevented the methanol
penetration into the enzyme core and thus assisted in
maintaining its active conformation. Similar observations
were reported by Reetz et al. (2010) who concluded that the
enhanced stability of B. subtilis lipase mutants in three polar
organic solvents was a result of a new amino acid cooperative
network which was formed by salt bridges and hydrogen
bonds on the lipase surface.

One of the mechanisms which was proposed to trigger
enzymes unfolding in the presence of polar organic solvents
was stripping of structurally essential water molecules from
the protein surface which may lead to a decrease in the protein
conformational stability and lower the protein Tm (Doukyu
and Ogino 2010; Kamal et al. 2013; Klibanov 1997). Our
results support this theory as all three mutations enabled the
formation of hydrogen bonds to structural water molecules
and elevated the lipase thermostability in 50 % methanol
(Figs. 2, 5, and Table 2). The substitution of alanine with
threonine at position 269 enabled the formation of two new

hydrogen bonds to structural water molecules. In addition, this
mutation was also reported to elevate the unfolding tempera-
ture of the lipase by 3.4 °C (Dror et al. 2014). The stabilizing
effect in methanol of mutations H86Y and R374W can be
attributed not only to hydrogen bond formation but also to
the stabilization of the Zn2+ and Ca2+ binding sites, respec-
tively (Fig. 5). It was previously suggested that the Zn2+ and
Ca2+ binding sites of the homologues G. stearothermophilus
P1 and L1 lipases contribute to the enzymes stability (Kim
et al. 2000; Tyndall et al. 2002). Mutation H86Y enlarged
the hydrogen bond network around the Zn2+ binding site thus
providing further stabilization and increased unfolding tem-
perature as well as protein stability in methanol. Similarly,
mutation R374W stabilized the Ca2+ binding site loop and
greatly increased the stability in methanol (Fig. 1). Similar
results were observed for P. mirabilis lipase, where the reor-
ganization of a loop around the Ca2+ binding site, im-
proved protein stability in methanol environment
(Korman et al. 2013).

The mutation stabilizing effect on the lipase structure was
also reflected by the decrease in the B-factor values (Table 3).
It was recently proposed by Reetz and Carballeira (2007) that
improved thermostability of an enzyme could be achieved by
targeting residues with high B-factors for mutagenesis (B-FIT
method). This strategy was successfully applied to enhance
the thermostability of B. subtilis lipase which was shown sub-
sequently to express enhanced stability in polar organic sol-
vents (Reetz and Carballeira 2007; Reetz et al. 2010). How-
ever, the most stabilizing single mutation, A269T, which
showed the highest improvement in thermostability together
with enhanced stability in methanol, would not have been
found by applying the B-FIT method on lipase T6 since the
position itself is stable. Therefore, we suggest that a more
effective tactic for stabilization of enzymes in polar organic
solvents is the use of complementary approaches, namely the
B-FITapproach and the structure-guided consensus approach.

In conclusion, we have successfully applied complimenta-
ry protein engineering approaches to create a robust variant of
lipase T6 which showed enhanced stability in methanol, ele-
vated thermostability, and improved performance in biodiesel
synthesis. Crystal structures revealed that the enhanced stabil-
ity in methanol and elevated thermostability were a result of
surface mutations which enabled the formation of new hydro-
gen bonds and stabilization of metal ion binding sites which
further contributed to the overall stability of the enzyme. Fur-
thermore, these results provide a structural support for the
proposed protein unfoldingmechanism by stripping off essen-
tial water molecules. Our study demonstrates the potential of
protein engineering to evolve robust and effective biocatalysts
for biodiesel production which has hardly been exploited for
this purpose.We believe that further improvement of lipase T6
for biodiesel production can be achieved by combining ratio-
nal design, B-FIT, and structure-guided consensus approaches
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on the lipase surface. The evolved lipase will be immobilized
for its reuse for multiple biodiesel production cycles.
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