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ABSTRACT: Lipases have been utilized industrially to produce
biodiesel, oleochemicals, and pharmaceuticals. Many efforts such as
metagenomics, directed evolution, and enzyme immobilization have
been devoted to enhance the lipase activity. Here, we designed a
recombinant lipase, NKC-M37-MAT, that was generated by
incorporating an N-terminal amphipathic peptide (NKC) and a C-
terminal coiled-coil peptide (MAT) into Photobacterium lipolyticum
M37 lipase. The hydrophobic face of NKC improve the accessibility
(Km), and catalytic efficiency (Kcat/Km) of the soluble lipase toward
the hydrophobic substrate and tetrameric MAT further enhanced
lipase catalytic activity (U/mg) through cooperative binding to its
substrate such that the catalytic activity (U/mg) of NKC-M37-MAT
was increased by a maximum of 54-fold compared with the wild-type,
which decreased the biodiesel production time 5-fold from 30 to 6 h.
This novel approach shows promise as a platform technology to increase lipase catalytic efficiency for industrial-scale production
of biodiesel and biochemicals synthesized from hydrophobic substrates.
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Triacylglycerol lipase (E.C. 3.1.1.3),1 which catalyzes the
hydrolysis of triglycerides to fatty acids and glycerols,

plays an important role in industries that produce products
such as detergents, food, leather, paper, cosmetics, and
bioenergy.1−3 Because of their broad substrate specificity and
enantioselectivity, lipases have been utilized by the pharma-
ceutical industry to synthesize pure R- and S-optical isomers.4

The energy industry is also using lipases to produce biodiesel
from vegetable oil as well.1,3,5,6

Biodiesel products, an emerging renewable energy source, are
produced through trans-esterification in the presence of a
catalyst which could be basic (generally, NaOH), acid (usually,
HCl or H2SO4), or enzymatic.7−9 However, base-catalyzed
trans-esterification is not feasible because alkaline can react with
free fatty acid to form unwanted soap and water, which would
affect the biodiesel quality and require extra investment for
downstream separation and purification. In acid-catalyzed
esterification, a large excess amount of alcohol is required in
order to reach high biodiesel yield, and if sulfuric acid is utilized
as the catalyst, it is difficult to remove after the reaction.
Moreover, chemical-catalyzed trans-esterification produces

toxic wastewater and consumes high amounts of energy to
maintain high reaction temperature.8 To overcome these
problems, enzymatic methods using lipase are receiving special
attention as an attractive alternative approach for biodiesel
production. The great advantages of lipases compared with
chemical catalysts are as follows: (1) relatively low reaction
temperatures (approximately 40 °C),6 (2) fewer process steps
that generate reduced amounts of hazardous materials, and (3)
improved product separation that generates higher purity
glycerol.5,6

Because the enzymatic synthesis of biodiesel occurs at the
lipid−water interface, increasing the accessibility of water-
soluble lipase such as M37 to hydrophobic substrates is one of
the most important but challenging factors required to improve
the efficiency of enzymatic biodiesel production. Although
surfactants are often used to solve this problem, other
difficulties are encountered in separating surfactants from the
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final reaction products as well as deactivation of the lipase by
surfactants.10,11 Techniques to enhance the activity, substrate-
specificity, thermal resistance, and methanol tolerance of lipases
include approaches such as metagenomics,12,13 directed
evolution,14,15 structure-based protein engineering,16,17 and
enzyme immobilization.18−20 However, a fundamental solution
that improves substrate accessibility remains elusive.10,11

Therefore, engineering the lipases to improve the accessibility
may be an appropriate way to increase efficiency of the
biodiesel synthesis in combination with the engineering of
lipases to improve Kcat.
Here, in order to enhance the substrate accessibility of lipase,

we designed a recombinant lipase, which contains an
amphipathic peptide (AP) and a coiled-coil peptide (CCP) at
its N-terminal and C-terminal, respectively. We first inves-
tigated the effect of AP on lipase activity. The AP is a
continuous α-helical peptide with hydrophilic and hydrophobic
amino acid residues on the two opposite faces, respectively.
Thus, the hydrophobic face interacts preferentially with long
fatty-acyl chains of the lipid substrate, triacylglycerol. The

catalytic activity (U/mg) of the AP-fused lipases for hydro-
phobic substrates (pNPC and pNPL) was increased by a
maximum of 20-fold (Figure 1a and Table 1).
Next, we determined the effect of CCP on lipase activity.

CCPs contain a structural motif comprising two to five
intertwined α-helices that typically mediate oligomerization.21

CCP-fused lipases form a bundle tethered by oligomeric CCPs;
therefore, each lipase binds cooperatively to the substrate. The
catalytic activity (U/mg) of the CCP-fused AP-lipase was
increased by a factor of approximately 3 in comparison to the
monomer AP-lipase. The overall activities of the engineered
lipases containing APs and CCPs were increased by factors of
as much as 54 compared with wild-type lipase, which increased
biodiesel production efficiency 5-fold. This engineered lipase
may replace chemical catalysts as well as lipases currently used
for biodiesel production. Moreover, the AP- and CCP-fusion
approaches may serve as a platform technology to improve the
catalytic activity of other enzymes with hydrophobic substrates.

Figure 1. Characterization of wild-type, AP-fused M37, and oligomeric AP-fused M37 lipases. The effects of APs (a) and oligomerization (b) on the
catalytic activity of the M37 lipase with various substrates (pNPC, pNPL, olive oil, and palm oil). (c) The localization of the AP-fused M37 lipase and
its oligomeric complexes to lipid particles was determined using fluorescence microscopy. Wild-type M37 (left), NKC-M37 (middle), and tetrameric
NKC-M37-MAT lipases (right). Upper row represents the bright-field image and lower row represents the fluorescence microscope image at 488
nm. Scale bars are shown in the diagram (100 μm). The number of fold increment was based on the catalytic activity of wild-type M37. The data
represent the mean value of three independent experiments.

ACS Catalysis Research Article

DOI: 10.1021/cs502079g
ACS Catal. 2015, 5, 5016−5025

5017

http://dx.doi.org/10.1021/cs502079g


■ RESULTS

Engineering Lipases with AP and CCP Domains. To
increase the accessibility of a lipase to its hydrophobic substrate,
a super lipase was constructed by incorporating N-terminal AP
and C-terminal CCP sequences. The general scheme of our AP-
lipase-CCP fusion system is depicted in Figure 2, and the
amino acid sequences of the APs used in this study and the
amphipathic α-helical structure shown as an α-helical wheel
projection are presented in Figure S1. The APs BR2, BR3, and
NKC were fused to three different lipases (M37,22 L1,23 and
TliA24), respectively, via a flexible G4S linker, to construct the
lipases designated BR2-M37, BR3-M37, NKC-M37, BR2-L1,
BR3-L1, NKC-L1, BR2-TliA, BR3-TliA, and NKC-TliA. To
further increase enzymatic activity by enhancing cooperative
interactions between lipase molecules, short CCPs such as
GCN4,25 MAT,21,26,27 and COMP28 were incorporated into the
NKC-M37 lipase, which showed the highest enzyme catalytic
activity, to generate dimeric (NKC-M37-GCN4), tetrameric
(NKC-M37-MAT), and pentameric (NKC-M37-COMP)
lipases. We chose the NKC-M37-MAT lipase fusion for further
study, as it showed the highest enzymatic activity (Figure S2).
After Ni-affinity purification and ion exchange chromatography,
the majority (∼70%) of NKC-M37-MAT were tetramers. The
molecular masses of monomeric wild-type M37 and tetrameric
NKC-M37-MAT lipases, which were determined using gel
filtration, were 41 kDa and 164 kDa, respectively (Figure 3).
Transmission electron microscopy analysis shows that the
NKC-M37-MAT lipase formed tetramers tethered through the

MAT peptide, and the wild-type M37 lipase formed monomers
(Figure 3).

Catalytic Activity of Engineered Lipases. The catalytic
activity (U/mg) of the wild-type M37 lipase with the substrate
p-nitrophenyl laurate (pNPL) was 64.24 U/mg. Lipase activity
increased by a factor of approximately 5, 3, or 20 when the AP
BR2, BR3, or NKC, respectively, was incorporated (Figure 1a
and Table 1). The activity of NKC-M37 was the highest
(1300.86 U/mg). Using olive oil as the substrate, the catalytic
activity of NKC-M37 was 3264.05 U/mg, which was higher by
a factor of approximately 21 compared with that of the wild-
type M37 lipase. The results obtained using palm oil were
similar (Figure 1a and Table 1). To determine whether this
approach was generally applicable, we incorporated BR2, BR3,
and NKC into the L1 and TliA lipases. Same as the former case
of M37 lipase, the catalytic activities of the NKC-L1 and NKC-
TliA lipases presented the most increment in activity compared
to other types of AP-fused lipases, and their catalytic activities
(U/mg) were higher by factors of approximately 10 and 6,
respectively, compared with those of wild-type (Table 1).
The catalytic activity (U/mg) of the CCP-fused M37 lipases

without AP increased by only 20% to 60% compared to the
wild-type M37 lipase, and the tetrameric M37-MAT lipase
showed the greatest increase in activity of all the oligomeric
M37 lipases (Figure S3). The catalytic activity (U/mg) of the
NKC-M37-MAT lipase increased about 300% versus the NKC-
M37 lipase (Figure S2). Further, the catalytic activities of the
tetrameric NKC-L1-MAT and NKC-TliA-MAT lipases were
higher by factors of 2.3 and 2.2 compared with those of the

Table 1. Catalytic Activities of the AP-Fused Lipases and Their Tetrameric Complexes with Various Substrates

lipase

catalytic activity (U/mg)a

pNPC
relative
activityb pNPL

relative
activityb olive oil

relative
activityb palm oil

relative
activityb

wild-type M37 3.43 × 101

± 0.17 × 101
1 6.42 × 101

± 0.32 × 101
1 1.58 × 102

± 0.18 × 102
1 1.93 × 102

± 0.19 × 102
1

BR2-M37 2.47 × 102

± 0.20 × 102
7 3.47 × 102

± 0.28 × 102
5 8.35 × 102

± 0.70 × 102
5 1.44 × 103

± 0.41 × 102
7

BR3-M37 1.43 × 102

± 0.14 × 102
4 2.09 × 102

± 0.21 × 102
3 1.02 × 103

± 0.62 × 102
6 1.71 × 103

± 0.20 × 102
9

NKC-M37 6.06 × 102

± 0.48 × 102
18 1.30 × 103

± 0.10 × 103
20 3.26 × 103

± 0.11 × 103
21 3.52 × 103

± 0.15 × 103
18

NKC-M37-MAT 1.53 × 103

± 0.15 × 103
45 3.49 × 103

± 0.17 × 103
54 7.72 × 103

± 0.15 × 103
49 7.63 × 103

± 0.29 × 103
40

wild-type L1 2.89 × 101

± 0.06 × 101
1 3.33 × 101

± 0.07 × 101
1 1.34 × 102

± 0.15 × 102
1 1.64 × 102

± 0.19 × 102
1

BR2-L1 1.22 × 102

± 0.61 × 101
4 1.40 × 102

± 0.11 × 102
4 2.83 × 102

± 0.38 × 102
2 3.17 × 102

± 0.38 × 102
2

BR3-L1 1.29 × 102

± 0.65 × 101
4 1.49 × 102

± 0.12 × 102
4 3.40 × 102

± 0.42 × 102
3 3.67 × 102

± 0.43 × 102
2

NKC-L1 1.88 × 102

± 0.24 × 102
6 3.48 × 102

± 0.45 × 102
10 1.01 × 103

± 0.35 × 102
8 1.09 × 103

± 0.37 × 102
7

NKC-L1-MAT 4.27 × 102

± 0.64 × 102
15 8.12 × 102

± 0.12 × 103
24 2.72 × 103

± 0.52 × 102
20 2.69 × 103

± 0.51 × 102
16

wild-type TliA 2.69 × 101

± 0.08 × 101
1 5.04 × 101

± 0.15 × 101
1 1.27 × 102

± 0.15 × 102
1 1.55 × 102

± 0.18 × 102
1

BR2-TliA 8.16 × 101

± 0.41 × 101
3 1.11 × 102

± 0.89 × 101
2 1.88 × 102

± 0.21 × 102
1 2.04 × 102

± 0.27 × 102
1

BR3-TliA 8.81 × 101

± 0.44 × 101
3 1.18 × 102

± 0.94 × 101
2 2.14 × 102

± 0.30 × 102
2 2.31 × 102

± 0.31 × 102
2

NKC-TliA 1.48 × 102

± 0.25 × 102
6 3.12 × 102

± 0.53 × 102
6 8.00 × 102

± 0.27 × 102
6 8.62 × 102

± 0.29 × 102
6

NKC-TliA-MAT 3.11 × 102

± 0.56 × 102
12 6.86 × 102

± 0.12 × 103
14 1.81 × 103

± 0.35 × 102
14 1.79 × 103

± 0.34 × 102
12

aThe data shown are the mean and standard deviation for three independent experiments. bRelative activity = [U/mg (engineered)]/[U/mg (wild-
type)].
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monomeric, NKC-fused versions, respectively (Table 1).
Overall, the catalytic activity (U/mg) of the tetrameric NKC-
M37-MAT lipase was higher by a factor of approximately 54
compared with that of the wild-type M37 lipase (Figure 1b).
The enzymatic kinetic parameters of the lipases are analyzed

in Table 2 and Figure S4. The catalytic efficiency (Kcat/Km) of
the NKC-M37 lipase was higher by a factor of approximately 19
than that of the wild-type M37 lipase. We attribute these
findings to the higher accessibility between the enzyme and its
substrate (Km). The results for the NKC-M37 lipase were the
most significant, because its Km value was lower by a factor of
approximately 7, and its Kcat value was higher by a factor of
approximately 3 compared with those of the wild-type M37
lipase. The Kcat/Km values of the NKC-L1 and NKC-TliA
lipases were significantly increased by factors of approximately
10 and 6, respectively, compared with those of the wild-type
lipases (Table 2).
The catalytic efficiency (Kcat/Km) of the tetrameric NKC-

M37-MAT lipase was the highest. Thus, the Km and Kcat values
of the tetrameric NKC-M37-MAT lipase were lower by a factor
of 2 and slightly higher, respectively, compared with those of
the monomeric NKC-M37 lipase (Table 2). The Km values of
the NKC-L1-MAT and NKC-TliA-MAT lipases were lower by
factors of 2.3 and 1.6, respectively, compared with those of their
monomeric counterparts, whereas their Kcat values were slightly
increased.
The monomeric lipases were tethered through their CCP

domains, and they bound to their lipid substrates in a
cooperative manner. TEM analysis and gel-filtration analysis
clearly demonstrated that the purified NKC-M37-MAT form
tetramers. To determine the cooperative activity of each NKC-

Figure 2. General scheme of the amphipathic peptide-fused lipase and oligomerization. Recombinant lipases were generated with an amphipathic
peptide and then tethered with a coiled-coil peptide to induce the formation of tetrameric lipases. The structure of M37 lipase is taken from PDB
(PDB ID: 2ORY). The structures of NKC and MAT were modeled using the I-TASSER server. Hydrophobic residues are yellow and the lid helix
including the active site is red. The hydrophobic region of NKC is yellow, the hydrophilic region is green, and MAT is blue.

Figure 3. Gel filtration elution profiles of the tetrameric NKC-fused
M37 lipase. Dotted black, red, and solid black lines represent
standards, tetrameric NKC-M37-MAT, and monomeric wild-type M37
lipases, respectively. The molecular weights of the lipases were
estimated from the molecular weight of standard markers. Molecular
weights of standard markers are shown above each peak. Upper images
are transmission electron microscopy analysis of wild-type M37 (upper
right; scale bar = 20 nm) and tetrameric NKC-M37-MAT lipases
(upper left; scale bar = 20 nm).
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M37-MAT in this tetrameric form, the Hill coefficient was
calculated on the basis of a numerical fit to the reaction velocity
(Figure S5).29 The Hill coefficient of the tetrameric NKC-M37-
MAT lipase was 2.1 ± 0.2, which indicates that activities of the
lipase molecules were cooperatively coupled.
Fluorescence Microscopy Analysis of the Interaction

between a Lipase and Its Substrate. To address the effects
of AP and CCP sequences on the accessibility of a lipase to its
substrate, the localizations of the wild-type M37, NKC-M37,
and NKC-M37-MAT lipases relative to lipid particles were

determined using fluorescence microscopy (Figure 1c and
Figure S6). This analysis revealed that the majority of NKC-
M37 molecules localized to the surface of oil droplets. In
contrast, the majority of the wild-type M37 molecules were not
closely associated with the lipid particles and were instead
dispersed throughout the solution. In comparison, the
association between the tetrameric NKC-M37-MAT lipase
and lipid particles was the highest.

Thermal Stability and Methanol Tolerance of Engi-
neered Lipases. The residual activities of the wild-type M37

Table 2. Kinetic Parameters of the Engineered Lipases Used in This Studya

lipase Km (mM) Kcat (min−1) Kcat/Km (sec−1 M−1) relative specificityb

wild-type M37 0.57 × 100 ± 0.52 × 10−1 3.64 × 102 ± 0.12 × 102 1.07 × 104 1.0
BR2-M37 0.18 × 100 ± 0.13 × 10−1 5.44 × 102 ± 0.28 × 102 4.98 × 104 4.7
BR3-M37 0.25 × 100 ± 0.18 × 10−1 5.24 × 102 ± 0.21 × 102 3.52 × 104 3.3
NKC-M37 0.82 × 10−1 ± 0.40 × 10−2 1.01 × 103 ± 0.41 × 102 2.05 × 105 19.2
M37-GCN4 0.45 × 100 ± 0.38 × 10−1 3.60 × 102 ± 0.15 × 102 1.34 × 104 1.3
M37-MAT 0.37 × 100 ± 0.24 × 10−1 3.60 × 102 ± 0.11 × 102 1.64 × 104 1.5
M37-COMP 0.50 × 100 ± 0.64 × 10−1 3.62 × 102 ± 0.14 × 102 1.20 × 104 1.1
NKC-M37-MAT 0.41 × 10−1 ± 0.30 × 10−2 1.05 × 103 ± 0.55 × 102 4.25 × 105 39.7
wild -type L1 0.65 × 100 ± 0.48 × 10−1 2.91 × 102 ± 0.13 × 102 7.49 × 103 1.0
NKC-L1 0.17 × 100 ± 0.12 × 10−1 7.19 × 102 ± 0.34 × 102 7.26 × 104 9.7
NKC-L1-MAT 0.72 × 10−1 ± 0.80 × 10−2 7.20 × 102 ± 0.38 × 102 1.67 × 105 22.3
wild-type TliA 0.62 × 100 ± 0.41 × 10−1 3.03 × 102 ± 0.13 × 102 8.14 × 103 1.0
NKC-TliA 0.25 × 100 ± 0.16 × 10−1 6.72 × 102 ± 0.29 × 102 4.52 × 104 5.6
NKC-TliA-MAT 0.15 × 100 ± 0.40 × 10−2 6.84 × 102 ± 0.37 × 102 7.50 × 104 9.2
CalB38 0.41 × 100 ± 0.40 × 10−1 3.05 × 102 ± 0.10 × 102 1.24 × 104

The rates of hydrolysis of pNPL by the wild-type and engineered lipases were determined in 150 μL reaction volumes containing 10 μg of lipase at
40 °C. The production of p-nitrophenolate was measured at 405 nm. All experiments were repeated three times. Kinetic constants were calculated by
fitting the initial rates to the Michaelis−Menten equation. aThe data shown are the mean and standard deviation for three independent experiments.
bRelative specificity = [Kcat/Km (engineered)]/[Kcat/Km (wild-type)]

Figure 4. Analysis of the methanol resistance of the NKC-M37 lipases and tetrameric NKC-M37-MAT lipase and their application to biodiesel
production. (a) Overview of biodiesel production from triglycerides catalyzed by lipase. In the transesterification reaction, triglycerides react with an
alcohol, typically methanol, to produce biodiesel (fatty acid methyl ester) and glycerol. (b) Biodiesel production from olive oil using the wild-type
M37, NKC-M37, and tetrameric NKC-M37-MAT lipases. The amounts of biodiesel produced were measured quantitatively using GC. The
quantities (in moles) of biodiesel in the reaction mixtures were calculated by comparing the retention times and peak areas of standard fatty acid
methyl ester peaks. Time course of the three-step transesterification of olive oil using the wild-type M37, NKC-M37, and tetrameric NKC-M37-
MAT lipases (left). Time course of two-step (middle) and one-step (right) transesterification of olive oil using the wild-type and engineered lipases,
respectively. The red arrows indicate the addition of methanol to the reaction mixture.
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lipase and NKC-M37 lipase were 76% at 40 °C; they decreased
significantly to 57% at 45 °C and then to 5% at 70 °C after 30
min. However, the tetrameric NKC-M37-MAT lipase main-
tained 73% of its activity at 45 °C (Figure S7a). Further, the
thermal denaturation of the wild-type M37 and tetrameric
NKC-M37-MAT lipases was monitored by measuring ellipticity
at 193 nm when they were heated at 10 °C/min from 20 to 70
°C. Ellipticity decreased as the temperature increased,
consistent with the denaturation of protein secondary structure
(Table S1).30 Indeed, the ellipticity of the tetrameric NKC-
M37-MAT lipase changed much more slowly during the
temperature ramp compared with the wild-type M37 (Figure
S7b and c). Circular dichroism analysis showed that the
increased stability was conferred exclusively by the tetrameric
form of the lipase, as monomers have a Tm of 43 °C, while
tetramers show an increase of 8 °C. The high thermal stability
of the tetrameric NKC-L1-MAT lipase was similar to L1 lipase
(Figure S7d, e, and f).
The NKC-M37 and NKC-M37-MAT lipases exhibited the

methanol tolerance similar to the wild-type M37 lipase in 3.3%,
5%, and 10% methanol solution at 40 °C for 12 h (Figure S8)
Biodiesel Production Using Engineered Lipases. We

next analyzed the conversion of olive and palm oils into
biodiesel by the NKC-M37 and tetrameric NKC-M37-MAT
lipases (Figure 4a). When three-step methanol addition was
performed, TLC analysis showed that the wild-type M37 and
NKC-M37-MAT lipases converted most of the olive oil to
biodiesel (Figure S9), and GC analysis showed that the wild-
type M37 and NKC-M37 lipases converted 95% of the olive oil
into biodiesel after 30 and 10 h, respectively. Further, the
tetrameric NKC-M37-MAT lipase required only 6 h to reach
the same yield (Figure 4b). Using two-step methanol addition,
the tetrameric NKC-M37-MAT lipase produced an amount of
biodiesel in 12 h equal to that produced by the wild-type M37
lipase after 36 h (Figure 4b). Using one-step methanol addition,
the respective times to reach the same yields were 12 and 48 h
(Figure 4b). Similar results were obtained when palm oil and
soybean oil waste were used as substrates (Figure S10).

■ DISCUSSION
In the present study, we generated a recombinant lipase by
incorporating N-terminal AP and C-terminal CCP domains,
and its catalytic activity (U/mg) was higher by a factor of
approximately 54 compared with the wild-type enzyme.
Lipolysis is catalyzed at the oil−water interface and is naturally
very slow, because the initial binding of a lipase to its substrate
is relatively weak. We reasoned that the AP domain should
increase substrate-binding accessibility and that the CCP
domain should mediate formation of enzyme oligomers to
further increase lipase activity through cooperative binding to
its substrate (Figure 2).
The increased enzymatic efficiency of the lipase (Figure 1

and Table 2) may be explained as follows: (i) a shift in lipase
partitioning from the water phase to the lipid−water interface,
an increase in the proximity and local concentration of enzymes
around the lipid substrates, and maximizing of the reaction rate,
as demonstrated by the catalytic efficiency (Kcat/Km); and (ii)
cooperative interaction between lipase and substrate as
confirmed by the Hill coefficient of the engineered lipases.
The lipases are water-soluble, yet they must interact with

hydrophobic substrates. APs are polar along one surface of their
helices and hydrophobic on the other, providing a structural
organization that allows them to interact with hydrophobic and

hydrophilic environments (Figure S2). The characteristics of
the linear APs and their interaction with lipid substrates
resemble the properties of surfactants. Therefore, we reasoned
that the incorporation of an AP domain might improve lipase-
lipid interactions. Depending on amphipathicity, we found that
introducing an AP domain increased catalytic activity by a
factor as much as 20, a striking result obtained without
modification of the active site. The recombinant lipase with the
NKC sequence, which is more amphipathic than BR2 or BR3,
showed the highest lipase activity (Figure 1a).
Although Candida antarctica lipase B (CalB) is widely used as

a biodiesel production enzyme, we used M37 lipase in our
experiment because the M37 lipase is more methanol-tolerant
than CalB lipase in high concentration (∼10% v/v) of
methanol.22,31 This stability gives M37 lipase higher efficiency
than other lipases in biodiesel production that consume a mass
amount of methanol during the production process.
Protein conformation might help explain the positive effects

of the NKC AP domain on the specific activity of the NKC-
M37 lipase that hydrolyzed pNPL at a rate that was
approximately higher by a factor of approximately 20 compared
with that of the wild-type M37 lipase. We speculated that the
AP domain might affect the conformation of the region
surrounding the active site and the lid domain, which covers the
active site. Lipases exist in equilibrium between a closed
conformation, in which the active site is separated from the
reaction medium by the lid, and an open conformation, in
which the lid is displaced to fully expose the active site to the
reaction medium.32 Recently, Palomo et al. reported lipase
variants with site-specific incorporation of rationally designed
peptides into the lipase-lid site and showed that lipase
activation involves large structural rearrangements and a more
open conformation of the lid with the peptide modification.33,34

The active site of M37 lipase is covered by an α helical lid (α3),
and the conformation of the lid is strongly influenced by the
helices α9 and α10.35 The NKC was incorporated into the N-
terminus of the M37 lipase near the α10 helix and might
modify the mobility of the lid. Accordingly, NKC might
improve the access of hydrophobic substrates to the active site
and increase binding accessibility. Further, the helical lid of the
M37 lipase is shorter compared with those of the L1 and TliA
lipases, possibly explaining differences in the enhancing effect of
the AP domain on catalytic activity.
The spatial organization of enzymes plays a crucial role in

their functionality and efficiency.36 The CCP domains may
tether lipases to induce cooperative binding to its substrate and
reduce the dissociation rate. Thus, when one lipase binds to a
lipid substrate, subsequently it increases the binding efficiencies
of the second and third enzyme molecules in the bundle
complex, similar to the binding of oxygen to hemoglobin.37

According to the Hill coefficient results, when the Hill
coefficient is 1, it represents noncooperative binding that the
affinity of the enzyme for a substrate is not dependent on.
When the Hill coefficient is higher than 1, it represents
positively cooperative binding that once one enzyme is bound
to the substrate, its affinity for other enzymes is increased. In
the case of tetrameric NKC-M37-MAT, the Hill coefficient is
2.1, which represents positively cooperative binding. Such a
mechanism explains why the activities of the oligomeric lipases
were higher compared with monomeric lipases. For example,
the catalytic activities (U/mg) of the dimeric NKC-M37-GCN4
and tetrameric NKC-M37-MAT lipases were higher by factors
of approximately 2 and 3 compared with that of the monomeric
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NKC-M37 lipase, respectively (and higher by factors of
approximately 45 and 54 compared with that of the wild-type
M37 lipase). However, the catalytic activity of the pentameric
NKC-M37-COMP lipase was lower than that of the tetrameric
NKC-M37-MAT lipase, possibly because of steric hindrance of
a large multimer (Figure S2).33 When CCP was fused with the
lipases, enzymatic activity increased by only 20% to 60%;
however, in the case of both AP and CCP fused lipases,
enzymatic activity increased by 300% (Figure S3).
As shown by fluorescence microscopy analysis, the NKC-

M37 lipase localized to lipid particles more frequently
compared with the wild-type M37 (Figure 1c and Figure S6).
This association was more pronounced for the tetrameric
NKC-M37-MAT lipase. Thus, the presence of AP and CCP
domains induced significant changes in the partitioning of the
lipase between the water phase and the lipid−water interface.
The Km values of the NKC-M37 and NKC-M37-MAT lipases
were lower by factors of approximately 7 and 14 compared with
wild-type lipase, respectively, and the catalytic efficiency (Kcat/
Km) of the NKC-M37 and NKC-M37-MAT lipases were
increased by factors of approximately 19 and 40 compared with
the wild-type lipase, respectively (Table 2). Further, the
catalytic efficiency (Kcat/Km) of the tetrameric NKC-M37-
MAT lipase was higher by a factor of approximately 35
compared with wild-type of Candida antarctica lipase B
(CalB),38 which is most widely used in the industry and
indicates that the recombinant NKC-M37-MAT lipase is more
suitable for industrial use. Furthermore, our novel approach
introducing AP and CCP domains can also be applicable to the
immobilized lipase for the multiple usage.
The thermal stability of the tetrameric NKC-M37-MAT

lipase was higher compared with that of the monomeric wild
type-M37 lipase, and the NKC-M37 and tetrameric NKC-M37-
MAT lipases were also quite stable in methanol, similar to the
wild-type M37 lipase, which is a property required for efficient
biodiesel production (Figure S7 and Figure S8). The
oligomerization of lipase induced by the CCP domain
(MAT) might increase stability by decreasing structural
flexibility, which may decrease unfolding and denaturation
(Figure S7). Therefore, their stabilities at high temperature and
in the presence of high concentrations of methanol suggest that
our engineered lipases might have applications in many areas of
industrial biochemical production that involve hydrophobic
substrates and organic solvents.39

The NKC-M37-MAT lipase was applied to biodiesel
production and increased biodiesel production efficiency 5-
fold (Figure 4b). Although no linear relationship between a
catalytic efficiency and transesterification efficiency was found,
we speculate that the substrate for NKC-M37-MAT, which is
∼80% of the entire reaction volume for biodiesel production,
explains that the influence of increased accessibility to the
substrate for biodiesel production by NKC may thus not be as
high as that of the conditions for Michaelis−Menten kinetics
with pNPL hydrolysis.
Cost-effective production of biodiesel requires minimizing

the methanol treatment step. The NKC-M37-MAT lipase
produced biodiesel very efficiently even using the one-step
methanol treatment process, and the production time
decreased by greater than 80% compared with the other
industrial lipases, even when the two- and three-step methods
were used.
Notably, the feedstock accounts for greater than 70% of

biodiesel production cost.40 Intensive research is underway on

using low cost feedstocks such as waste cooking oil, beef tallow,
pork lard, and yellow grease to make the cost of producing
biodiesel competitive with that for petro-diesel.40 The
engineered NKC-M37-MAT lipase produced biodiesel very
efficiently, even from waste cooking oil, which includes
impurities, free fatty acids, and water, but at reduced yield
compared with oils (Figure S10). Therefore, we conclude that
engineering lipases with AP and CCP to improve accessibility
may be an attractive way to improve the biodiesel synthesis
efficiency in combination with the engineering of lipases to
improve Kcat.

■ METHODS
Bacterial Strains, Plasmids, Enzymes, and Chemicals.

Escherichia coli strain BL21(DE3) (Invitrogen) was used to
express lipase constructs. Plasmids and their sources are as
follows: pEML37, H. K. Kim;22 pHOPE, J. S. Rhee;23 pSLE2,
T. K. Oh;24 and pET26b, Novagen. Genotech synthesized the
oligonucleotides used in this work (Table S2). All enzymes
were purchased from New England BioLabs, except Taq
polymerase (TaKaRa Bio Inc.). All antibiotics were purchased
from Sigma-Aldrich. Ampicillin and kanamycin were used at
final concentrations of 50 and 25 μg/mL, respectively. All p-
nitrophenolate esters and triglyceride substrates [p-nitrophenyl
caprate (pNPC), p-nitrophenyl laurate (pNPL)] as well as
analytical standards (palmitic acid methyl ester, stearic acid
methyl ester, oleic acid methyl ester, linoleic acid methyl ester,
and linolenic acid methyl ester), olive oil, and palm oil were
purchased from Sigma-Aldrich. Methanol was purchased from
Merck Chemical Co. All recombinant DNA techniques were
performed according to those described by Sambrook and
Russel.41

Construction of a Gene Encoding a Lipase Fused to
an Amphipathic Peptide (AP) and a Coiled-Coil Peptide
(CCP). To increase the accessibility of hydrophobic substrates
to a lipase, the APs BR2, BR3, and NKC (Figure S1) were
fused to the N-terminus of lipase M37 (GenBank Acc. No.
AY527197)22 from Photobacterium lipolyticum, lipase L1
(GenBank Acc. No. U78785)23 from Geobacillus stearothermo-
philus, and lipase TliA (GenBank Acc. No. AF083061)24 from
Pseudomonas fluorescens. These manipulations were performed
using DNA sequences encoding AP-fused lipases M37, L1, or
TliA that were PCR-amplified from pEML37, pHOPE, and
pSLE2, respectively, using a forward primer representing the
respective AP sequence and the 5′ sequence of each lipase and
a reverse primer corresponding to the 3′ sequence of each
lipase (Table S2). Each amplicon was digested with NdeI and
XhoI and inserted into the NdeI/XhoI sites of pET26b to
generate pM37, pBR2-M37, pBR3-M37, pNKC-M37, pL1,
pBR2-L1, pBR3-L1, pNKC-L1, pTliA, pBR2-TliA, pBR3-TliA,
and pNKC-TliA.
To further increase the accessibility between the AP-fused

lipase and its substrate, we designed oligomeric bundles of the
AP-fused lipases with a short CCP conjugated to the C-
terminus of each (Table S3). These manipulations were
performed using PCR amplification of the DNA sequences
encoding each short CCP, the dimeric coiled-coil domain of
yeast GCN4,25 the tetrameric domain of chicken matrilin1
(MAT),21 and the pentameric domain of rat cartilage
oligomeric matrix protein (COMP).28 The primers specific
for each CCP are described in Table S2, which includes the
DNA sequence of each CCP and the two repeats of a flexible
G4S linker at the N-terminus of the CCP DNA. The PCR-
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amplified CCP fragments were then digested with XbaI and
XhoI and cloned into the XbaI/XhoI sites of pNKC-M37,
producing pNKC-M37-GCN4, pNKC-M37-MAT, and pNKC-
M37-COMP. To reveal the effect of CCP alone, genes
encoding M37 lipase and CCPs were annealed by recombinant
PCR and cloned into the NdeI/XhoI site of pET26b to
generate pM37-GCN4, pM37-MAT, and pM37-COMP. To
confirm the oligomerization of the lipases, the monomeric and
oligomeric lipases were subjected to gel filtration chromatog-
raphy using a Superdex-200 10/300 GL column (Amersham
Biosciences) equilibrated and eluted with potassium phosphate
buffer (50 mM, pH 7.0) containing 150 mM NaCl. The lipases
were applied to a glow-discharged carbon-coated 400 mesh
copper grid (Electron Microscopy Science), which was
negatively stained with 0.75% uranyl formate and observed
using a transmission electron microscope (TEM). Images were
collected using an FEI 4 K × 4 K Eagle HS CCD camera
connected to an FEI Tecnai T120 microscope operated at 120
kV. The defocus and nominal magnification for all images were
−1 μm and 67 000×, respectively.
Expression and Purification of the Engineered

Lipases. E. coli BL21(DE3) was transformed with each
expression vector (pM37, pBR2-M37, pBR3-M37, pNKC-
M37, pL1, pBR2-L1, pBR3-L1, pNKC-L1, pTliA, pBR2-TliA,
pBR3-TliA, pNKC-TliA, pNKC-M37-GCN4, pNKC-M37-
MAT, and pNKC-M37-COMP), inoculated into 3 mL of LB
medium supplemented with 50 μg/mL of ampicillin and
cultured at 37 °C for 12 h. Each culture was then diluted 1:100
into fresh medium (100 mL), and grown at 18 °C with
constant shaking at 220 rpm. When the optical density of the
cultures measured at 600 nm reached 0.6, protein expression
was induced by adding 0.1 mM isopropyl-β-D-thiogalactopyr-
anoside. The cells were harvested 16 h after induction by
centrifugation at 6 000 rpm for 10 min at 4 °C and were lysed
using sonication (6 × 3 min, Vibra-Cell VC750, Sonics) in a
buffer containing 50 mM Tris-HCl (pH 8.0) and 200 mM
NaCl. The clear supernatants, obtained after centrifugation at
10 000 rpm for 15 min at 4 °C, were processed for protein
purification using a Ni-nitrilotriacetic acid agarose affinity
column. The affinity resin was equilibrated with 50 mM Tris-
HCl (pH 8.0) buffer containing 200 mM NaCl, and the bound
proteins were eluted with a step gradient of imidazole (50, 100,
250, and 350 mM) and dialyzed using the same buffer. The
purified proteins were loaded onto a cation-exchange HiTrap
SP column (GE Healthcare Life Sciences) and eluted with a 0
to 1 M NaCl gradient. Fractions containing recombinant lipase
were further purified by gel-filtration chromatography on a
Superdex 200 column (Amersham Biosciences) equilibrated
with 50 mM Tris-Cl, pH 8.0, and 150 mM NaCl. The cellular
protein content was estimated using the bicinchoninic acid
protein assay (Pierce) and bovine serum albumin (0.05−2 mg/
mL) as the standard.41

Measurement of Catalytic Activity of Engineered
Lipases. The catalytic activities (U/mg) of the wild-type and
engineered lipases were measured using a standard spectro-
photometric method42 to detect p-nitrophenol using p-
nitrophenyl derivatives (pNPC and pNPL). The reaction
mixture (1 mL) contained 10 μL of pNPL (10 mM in
acetonitrile), 40 μL of ethanol, and 950 μL of Tris-HCl buffer
(50 mM, pH 8.0). The enzyme (10 μg) was added to the
reaction mixture and incubated for 3 min at 40 °C, and the
amount of p-nitrophenol produced was measured at 405 nm.
Enzyme activity (1 unit) was defined as the quantity of enzyme

that generated 1 μmol p-nitrophenol/min. Lipase catalytic
activity was also measured by titrating the free fatty acids
released by hydrolysis of olive oil and palm oil, using the pH-
STAT method.42 An emulsion of 5 mL of olive oil in 495 mL of
20 mM NaCl, 1 mM CaCl2, and 0.5% (w/v) gum arabic
solution was prepared using a Waring blender set to maximum
speed for 2 min. After adjusting the substrate emulsion (20
mL) to pH 8.0 with 10 mM NaOH, 10 μg of enzyme was
added. Fatty acid production was measured for 5 min at 40 °C
using a pH titrator (718 Stat Titrino, Metrohm). One unit of
lipase activity was defined as the amount of enzyme that
generated 1 μmol fatty acid/min. To measure the accessibility
of a lipase for its substrate, the Km value was calculated from
kinetics of pNPL hydrolysis. The rates of hydrolysis of pNPL by
the wild-type and engineered lipases were determined in 150
μL reaction volumes containing 10 μg of lipase at 40 °C using
an integrated robotic Infinite 200 Pro microplate reader
(Tecan). The production of p-nitrophenolate was measured
at 405 nm. All experiments were repeated three times. Kinetic
constants were calculated by fitting the initial rates to the
Michaelis−Menten equation.43

Analysis of Lipase−Substrate Interactions Using
Fluorescence Microscopy. To determine the effects of AP
and CCP on the accessibility of a lipase to its substrate,
fluorescence microscopy analysis was performed. The engi-
neered lipases were labeled with fluorescein isothiocyanate
(FITC) according to the manufacturer’s instructions (Calbio-
chem). FITC-labeled lipases were dialyzed against 50 mM Tris-
HCl (pH 8.0) and 200 mM NaCl to eliminate unlabeled FITC.
Olive oil was dissolved in distilled water at a 1:9 ratio and
vortexed for 3 min. FITC-labeled lipases were added to the oil
solution, and the mixture was incubated at 37 °C for 30 min to
reach an equilibrium of binding and release of oil and lipases.44

After the reaction was terminated, the interaction between
lipases and oil was imaged using a Leica DM4000 fluorescence
microscope. Images were acquired using a 488 nm bandpass
excitation filter.

Thermal Stability and Methanol Tolerance of Engi-
neered Lipases. The thermal stabilities of the engineered
lipases were determined by measuring activity after incubation
for 30 min at temperatures ranging from 4 to 70 °C. The
catalytic activities of each lipase were assayed using the p-
nitrophenol method described above. To analyze the thermal
denaturation of the lipases, circular dichroism (CD) experi-
ments were performed using a J-815 spectropolarimeter
(JASCO Corporation) equipped with a Peltier system to
control sample temperature. Purified proteins were subjected to
ultrafiltration (Amicon Ultra-4 centrifugal filter unit, Millipore)
to exchange the buffer to 50 mM sodium phosphate (pH 8.0),
and protein concentrations were adjusted to 1 mg/mL. Far-UV
spectra were analyzed after incubating the enzyme solutions for
30 min at 20 °C. Thermal ramps were performed using
increments of 10 °C from 20 to 70 °C, and spectra were
acquired after 3 min at each temperature. CD spectra were
acquired in the far-UV region (190−260 nm) employing a 1
mm path-length quartz cuvette, a data pitch of 0.1 nm, and a
scan speed of 20 nm/min. Five spectra were acquired and
averaged for each sample. Thermal denaturation was monitored
by following ellipticity at 193, 208, and 222 nm to determine α-
helical content at 10 °C/min heating rate from 20 to 70 °C.
The methanol resistance of each engineered lipase was
determined by measuring the residual activity after methanol
treatment. The reaction mixture contained enzyme (final
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concentration, 10 μg/mL) with the three different concen-
trations (3.3%, 5%, and 10% v/v) of methanol to provide
oil:methanol molar ratios ranging from 1:1 to 1:3. Tris-HCl
buffer (50 mM, pH 8.0) was added to a final volume of 1 mL,
the mixture was incubated at 40 °C for 12 h, and then the
catalytic activity was determined at specified times using the
standard pNPC-spectrophotometry method described above.
Biodiesel Production Using Engineered Lipases. Each

of wild-type M37, NKC-M37, and tetrameric NKC-M37-MAT
lipases (30 mg) was incubated with 7.89 mL of olive oil, palm
oil, or waste oil in a 30 mL glass-capped tube and shaken at 220
rpm in a rotary shaker at 40 °C, where methanol at three
different molar ratio was added stepwise (one-, two-, and three-
step processes).
After adding the lipases, the conversion rates were measured

for 48 h. In the three-step process (one molar equivalent of
methanol), the lipases and 0.33 mL of methanol were added to
the tube at 0, 9, and 18 h. In the two-step process (1.5-mol
equiv of methanol), the lipases and 0.495 mL of methanol were
added at 0 and 12 h. In the one-step process (3 mol equiv of
methanol), the lipases and 0.99 mL of methanol were added at
0 h. Samples (200 μL) were taken from the reaction mixture at
the specified times and mixed with 1 mL of hexane in a 1.5-ml
airtight vial and mixed for 2 min. After centrifugation at 1000g
for 10 min, 10 μL of the upper layer was applied to a silica-gel
plate to measure the amount of biodiesel produced and
subjected to thin-layer chromatography (TLC). Hexane/ethyl
acetate/acetic acid (90:10:1) and methanol/sulfuric acid (1:1)
were used as the developing solvent and color reagent,
respectively. After development, the TLC plate was sprayed
with the color reagent, heated at 250 °C, and analyzed using gas
chromatography (GC) (Hewlett-Packard 5890 Series II). The
biodiesel yield is expressed as the percentage of the theoretical
yield (ME%). The fatty acid methyl ester was analyzed using an
HP-5 column (cross-linked 5% PH ME Siloxane, 0.32 mm × 30
mm id) and a flame ionization detector. The column
temperature was increased from 70 to 300 °C at 10 °C/min
and maintained at 300 °C for 3 min. The total quantities (in
moles) of biodiesel in the reaction mixtures were calculated by
comparisons of the retention times and peak areas of standard
fatty acid methyl ester peaks.
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