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Abstract
Interest in the identification of thermostable lipases for industrial applications is growing. Herein, the novel thermostable 
lipase TDL2 was identified from the thermophilic fungus Thermomyces dupontii ATCC 16461 and its gene was cloned 
and overexpressed in Pichia pastoris. The recombinant TDL2 was purified and biochemically characterized. The optimal 
conditions for hydrolytic activity were identified as 50 °C and pH 8.5. Interestingly, the enzyme was stable at 50 °C and 
stable over the pH range of 6.5–9.0. Additionally, the activity analysis for various p-nitrophenyl acyl esters indicated that the 
lipase TDL2 showed higher specific activity for medium- and long-chain substrates, as well as the highest activity toward 
p-nitrophenyl laurate. Furthermore, the lipase TDL2 exhibited excellent enantioselectivity (E > 200) in the kinetic resolution 
of 2-carboxyethyl-3-cyano-5-methylhexanoic acid ethyl ester. Given the excellent enantioselectivity, TDL2 is an interesting 
enzyme for industrial applications.
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Introduction

Lipases (EC 3.1.1.3) are versatile enzymes that catalyze a 
great variety of reactions, including ester hydrolysis and syn-
thesis, transesterification, acidolysis, alcoholysis, and ami-
nolysis (Jaeger and Reetz 1998; Gupta et al. 2004; Kapoor 
and Gupta 2012). Given their unique catalytic properties, 
such as stability in organic solvents; broad substrate spec-
trum; high chemo-, region-, and enantioselectivity, lipases 
are arguably the most popular biocatalysts for various bio-
chemical processes in the detergent, food, medical, paper, 
and pharmaceutical industries (Gupta et al. 2004; Sarmah 
et al. 2018; Zheng et al. 2019). Demand for the discovery 
and production of high-performing lipases is increasing 

because of their continuously expanding utility as biocata-
lysts in various industrially relevant processes.

Lipases are widespread in higher eukaryotes and micro-
bial organisms. The most widely utilized microbial lipases 
have been mainly derived from bacteria, yeasts, and filamen-
tous fungi. However, in many industrial processes, enzymes 
are subjected to extreme physicochemical conditions that 
are very drastically different from their cellular environ-
ment (Littlechild 2015). Thermostable enzymes are more 
resistant to organic solvents besides high thermal stability 
compared with general enzymes and which is more condu-
cive to industrial storage (Li et al. 2005). The ubiquitous 
thermophilic fungus Thermomyces lanuginosus, also known 
under the obsolete synonym Humicola lanuginosa, produces 
several thermostable enzymes for industrial applications (de 
Oliveira et al. 2015; Ronald et al. 2014). Notably, TLL, the 
lipase from T. lanuginosus, has been used for the efficient 
kinetic resolution of 2-carboxyethyl-3-cyano-5-methylhex-
anoic acid ethyl ester (CNDE) to produce the desired (S)-
mono acid enantiomer; this process is the most challenging 
step in the chemoenzymatic synthesis of pregabalin (Mar-
tinez et al. 2008; Zheng et al. 2016).

In addition to TLL, the two other thermostable lipases, 
namely Lip (Li et al. 2014a; Li et al. 2014b) and TTL (Ding 
et al. 2018a; Ding et al. 2018b), had also been used for the 
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chemoenzymatic route to pregabalin. Interestingly, TLL, 
Lip, and TTL show high amino acid sequence similarity. 
TLL and Lip are both derived from the thermophilic fungus 
T. lanuginosus, while TTL comes from the thermophilic fun-
gus Thermomyces dupontii, which is also known under the 
obsolete synonym Talaromyces thermophilus (de Oliveira 
et al. 2015; Ronald et al. 2014). The optimal growth tem-
perature and maximum temperature for this thermophilic 
fungus are 45–50 °C and 60 °C, respectively (de Oliveira 
et al. 2015). In recent years, a number of enzymes, many of 
which have been proven to be highly thermostable (Wang 
et al. 2019), have been isolated and characterized from T. 
dupontii. These enzymes include the α-amylase TdAmyA 
(Wang et al. 2019), D-aspartate oxidase (Takahashi et al. 
2019), β-galactosidase (Nakkharat and Haltrich 2006), 
β-glucosidase (Mallek-Fakhfakh and Belghith 2016; Mallek-
Fakhfakh et al. 2017), lipase (Romdhane et al. 2012), xyla-
nase (Mallek-Fakhfakh et al. 2017), β-xylosidase (Guerfali 
et al. 2009), and an α-arabinofuranosidase (Guerfali et al. 
2011). Hence, T. dupontii is also an excellent producer of 
hydrolases. However, these reported enzymes are often 
obtained via the fermentation of wild-type T. dupontii rather 
than heterologous expression, owing to a lack of knowledge 
of the corresponding genes. The application of these thermo-
stable enzymes is limited by the cost of enzyme production 
and the amounts that can be obtained from wild-type hosts. 
Only a few enzyme-coding genes including the lipase TTL 
(Romdhane et al. 2012), the D-aspartate oxidase TdDDO 
(Takahashi et al. 2019), and the α-amylase TdAmyA (Wang 
et al. 2019) have been cloned from T. dupontii. Thus, this 
useful source organism of stable enzymes has not yet been 
characterized to its fullest, and cloning novel thermostable 
enzymes from T. dupontii has received considerable interest.

In our previous study, the engineered lipase Lip from T. 
lanuginosus DSM 10635 was demonstrated to be a useful 
biocatalyst for the kinetic resolution of CNDE to produce 
(3S)-2-carboxyethyl-3-cyano-5-methylhexanoic acid (Li 
et al. 2014a; Li et al. 2014b). Furthermore, the lipases TLL 
(Martinez et al. 2008; Zheng et al. 2016) and TTL (Ding 
et al. 2018a; Ding et al. 2018b) attracted our attention due 
to their excellent performance in the kinetic resolution 
of CNDE. Interestingly, amino acid sequence alignment 
revealed a high sequence identity of 78–90% among the 
three lipases. Although TTL was derived from the ther-
mophilic fungus T. dupontii, the homology between TLL 
and TTL (90%) was higher than that between TLL and Lip 
(78%). Moreover, TLL and TTL shared the same signal pep-
tide. Furthermore, the phylogenetic tree analysis of the three 
lipases indicated that TTL clustered together with TLL, 
whereas Lip clustered in an independent clade. Considering 
the microbial origin and sequence similarity of these three 
lipases, we hypothesized that, (1) T. dupontii might possess 
another undiscovered lipase with high identity with Lip, and 

(2) this undiscovered lipase might show high enantioselec-
tivity toward CNDE.

In the present study, the gene encoding the novel thermo-
stable lipase TDL2 was successfully cloned from the ther-
mophilic fungus T. dupontii ATCC 16461. After successful 
heterologous expression in Pichia pastoris, the biochemical 
properties of purified TDL2 were studied. Finally, the bio-
catalytic application potential of TDL2 was investigated by 
using the kinetic resolution of CNDE as a model reaction.

Materials and methods

Materials

PrimeSTAR HS DNA polymerase, LA Taq DNA polymer-
ase, and 3´-rapid amplification of cDNA ends (RACE) kits 
were purchased from TaKaRa (Dalian, China). ZeocinTM 
was acquired from Thermo Scientific (Shanghai, China) and 
p-nitrophenyl acyl esters with different chain lengths were 
procured from J&K Scientific Ltd. (Beijing, China). Primers 
were synthesized by Sangon Biotech Co., Ltd. (Shanghai, 
China). Unless otherwise specified, all other chemicals used 
in this work were of analytical grade and were sourced from 
local suppliers.

Strains, plasmids, and culture conditions

Thermomyces dupontii ATCC 16461 (syn. Talaromyces 
thermophilus) was grown in YPD medium at 40 °C. Escheri-
chia coli JM109, which was used as the host strain for the 
cloning of lipase-encoding genes, was routinely cultured 
at 37 °C in LB medium. Pichia pastoris X33, which was 
used for lipase expression, was grown in YPD medium at 
30 °C. The vectors pGEM-T (Promega, Beijing, China) and 
pPICZαA (Thermo Scientific, Shanghai, China) were used 
for cloning and expression, respectively.

Methods

DNA manipulation and cloning

The total RNA extracted from T. dupontii ATCC 16461 
was used as a template for cDNA synthesis. The DNA 
sequence encoding T. dupontii lipase (TDL2) was obtained 
via PCR amplification with cDNA as the template, puri-
fied from the gel, ligated into pGEM-T, and used to trans-
form E. coli JM109. The correct clones were confirmed by 
sequencing. In accordance with the bioinformatic analyses 
of the nucleotide and amino acid sequences of the lipases 
TLL, Lip and TTL, the primers P1 and P2 (Table 1) were 
designed on the basis of the signal peptide of lipase Lip and 
the sequences that were highly conserved among the three 
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lipases. These primers were used to amplify the 5´-flanking 
region of TDL2 by using LA Taq DNA polymerase. The 
3´-flanking region of the cDNAs was amplified by using a 
3´-RACE kit in accordance with the manufacturer’s recom-
mendations. The specific primers for RACE-PCR (P3 and 
P4) were designed on the basis of the previously obtained 
fragment sequences. The products of 3´-RACE were further 
cloned into the pGEM-T vector and sequenced to construct 
the specific primers P5 and P6 (Table 1), which were used to 
amplify the full-length sequence of TDL2 by using Prime-
STAR HS DNA polymerase.

Amino acid sequence alignment, phylogenetic analysis, 
and homology‑modeling of TDL2

The web tool ORF Finder on NCBI was used to identify the 
open reading frame. The DNA sequences were analyzed and 
translated by utilizing Vector NTI Suite 6 software pack-
age (Invitrogen, USA). Sequences with high similarity to 
TDL2 were searched by using BLAST. The sequence align-
ment was visualized with ESPript3.0 (Robert and Gouet 
2014). Clustal X1.83 (Larkin et al. 2007) and MEGA 5.0 
(Kumar et al. 2018) were applied to align TDL2 sequences 
with related sequences and to construct the phylogenetic 
tree, respectively. The evolutionary tree was constructed 
on the basis of the manually adjusted alignment by using 
the neighbor-joining method with 1000 bootstrap itera-
tions. The putative signal peptide was identified with the 
SignalP-5.0 server (http:// www. cbs. dtu. dk/ servi ces/ Signa 
lP/) (Armenteros et al. 2019). A three-dimensional model 
for TDL2 was constructed using the SWISS-MODEL pro-
tein structure homology-modeling server (Waterhouse et al. 
2018; Bienert et al. 2017), with the reported 3D structure 
of Thermomyces lanuginosus lipase (1EIN) (Brzozowski 
2000), which shows 81% sequence identity with TDL2, as 
the template.

Overexpression of TDL2 in P. pastoris

TDL2 was expressed heterologously in P. pastoris strain 
X33 by using the vector pPICZαA. The lipase was expressed 

under the transcriptional control of the strong inducible 
AOX1 promoter, which allows the methanol-inducible, high-
level expression of the genes of interest in P. pastoris. The 
gene fragment coding for the mature protein without the sig-
nal peptide was amplified by PCR with the primers P7 and 
P8 (Table 1). The resulting PCR product cloned between the 
EcoRI and XbaI sites of pPICZαA was used to construct the 
P. pastoris secretory expression plasmid pPICZαA-TDL2. 
The resulting plasmid was confirmed by sequencing, lin-
earized by using SacI, and used to transform P. pastoris 
X33 by electroporation with the Bio-Rad gene Pulser in 
accordance with the operating manual. The linearized empty 
pPICZαA without an insert was used as the negative control. 
Transformants were selected on YPDS medium with 200 
mg/L  ZeocinTM and confirmed by PCR.

A colony of P. pastoris expressing TDL2 was used to 
inoculate buffered glycerol complex medium (BMGY: 1.0% 
yeast extract, 2.0% peptone, 1.34% yeast nitrogen base with 
ammonium sulfate without amino acids, 4 ×  10−5% biotin, 
100 mM potassium phosphate, pH 6.0; with 1.0% glycerol) 
and grown at 30 °C and 220 rpm. After 24 h, the cells were 
harvested via centrifugation and resuspended in buffered 
methanol complex medium (BMMY: same as BMGY but 
with 1% methanol instead of glycerol). The culture was fed 
with 0.5% (final vol/vol) methanol every 12 h to ensure con-
tinuous induction.

Purification of TDL2

The culture supernatant of the recombinant P. pastoris con-
taining TDL2 was collected by centrifugation at 12,000 g 
for 15 min and concentrated using by an Amplicon Ultra-15 
ultrafiltration membrane with a 10 kDa molecular weight 
cutoff (Millipore, USA). After concentrating the protein 
to approximately 30 mg/mL, the protein was loaded onto 
a 10-mL Ni-NTA column that was pre-equilibrated with 
binding buffer, and washed with washing buffer (50 mM 
Tris-HCl, 50 mM imidazole, 500 mM NaCl, pH 8.0). The 
hexahistidine-tagged TDL2 was released by using buffer 
(50 mM Tris-HCl, 300 mM imidazole, 500 mM NaCl, pH 
8.0). The collected fractions containing the enzyme were 

Table 1  Primers used in this 
study

Amplification reaction Primer Sequence (5´→3´)

Degenerate PCR P1 ATG AGG AGC TCC CTT GTG CTG TTC 
P2 CCGACNCGGGGNGCG CCA TATG 

RACE-PCR P3 CAT AGT TTG GGT GGT GCA CTG 
P4 CAT TGC TGG AGC CGC TCT GCG 

Full-length Amplification P5 ATG AGG AGC TCC CTT GTG CTG 
P6 TTA ATC ACA CTC TGC AAT GGC 

Subcloning for expression P7 CCG GAA TTC GAA GTC TCG CAG GAT CTG CTC 
P8 TGC TCT AGA ATC ACA CTC TGC AAT GGC TCC 

http://www.cbs.dtu.dk/services/SignalP/
http://www.cbs.dtu.dk/services/SignalP/
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concentrated with the same 10 kDa ultrafiltration membrane, 
lyophilized, and stored at − 20 °C until further experiments. 
The purity of the enzyme was confirmed by sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on 
a 12% acrylamide gel. The concentration of lipase was meas-
ured through the Coomassie brilliant blue method (Bradford 
1976) with bovine serum albumin as the standard.

Enzyme activity assays

Lipase activity was measured by using p-nitrophenyl acyl 
esters as substrates. Enzyme reaction solution was composed 
of 0.1 ml lipase solution, 2.8 ml Tris-HCl buffer (50 mM, 
pH 8.0) and 0.1 ml p-nitrophenyl esters (30 mM, dissolved 
in acetonitrile) in the test tube, which reacted for 5 min in a 
water bath at 40 °C and halted the reaction by adding ethanol 
(using inactivated enzyme solution as the blank control), 
then the absorbance at 410 nm (OD410) was measured. One 
unit of lipase activity was defined as the amount of enzyme 
that released 1 μmol of p-nitrophenol per minute. Under the 
assay conditions (50 mM Tris-HCl buffer, pH 8.0 at 40 °C), 
the molar absorptivity is 1.46 ×  105 L  mol-1  cm-1. Unless 
stated otherwise, all enzymatic activity assays were per-
formed in triplicate. The data were expressed as the mean 
value ± standard deviation of the sample.

The activity analysis for various p‑nitrophenyl acyl esters

The activity of TDL2 for p-nitrophenyl acyl esters with fatty 
chains with lengths ranging from C2 to C16 was determined 
as described previously (Li et al. 2014c).

Effects of temperature and pH

The optimal pH of TDL2 was determined by measuring the 
enzyme’s activity in 50 mM buffers with pH values rang-
ing from 6.0 to 10.0 (pH 6.0–7.0 was citric acid/sodium 
phosphate buffer, pH 7.5–8.5 was Tris-HCl buffer, and 
pH 9.0–10.0 was Gly-NaOH buffer) at 40 °C. The optimal 
temperature was determined by measuring TDL2 activity 
at the optimal pH at temperatures between 25 and 70 °C. 
The enzyme solution was incubated with a microplate reader 
(Molecular Devices, Spectramax M5) at a specific temper-
ature for 5 min, the absorbance at 410 nm was measured 
every 10 S. The lipase activity was obtained by determining 
the initial velocities of reaction.

The pH and temperature stability of TDL2 were analyzed 
with p-nitrophenyl laurate as the substrate. TDL2 was pre-
incubated in Tris-HCl buffer (pH 8.0) at 50, 55, and 60 °C 
to evaluate thermal stability, and residual activity was meas-
ured under the optimal conditions (50 °C and pH 8.5) at 
fixed time intervals. The enzyme’s pH stability was esti-
mated by incubating the enzyme in the above-mentioned 

buffers at pH 6.0–10.0 for 12 h at 40 °C. The residual lipase 
activity was then measured under the optimal conditions 
(50 °C and pH 8.5) described above, and all enzymatic activ-
ity assays were performed in triplicate.

Effects of metal ions

The effects of metal ions  (Na+,  K+,  Mg2+,  Ba2+,  Co2+,  Ni2+, 
 Fe2+,  Cu2+,  Zn2+,  Ca2+,  Mn2+, and  Al3+) on enzyme activity 
were measured as described previously (Li et al. 2014c), and 
the concentrations of metal ions used were set in accordance 
with the standard described by Kamarudin (Kamarudin et al. 
2014). The residual lipase activity was estimated according 
to the standard activity assay described above. The activity 
of TDL2 incubated in the absence of metal ions was defined 
as 100%, and all enzymatic activity assays were performed 
in triplicate.

Enantioselective hydrolysis of CNDE

TDL2 was used in the kinetic resolution of CNDE to the 
corresponding acid. The indicated amount of TDL2 was 
mixed with Tris-HCl buffer (100 mM, pH 8.0) and 5 mM 
calcium acetate. Enantioselective hydrolysis was initiated by 
adding 100 mM CNDE. The reactions were carried out in a 
shaking incubator at 40 °C and 150 rpm, and samples were 
periodically withdrawn from the reaction mixture to deter-
mine the conversion ratio and enantiomeric excess (e.e.) by 
chiral-GC analysis as described previously (Li et al. 2014a; 
Li et al. 2014b; Li et al. 2014c). The conversion (C) and 
enantiomeric ratio (E) were calculated based on eeS and eeP 
according to the method as described previously (Zhong 
et al., 2020).

Results and discussion

Cloning of TDL2

The sequences of the three homologous lipases TLL, Lip, 
and TTL were analyzed, and the degenerate primers P1 
and P2 were designed on the basis of the signal peptide of 
Lip and the sequences that were highly conserved among 
the three homologous lipases, respectively. PCR with the 
primers P1 and P2 resulted in a 596 bp amplicon showing 
high sequence identity with the 5´-flanking regions of TLL, 
Lip, and TTL. The resulting 5´-flanking fragment sequence 
was used for 3´-RACE-PCR to unveil the sequence of the 
complete ORF. The 3´-RACE with the primers P3 and P4 
resulted in a 650 bp amplicon of the 3´-flanking region of the 
cDNA (Fig. S1). On the basis of these sequencing results, 
the complete ORF was revealed and obtained through PCR 
with the primers P5 and P6. Nucleotide sequence analysis 
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revealed that the newly cloned 876-bp ORF coded for a puta-
tive lipase that we named TDL2 and deposited in the Gen-
Bank database under accession number MN782511.

Analysis of TDL2 sequence

The analysis of the deduced amino acid sequence of 
TDL2 (291 amino acids) revealed that it shares the highest 
identity (86.9%) with the lipase Lip from T. lanuginosus 
(AGH70111.1), as well as 83.5 and 81.7% identity with 
the lipases from T. thermophilus (TTL, AEE61324.1) and 
T. lanuginosus (TLL, O59952.1), respectively. An align-
ment of the amino acid sequence of TDL2 with the amino 
acid sequences of TLL, Lip, and TTL is shown in Fig. 1. 
TDL2 was also found to share 46.9–59.1% identities with 
several lipases and putative proteins from Aspergillus and 
Penicillium.

The putative signal peptide with a cleavage site located 
between residues 17 and 18 (ALA-RP) was predicted by 
using the SignalP-5.0 server. Residues 18 to 22 (RPVRR) 
were predicted to act as a propeptide (Fig. 1). The mature 
form of the protein (residues 23 to 291, 269 amino acid 
residues) had a predicted molecular mass of 29.0 kDa and 
a theoretical pI value of 4.49. The sequence analysis of 
mature TDL2 revealed the presence of the conserved motif 
GHSLG, which was a part of a characteristic nucleophilic 
elbow that included a catalytic serine residue (Ser146, 
counted from 1 after removing the signal peptide and pro-
peptide). A histidine and an aspartic acid, at positions 258 
and 201, respectively, were predicted as the two additional 

amino acids of the catalytic triad of TDL2. Moreover, Ser83 
and Leu147 were predicted to be involved in the putative 
oxyanion hole. Similar to the other lipases of the Rhizomu-
cor miehei lipase-like family (abH23.01), TDL2 also had a 
lid. The lid of TDL2 was predicted to comprise an α-helix 
fragment (86IENWIGN92) plus eight amino acids (82GSRS85 
and 93LIVG96) that acted as two hinges around the lid. In 
this lipase family, lid movement can be described as a hinge 
bending motion of a helical lid (Svendsen 2000).

In order to obtain structural insights into TDL2, a 3D 
structural model with open-lid conformation was generated 
using the SWISS-MODEL protein structure homology-
modeling server (Waterhouse et al. 2018; Bienert et al. 
2017), with the reported X-ray structure of Thermomyces 
lanuginosus lipase (PDB 1EIN (Brzozowski et al. 2000) as 
the template. The 3D model with an estimated precision of 
100% covers the residues 1 to 269. The GMQE value of the 
TDL2 model was 0.97, which indicates that the reliability of 
the model is very high. The Ramachandran plot of the final 
TDL2, generated using the PROCHECK program, showed 
that 98.7% of residues were either in the most favored or 
in the additional allowed regions (Fig. S2). The overall 3D 
homology model and detail showing the catalytic pocket of 
TDL2 are shown in Fig. 2. Similar to basic features of most 
microbial lipases, the 3D structure model of TDL2 has a 
globular shape with a typical α/β hydrolase fold (Fig. 2A and 
B). TDL2 consists of 8 α-helices and 10 β-strands (Fig. 2A). 
The residues of the catalytic triad (Ser146-His258-Asp201) 
are present at the bottom of a catalytic groove and are not 
accessible at the surface of the molecule (Fig. 2B and C). 

Fig. 1  Multiple sequence 
alignment of the amino acid 
sequence of lipases TDL2, TLL, 
Lip, and TTL. The amino acid 
residues of the putative catalytic 
triad Ser-His-Asp and the oxy-
anion hole are indicated by tri-
angles and circles, respectively. 
The signal peptide, propeptide, 
and lid are indicated by a blue 
arrow and lines, respectively
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The amino acid residues that constitute the oxyanion hole 

(Ser83 and Leu147) are located near the catalytic Ser146 
residue. In the orientation shown in Figure 2, the lid of 
TDL2 is directly to the left of the active site. TDL2 has three 
putative disulfide bonds in the structure, Cys22-Cys268, 
Cys36-Cys41 and Cys104-Cys107, which might play a role 
in stabilizing the overall conformation of the enzyme.

Phylogenetic position of TDL2

On the basis of sequence homology analysis in the Lipase 
Engineering Database (Fischer and Pleiss 2003), TDL2 
was assigned to the GX class in accordance with the oxy-
anion hole structure and sequence. TDL2 could be further 
classified into the Rhizomucor miehei lipase-like family 
(abH23.01), which in turn belongs to the superfamily of fila-
mentous fungi lipases (abH23). For phylogenetic analysis, 
21 lipases and putative proteins displaying high sequence 
identity (46.9–86.9%) were selected. A neighbor-joining 
tree was constructed to analyze the relationship between 
TDL2 and other lipases. TDL2 clustered together with the 
lipases from T. lanuginosus and T. thermophilus, whereas 
those from Aspergillus and Penicillium constituted differ-
ent branches on the phylogenetic tree (Fig.3). TDL2 was 
grouped into a clade that was different from that of TTL, 
and clustered together with Lip, indicating that TDL2 had 
a closer evolutionary relationship with Lip than with TTL. 
This result was notable because TDL2 and TTL are derived 

Fig. 2  Homology model of the overall structure of lipase TDL2. 
A Cartoon representation of TDL2 showing 8 α-helices and 10 
β-strands. The amino acid residues of the catalytic triad (Ser146-
His258-Asp201) and the oxyanion hole (Ser83 and Leu147) are 
shown as sticks, and the lid of TDL2 is shown in magenta. B Surface 
representation of TDL2. The catalytic residue Ser146 located at the 
bottom of a catalytic groove is shown in yellow. C Detail showing 
the catalytic pocket of TDL2. The amino acid residues of the catalytic 
triad and the oxyanion hole (Ser83 and Leu147) were labeled and 
represented as sticks, respectively. The lid is shown in magenta

Fig. 3  Molecular phylogenetic analysis of lipase TDL2. Phyloge-
netic analyses were conducted by MEGA software using the neigh-
bor-joining method. The percentage of trees in which the associated 
sequences clustered together in the bootstrap test (1000 iterations) is 

shown next to the branches. The tree is drawn to scale, and the scale 
bar indicates the number of substitutions per site. The GenBank 
accession numbers of the sequences are shown in brackets
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from T. dupontii, whereas TLL and Lip are derived from T. 
lanuginosus.

Expression and purification of TDL2

To analyze the enzymatic characteristics of TDL2, the lipase 
was heterologously expressed in P. pastoris X33. The super-
natant of the induced recombinant P. pastoris cells was ana-
lyzed by using SDS-PAGE to confirm the successful secre-
tion of TDL2 (Fig. 4). The SDS-PAGE gel showed a band 
that corresponded to a molecular mass of approximately 35 
kDa, which was similar to the theoretical value of TDL2. 
The secreted TDL2 from the supernatant of the recombinant 
P. pastoris cells was purified by affinity chromatography on 
a Ni-NTA column, and the protein sample was concentrated 
by using an ultrafiltration membrane with a 10 kDa molecu-
lar weight cutoff. The purified lipase presented as a single 
band in SDS-PAGE (Fig. 4). This result indicated that the 
enzyme was recovered as an electrophoretically homoge-
neous preparation. The described purification procedure 
resulted in a 17-fold concentration of enzymatic activity, 
with an overall yield of 34%.

Activity of TDL2 for various p‑nitrophenyl esters

Lipolytic enzymes, which catalyze the hydrolysis of triacyl-
glycerols into glycerol and fatty acids, include lipases (EC 
3.1.1.3) and esterases (EC 3.1.1.1), which differ in terms 
of their specific activities for the acyl moiety with long- or 
short-chain fatty acids. Lipases display high specific activ-
ity for long-chain acylglycerols and other long-chain acyl 
esters, whereas esterases usually only hydrolyze short-chain 
acylglycerols (Bornscheuer 2002). The activity of purified 
TDL2 against different p-nitrophenyl ester substrates with 
chain-lengths ranging from C2 to C16 is shown in Fig. 5. 
The specific activities of enzyme were higher for the esters 
of moderate- to long-chain fatty acids (C > 10). Under 40 °C 
and pH 8.5, TDL2 displayed the highest activity (285 U/mg) 
toward p-nitrophenyl laurate (C12). Conversely, the esters 
of short-chain fatty acids were poor substrates for TDL2. 
These results indicated that TDL2 was indeed a lipase rather 
than an esterase.

Effects of metal ions on lipase activity

Various metal ions were added at two different concentra-
tions (1 and 5 mM) to test the influence of metals, and the 
activity of TDL2 was measured with p-nitrophenyl laurate 
as the substrate (Table 2). At the low concentration of 1 mM, 
the 12 tested metal ions did not show any significant effects 
on TDL2 activity. At the high concentration of 5 mM, the 
activity of TDL2 was slightly elevated in the presence of 
 Co2+ and  Al3+. However,  Ni2+,  K+, and  Ca2+ had a strong 
inhibitory effect on the activity of TDL2 at the high con-
centration of 5 mM, with reductions of in relative activity 
of 34.4%, 29.1%, and 26.3%, respectively. Other metal ions, 
such as  Cu2+,  Mg2+,  Fe2+, and  Zn2+, had no significant effect 
on the lipase even at the high concentrations.

Effects of pH and temperature

The effects of pH and temperature on the activity and sta-
bility of the lipase TDL2 were analyzed by using p-nitro-
phenyl laurate as the substrate (Fig. 6). The pH and tem-
perature optima for the lipase activity of TDL2 were 8.5 
and 50 °C (Fig. 6A and C), respectively. Under the optimal 
conditions (pH 8.5 and 50 °C), TDL2 displayed maximum 
enzyme activity (840 U/mg) toward p-nitrophenyl laurate. 
TDL2 displayed high activity at pH values between 8.0 and 
9.0. However, its relative activity decreased significantly 
above pH 9.0. In addition, although TDL2 was stable over 
the pH range of 6.5–9.0 (Fig. 6B), its relative activity sig-
nificantly decreased above pH 9.5. Notably, this lipase had 
a temperature optimum of 50 °C and retained 78% of its 
maximum activity at 55 °C (Fig. 6C). However, relative 
activity decreased significantly at temperatures over 60 °C. 
TDL2 was stable below 55 °C (Fig. 6D). It retained 91% 
and 68% of its initial activity after 3 h of incubation at 50 

Fig. 4  SDS-PAGE analysis 
of the expressed and puri-
fied TDL2. Lane M, protein 
molecular weight marker; lane 
1, the supernatant of transgenic 
P. pastoris cells induced with 
methanol; lane 2, the purified 
TDL2

Fig. 5  Activity of TDL2 against p-nitrophenyl esters with different 
chain lengths (C2–C16). The enzymatic activity assays were per-
formed in triplicate, and the error bars represent standard deviations 
of the sample. The activity (285 U/mg) toward p-nitrophenyl laurate 
(C12) was defined as 100% and used to normalize the results for the 
other substrates
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°C and 55 °C, respectively, and even maintained 50% of 
its initial activity after incubation at 60 °C for 2 h. These 
results indicated that TDL2 was a moderately thermophilic 
lipase.

Kinetic resolution of CNDE

The kinetic resolution of CNDE was performed as a model 
reaction to evaluate the enantioselectivity and biocatalytic 

Table 2  Effects of various metal 
ions on the activity of TDL2

The enzymatic activity assays were performed in triplicate. The data were expressed as the mean value ± 
standard deviation of the sample.

Metal ion Relative activity (%) Metal ion Relative activity (%)

1 mM 5 mM 1 mM 5 mM

None 100.0
Ba2+ 104.0±1.1 93.0±1.4 Al3+ 101.2±1.2 108.9±1.5
Mg2+ 96.2±1.0 92.7±1.2 Zn2+ 98.3±1.5 95.4±1.3
Co2+ 100.8±0.9 118.5±1.8 K+ 92.7±1.4 70.9±0.9
Ni2+ 95.7±1.1 65.7±1.3 Ca2+ 90.2±1.3 73.8±2.1
Fe2+ 94.5±0.8 100.8±1.1 Mn2+ 94.5±1.7 85.8±1.6
Cu2+ 100.9±1.3 99.0±1.6 Na+ 93.9±1.6 91.6±1.3

Fig. 6  Effects of pH and temperature on the activity (A and B) and 
stability (C and D) of TDL2. The temperature in Figures 6A and 6C 
is 40 °C, the pH in Figures 6B and 6D is pH 8.5, respectively. The 

enzymatic activity assays were performed in triplicate, and the error 
bars represent standard deviations of the sample
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potential of lipase TDL2. The reaction profile is shown in 
Fig. 7. A conversion of 49.1% with an enantiomeric excess 
of the product (e.e.P) of 98.1% was achieved after 12 h. Most 
importantly, TDL2 showed a high preference for (S)-CNDE. 
The e.e. of the hydrolysis product (3S)-2-carboxyethyl-
3-cyano-5-methylhexanoic acid remained high (e.e.P >98%) 
throughout the reaction. The enantiomeric ratio (E) of the 
reaction was 384. This result (E >200) indicated that TDL2 
had high enantioselectivity in the conversion of CNDE. 
Therefore, the lipase TDL2 is a potential biocatalyst for the 
kinetic resolution of CNDE.

In addition to TDL2, several biocatalysts, includ-
ing lipases (Martinez et al. 2008; Zheng et al. 2016; Li 
et al. 2014a; Li et al. 2014b; Ding et al. 2018a; Ding et al. 
2018b), esterases (Martinez et al. 2008; Li et al. 2014c; 
Xu et al. 2015), and microbial cells (Zheng et al. 2013), 
have been used for the kinetic resolution of CNDE with 
high enantioselectivity (E>50) in Table 3. Most of these 
lipases and esterases displayed S-selectivity with CNDE as 
the substrate. Compared with lipases, esterases generally 

show lower enantioselectivity in the hydrolysis of CNDE. 
Notably, similar to TLL, Lip, TTL, and Rhizopus dele-
mar lipase, TDL2 could hydrolyze CNDE with the high-
est enantioselectivity (E>200). If enantioselectivity is the 
only concern, TDL2 is certainly a new potential biocata-
lyst for the enantioselective hydrolysis of CNDE. How-
ever, the activity and substrate load of wild-type TDL2 (12 
h, 100 mM) was clearly inferior to that of TLL (24 h, 3 M 
CNDE), engineered Lip (24 h, 3 M CNDE), and especially 
engineered TTL (1.5 h, 1 M CNDE). Further studies on 
the engineering of TDL2 to match the industrial applica-
tions are in progress. The findings of these studies will be 
reported in a future publication.

Conclusions

In the present study, the novel lipase TDL2 was success-
fully cloned from Thermomyces dupontii ATCC 16461. 
The deduced mature TDL2 was heterologously expressed, 
purified, and characterized. As a moderately thermophilic 
lipase, the lipase showed an optimum pH and temperature 
of 8.5 and 50 °C, respectively. Notably, TDL2 was able 
to hydrolyze CNDE with the highest enantioselectivity 
(E > 200). The characteristics, especially the excellent 
enantioselectivity, make TDL2 an interesting enzyme for 
industrial applications.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s11696- 022- 02068-5.
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Fig. 7  The reaction profile of the kinetic resolution of CNDE. Sym-
bols: (Shaded square), the conversion of CNDE, and (Shaded circle), 
e.e. value of products

Table 3  Comparison of the enantioselectivity of TDL2 and other biocatalysts for the kinetic resolution of CNDE

Biocatalyst Selectivity E-value References

Thermomyces lanuginosus lipase TLL S >200 (Martinez et al. 2008; Zheng et al.2016)
Rhizopus delemar lipase S >200 (Martinez et al. 2008)
T. lanuginosus lipase Lip and variant S >200 (Li et al. 2014a; Li et al. 2014b)
Talaromyces thermophilus lipase TTL and variant S >200 (Ding et al. 2018a; Ding et al. 2018b)
Thermomyces dupontii lipase TDL2 S >200 This study
T. lanuginosus esterase TLE S 95 (Li et al. 2014c)
Pseudomonas sp.esterase EstZF17 R 95 (Xu et al. 2015)
Morganella morganii whole cells S 82 (Zheng et al. 2013)
Rhizopus niveus lipase S 66 (Martinez et al. 2008)
Pseudomonas sp. lipase S 52 (Martinez et al. 2008)
Mucor miehei esterase S 51 (Martinez et al. 2008)
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