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Abstract
Yeast surface display has emerged as a viable approach for self-immobilization enzyme aswhole-cell
catalysts. Herein, we displayed Candida rugosa lipase 1 (CRL LIP1) on the cell wall of Pichia
pastoris for docosahexaenoic acid (DHA) enrichment in algae oil. After a 96-h culture, the displayed
CRL LIP1 achieved the highest activity (380 ± 2.8 U/g) for hydrolyzing olive oil under optimal pH
(7.5) and temperature (45 °C) conditions. Additionally, we improved the thermal stability of
displayed LIP1, enabling retention of 50% of its initial bioactivity following 6 h of incubation at
45 °C. Furthermore, the content of DHA enhanced from 40.61% in original algae oil to 50.44% in
glyceride, resulting in a 1.24-fold increase in yield. The displayed CRL LIP1 exhibited an improved
thermal stability and a high degree of bioactivity toward its nativemacromolecule substrates algae oil
and olive oil, thereby expanding its potential for industrial applications in fields of food and
pharmaceutical. These results suggested that surface display provides an effective strategy for
simultaneous convenient expression and target protein immobilization.

Keywords Candidarugosa lipase1.Pichiapastoris .Cell surfacedisplaying.Whole-cellcatalyst
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Introduction

Long-chain polyunsaturated omega 3 fatty acid (PUFA) demonstrated to be vital for human
growth, nervous system development, and reproduction [1, 2]. As important essential fatty
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acids, PUFAs also play important biological roles in human health and disease resistance.
Therefore, dietary supplementation is beneficial to avoiding cardiovascular disease, dyslipid-
emia, diabetes mellitus, inflammatory diseases, and metabolic syndromes [2–4].
Docosahexaenoic acid (DHA) is the primary active ingredient in functional oils and has drawn
increasing attention in recent years, with DHA enrichment from PUFA-containing oils be-
coming a significant area of study. Numerous chemical process has been investigated for
PUFA enrichment in fish oil, marine algae, or fishery byproducts, including high-performance
liquid chromatography, liquid–liquid extraction fraction, low-temperature fractional crystalli-
zation, molecular distillation, salt-solubility methods, and urea-inclusion complexation [5–7];
however, most of these methods require high-energy consumption and are non-selective for
fatty acids [8]. The selective hydrolysis catalyzed by triacylglycerol acyl hydrolases (lipases)
represents a straightforward and energy-efficient method for production of PUFA concentrates
[9–11].

Candida rugosa lipase (CRL) is one kind of the most important and versatile commercial
catalysts, exhibiting broad substrate specificity, acyl chain length selectivity, fatty acid spec-
ificity, triglyceride specificity, and stereo-selectivity. It has been widely utilized in industrial
processes, involving food, pharmaceuticals, cosmetics, flavor enhancement, and fragrances.
CRL is regarded as safe and has been employed to enrich DHA in oil following hydrolysis by
free CRL due to its substrate specificity for the C18–C22 acyl chain lengthened PUFAs
[12–16]. However, applications of the free biocatalyst have not yet reached the industrial level
due to its high production costs, low operational stability, and tedious downstream-purification
procedure [14, 17, 18]. According to previous reports, the immobilized enzyme is capable of
providing enzyme reusability and reducing operational costs as compared with use of the free
enzyme. Therefore, many strategies have been applied to immobilize the CRL lipase 1 (LIP1)
to overcome bottleneck problems [19, 20]. Unfortunately, processes involving traditional
immobilization and subsequent purification remain too complex for industrial production.

Recently, yeast surface-display technology, a novel immobilization strategy, was investi-
gated to produce whole-cell catalysts based on the simplicity of the process and mechanism of
post-translational modification [21, 22]. Candida antarctica lipase B [23, 24], Geotrichum sp.
lipase [25], Rhizomucor miehei lipase [26], Rhizopus oryzae lipase [27, 28], Thermomyces
lanuginosus lipase [29], and Yarrowia lipolytica lipase [30] have been self-immobilized on the
cell surface of Pichia pastoris and employed for different utilization. To our best knowledge,
CRL whole-cell catalyst obtained by yeast displaying strategy was rarely reported in the
existing literature.

Based on our previous studies [25], we immobilized CRL LIP1 on the P. pastoris cell wall
using a-agglutinin derived from Saccharomyces cerevisiae to produce active whole-cell
biocatalyst. Herein we first report its preparation and application for concentration DHA from
algae oil.

Materials and Methods

Materials

Escherichia coli DH5α cells were stored in our laboratory for plasmid amplification.
P. pastoris strain X-33 was from Invitrogen (Carlsbad, CA, USA) and used to express target
protein as the host cells. The plasmid pMD18-T from TaKaRa Biotechnology was utilized for
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cloning. The plasmid pPICZXFa was constructed as a vector for lipase expression in our
laboratory [25]. In brief, two expression cassettes were constructed based on the vector
pPICZα: one is AOX1 promoter-Aga1-AOX1 terminator, which is used to expressed the
Aga1 anchor protein on the surface of yeast. The other is FLD1 promoter-Aga2-Xa-HA-MCS-
AOX1 terminator. The target gene can be inserted into the multiple cloning site (MCS), and
expressed as the “Aga2-Xa-HA-target gene” fusion protein, which can attach to the Aga1
through disulfide bond. E. coli was cultured in Luria–Bertani (LB) including ampicillin at a
final concentration of 100 μg/mL at 37 °C. P. pastoris strain X-33 and recombinant X-33
strains were cultivated in YPDmedium (1% yeast extract, 2% peptone, 2% dextrose) including
100 μg mL−1 zeocin, BMGY medium (1% yeast extract, 2% peptone, 100 mM potassium
phosphate, pH 7.0, 1.34% yeast nitrogen base [YNB], 4 × 10−5% biotin, and 1% glycerol) or
BMMY medium (2% peptone, 1% yeast extract, 100 mM potassium phosphate, pH 7.0,
1.34% YNB, 4 × 10−5% biotin, and 1% methanol). BMMYplates containing 2 × 10−4% (w/v)
Rhodamine B and 1% (v/v) olive oil were utilized to detect the bioactivity of the displayed
CRL LIP1.

Refined algae oil was obtained from Yuwang Pharmaceutical (Shandong, China). Endonu-
cleases, PrimeSTAR HS DNA polymerase, DNA purification kits, and DNA ligation kit
version 2.0 were products from Takara Bio (Shiga, Japan). Factor-Xa protease was product
from New England BioLabs (Ipswich, MA, USA). All other reagents and chemicals were
analytical grade products from Promega (Durham, NC, USA) or Sigma (Sigma-Aldrich,
USA).

Gene Design and Assembly of the Codon-Optimized C. rugosa lip1

According to a polymerase chain reaction (PCR)–based accurate synthesis (PAS) proto-
col [31, 32], the optimized full-length CRL lip1 gene was amplified using two outer pair
primers (P1: 5′-ATAGCTAGCGCCCCCACCGCCACGC-3′; Nhe I site is underlined;
and P2: 5 ′-TATCTCGAGTTACACAAAGAAAGACGGCGG-3 ′; Xho I site is
underlined) based on the obtained F1, F2, and F3 from the first round of PCR [33].
Products from the second of PCR were then inserted into Nhe I-Xho I sites of the vector
pMD18-T from TaKaRa (Dalian, China), and sequenced (Sangon Biotech, Shanghai,
China).

Plasmid Construction

The optimized mature CRL lip1 gene without the signal peptide was introduced into Nhe I/Xho
I-digested pPICZXFa, resulting in plasmid pPICZXFa-lip1. All plasmids were transformed
into competent cells of E. coliDH5α and amplified, which were further sequenced after coarse
screening on LB ampicillin plates (50 μg mL−1).

Yeast Transformation and Inducible Expression of Displayed CRL LIP1

Plasmids pPICZXFa-lip1 and pPICZXFa were linearized with BstX I and electro-transformed
into P. pastoris X-33 competent host cells by electroporation following Invitrogen’s instruc-
tions. For 0.2-cm cuvette, the electroporation pulse parameters included 1500 V, 5 ms, 25 μF,
and 200 Ω [25]. The resulting transformants were selected on YPD plates with sorbitol
containing zeocin at 100 μg mL−1 at 30 °C for 3 days.
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A single colony was picked and pre-cultured into YPD medium for 15 h at 30 °C and
shaking at 150 rpm. This culture was then inoculated into BMGY medium and cultivated until
the OD600 reached 2.0–6.0. The cells were harvested and cultured in BMMY medium for
inducible expression, supplemented with a final concentration of 1% (v/v) methanol at 24-h
intervals. The P. pastoris X-33 cells displaying CRL LIP1 were collected by centrifugation
(2000g, 8 min), washed, re-suspended, and divided into two equal parts. One equivalent was
utilized to measure lipase bioactivity. Meanwhile, another equivalent was dried at 105 °C to a
constant weight as control.

Immunofluorescence Assay

Localization of displayed CRL LIP1 was analyzed by indirect immunofluorescence assay. The
harvested P. pastoris X-33 whole cells displaying CRL LIP1 were re-suspended in phosphate-
buffered saline (PBS, pH 7.4) supplemented with 1 mg/mL bovine serum albumin (BSA) and
treated with the primary antibody anti-HA-tag mouse monoclonal antisera (1:150) on ice for 3
h. Subsequently, these P. pastoris X-33 whole cells were exposed to the fluorescein isothio-
cyanate (FITC)–conjugated goat anti-mouse second antibody (1:300) for half of an hour in
darkness followed by washing 3 times with PBS. One drop of cell suspension loaded on glass
slide was detected using a fluorescence microscope (Nikon, Tokyo, Japan). At the same time,
most of cell suspension was utilized for a Cell Lab flow cytometry analysis (Quanta SC,
Beckman Coulter, Fullerton, CA, USA). P. pastoris X-33 whole cells of treated samples were
counted and analyzed fluorescence value with the CXP software (Beckman Coulter). In the
same manner, the immunolabeling of transformants harboring pPICZXFa was carried out as
the background.

Western Blot Analysis

The harvested P. pastoris X-33 whole cells displaying CRL LIP1 were digested by 1-μg
Factor-Xa protease overnight as described previously [34, 35]. The targeted fusion protein
CRL LIP1 with the HA-tag was collected, boiled, separated by 12% sodium dodecyl sulfate
polyacrylamide (SDS-PAGE), and transferred to polyvinylidene fluoride (PVDF) membranes
(Millipore, Billerica, MA, USA) [36]. The membranes were blocked with Tris-buffered saline
and Tween 20 (TBST) containing 5% (w/v) non-fat dried milk and incubated with the primary
antibody anti-HA mouse monoclonal IgG (1:800). The PVDF membranes were washed twice,
and subsequently exposed to the horseradish peroxidase–conjugated goat anti-mouse second-
ary antibody (1:2000). The target protein bands were visualized by electrogenerated chemilu-
minescence (Bio-Rad) after the PVDF membranes were incubated with diaminobenzidine
(Pierce Biotechnology, Rockford, IL, USA) and 0.01% H2O2.

Activity Assay for the Displayed CRL LIP1

The resulting transformants were cultivated on olive oil-BMMYplates with Rhodamine B, as a
screening indicator [37], for 3 days. The expression of fusion protein AGA2-lipase was
induced by supplemented methanol in the interval of every 24 h. The activity of the lipase
was estimated by the halo around the yeast colony. The hydrolysis activity of the displayed
CRL LIP1 was measured by the acid-base titration method according to previous literatures
[25, 38].
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Characterization of the Displayed CRL LIP1

To determine the optimal temperature for the displayed CRL LIP1, reactions were
performed in the same substrate solution described previously and at various temper-
atures range from 30 to 60 °C. Based on the results of these experiments, the displayed
CRL LIP1 was used to catalyze reactions to determine its optimal pH at 45 °C in
50 mM potassium phosphate buffer (pH 6.0–7.5) and 50 mM Tris–HCl buffer (pH 8.0–
9.0). To determine thermostability, re-suspended cells were incubated at 45 °C for up to
6 h in 50 mM potassium phosphate buffer (pH 7.5), and the residual activity was
measured every 1 h by titrimetry using an olive oil emulsion as the substrate. Addi-
tionally, substrate spectra was determined by the relative hydrolysis activities toward a
serials acyl chain length p-nitrophenyl esters (C2, acetate; C4, butyrate; C8, caprylate;
C10, decanoate; C14, myristate; and C16, palmitate) as substrates.

DHA Enrichment by Displayed CRL LIP1

First, 1 mL algae oil and 3 mL polyvinyl alcohol solution (2% (w/v)) was homogenized
completely and placed in a conical flask with a stopper [25]. Then, the 5 mL buffer of
K2HPO4/KH2PO4 (pH 7.5) was added to 4 mL emulsified fish oil and pre-incubated at 45
°C for 15 min. Subsequently, 90 mg dry weight whole-cell catalyst with the displayed CRL
LIP1 per milliliter cell suspension was utilized to hydrolyze algae oil in the emulsified system.
The reaction was performed at 150 rpm and 45 °C on a rocking incubator. Aliquots were
extracted from the reaction mixture at designated times every 2 h to analyze the hydrolysis
degree and fatty acid composition in glycerides. The initial rate of reaction was analyzed at the
first 2 h. The glyceride fraction in the reaction system was treated with n-hexane (100 mL)
following additional 500 mM ethanoic KOH (50 mL). DHA in glycerides were quantified and
analyzed by Agilent 7890A-5975C gas chromatography–mass spectrometry (GC-MS)
(Agilent, Santa Clara, CA, USA) equipped with a DB-WAX capillary column (30 m ×
250 μm × 0.25 μm) after methylation according to the official method Ce-1b 89 of American
Oil Chemists’ Society (2007).

The degree of hydrolysis was calculated according to the following equation:

Degree of hydrolysis ¼ AVt−AV0

SV0−AV0
� 100%;

where SV0 represents the value of saponification in crude algae oil, and AV0 and AVt represent
the acid values of algae oil before and after hydrolysis [8], respectively.

Results

Preparation of the Whole-Cell Catalyst

As shown in Fig. 1, the displaying plasmid pPICZXFa-lip1 for self-immobilization of CRL
LIP1 was generated. The self-immobilized active lipase fused to the AGA1 via disulfide
linkages, and the AGA1 protein, was bonded covalently on the cell surface via the glycosyl-
phosphatidylinositol anchor-attachment signal peptide sequence. When induced by methanol,
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the resulting pPICZXFa-lip1 transfectants efficiently expressed AGA1 and the fusion protein
AGA2-LIP1.

To determine the bioactivity and its relative molecular weight of recombinant CRL LIP1,
we performed a halo assay and western blotting of CRL LIP1 containing an HA-tag following
its removal from the cell surface of pPICZXFa-lip1 transfectants using the Factor-Xa protease.
After 4 days of cultivated on Rhodamine B-BMMY agar plates supplemented with olive oil,
the lipase activities were preliminary estimated according to the surrounding florescence halos.
As shown in Fig. 2a, whole cells P. pastoris X-33/pPICZXFa-lip1 hydrolyzed olive oil,
yielded fluorescent complexes, and produced clear halos, while no halos were observed in
control cells (pPICZXFa transfectants). P. pastoris X-33/pPICZXFa-lip1 produced a target
protein of ~ 63 kDa representing CRL LIP1 with the HA-tag (Fig. 2b). These results suggested
that active CRL LIP1 with the HA peptide tag were co-expressed on the pPICZXFa-lip1
transfectants’ surface.

CRL LIP1 Localization in P. pastoris

CRL LIP1 localization in P. pastoris X-33/pPICZXFa-lip1 cells was determined by indirect
immunofluorescence microscopy and flow cytometry. The localization of CRL LIP1 contain-
ing an HA peptide tag in P. pastoris X-33/pPICZXFa-lip1 cells was detected by using mouse
monoclonal antisera to HA-tag and FITC-conjugated secondary antibody goat anti-mouse IgG.
As shown in Fig. 3, P. pastoris X-33/pPICZXFa-lip1 transfectants exhibited bright green
fluorescence at their cell surface, whereas the cell surface of P. pastoris X-33/pPICZXFa as the
control emitted no fluorescence.

Moreover, flow cytometry analysis (FCA) indicated that > 98.89% of pPICZXFa-lip1
transfected P. pastoris X-33 cells efficiently expressed the fusion proteins of CRL LIP1-HA
on the cell surface, but the emitted green fluorescence signals associated with P. pastorisX-33/

Fig. 1 A scheme of displaying vector pPICZXFa-lip1 encoding the fusion proteins of the AGA1 and the AGA2-
lip1
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pPICZXFa cells were indistinguishable from background (Fig. 4). From the abovementioned
results, we could conclude that the fusion protein of CRL LIP1-HA-AGA2 was successfully
surface immobilized via the AGA1 through disulfide bonds.

Functional Bioactivity of Surface-Displayed CRL LIP1

We then performed quantitative functional tests to evaluate its practical application of surface-
displayed CRL LIP1 as a whole-cell enzyme catalyst. The hydrolytic bioactivity of surface-
displayed CRL LIP1 on the P. pastoris X-33/pPICZXFa-lip1 transfectants reached at 380 ± 2.8
U/g dry cells toward olive oil. The maximal hydrolytic activity of 380 U/g of dry cells for
surface-displayed CRL LIP1 was higher than 273 U/g of dry cells’ activity for surface-

Fig. 2 a Halos of transfectants P. pastoris X-33 on Rhodamine B-BMMY agar plates supplemented with olive
oil. Halo circled the colony of P. pastoris X-33/pPICZXFa-lip1 cells; in contrast, no halos were observed around
P. pastoris X-33/pPICZXFa colonies. b Western blotting confirmed the expression of CRL LIP1 containing an
HA peptide tag. The fusion proteins of CRL LIP1-HA-tag cleaved from P. pastoris X-33/pPICZXFa-lip1 by the
protease Factor-Xa were separated by 12% SDS-PAGE and blotted onto a polyvinylidene fluoride (PVDF)
membrane. Blots were detected by mouse monoclonal antibodies anti-HA and secondary antibody horseradish
peroxidase–linked goat anti-mouse IgG
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displayed Geotrichum sp. lipase [25], and 257.8 U/g dry cells for surface-displayed
T. lanuginosus lipase toward the same substrate olive oil [29]. The functional result showed
that the surface-displayed CRL LIP1 on the cell wall of P. pastoris achieved an active
structural conformation and exhibited a high bioactivity toward its native substrate.

Characteristics of Surface-Displayed CRL LIP1

To evaluate enzymatic characteristics of the displayed CRL LIP1 including its optimum pH,
optimum temperature, and thermostability, these catalytic parameters were measured using
substrate olive oil. As presented in Fig. 5a, the optimum pH of the self-immobilized CRL LIP1
was pH 7.5 as compared to that for the P. pastoris–secreted CRL LIP1 which was 7.0 [39, 40].
Moreover, the self-immobilized CRL LIP1 showed relative high stability over a wide range of
pH values and retained > 70% of its maximal activity at pH 7.0–8.0. In Fig. 5b, the optimum
temperature for surface-displayed lipase activity was 45 °C, as compared to that for the
P. pastoris–secreted CRL LIP1 which was 40 °C. Importantly, the surface-displayed CRL
LIP1 exhibited excellent thermostability, retaining 50% of its native activity toward olive oil
after 45 °C treatment for 6 h at pH 7.5 (Fig. 5c), whereas P. pastoris–secreted CRL LIP1
retained only 26.4% activity after a 6-h incubation at its optimal temperature and pH. This
enhancement of thermostability agreed with previous results reporting the protective effect
from its proximity to the cell wall [25, 26]. The enhancement of lipase stability can improve its
interactions with substrates and likely resulting in higher degrees of enzyme activity, which
could potentially broaden its application. As shown in Fig. 5d, the self-immobilized CRL LIP1

Fig. 3 Immunofluorescence microscopy demonstrated the surface expression of CRL LIP1 in P. pastoris X-33/
pPICZXFa-lip1. The surface displaying of CRL LIP1-HA in pPICZXFa-lip1 transfected P. pastoris X-33 cells
was detected by immunologically labeling with the anti-HA antibody and FITC-linked secondary antibody. No
green fluorescence was detected in control pPICZXFa transfected P. pastoris X-33 cells

225Applied Biochemistry and Biotechnology (2020) 190:218–231



demonstrated similar substrate specificity as those exhibited by native CRL LIP1 or commer-
cial CRL LIP1 preparations [16, 40, 41]. Additionally, surface-displayed CRL LIP1 exhibited
optimum substrate hydrolysis on p-nitrophenyl (pNP) caprate (C10), as well as relatively high
levels of lipolytic activity toward pNP-caprylate (C8) and short-chain pNP-butyrate (C4),
which constituted 89% and 90% of the activity observed on pNP-caprate (C10), respectively.
These results indicated that surface-displayed CRL LIP1 constitutes a promising catalyst for
practical applications for industrial-scale production.

Enzymatic DHA Enrichment via Surface-Displayed CRL LIP1

After a 4-day culture, the whole cells X-33/pPICZXFa-lip1 were collected to selective
hydrolyze algae oil for enrichment DHA as whole-cell biocatalysts. Similar to free CRL
LIP1 [16], self-immobilized CRL LIP1 exhibited fatty acid specificity toward algae oil,
resulting in increased DHA content in glycerides based on the high degree of hydrolysis
(Fig. 6). After a 14-h incubation, the maximum degree of hydrolysis reached 30.6%, and the
DHA content increased from 40.61% in crude algae oil to 50.44% in the glyceride fraction
using the self-immobilized CRL LIP1 as lipase catalyst, resulting in a 1.24-fold increase.

Fig. 4 Flow cytometry analysis of surface expression CRL LIP1-HA. The expression of target protein CRL LIP1
was quantitatively analyzed after these plasmids pPICZXFa-lip1 and pPICZXFa transfected P. pastoris X-33
cells labeled with the anti-HA antibody and FITC-linked anti-IgG. About 98.89% cells expressed the fusion
protein CRL LIP1-HA on the surface of P. pastoris X-33/pPICZXFa-lip1 transfectants (black-filled histograms).
Negative controls X-33/pPICZXFa transfectants are marked with gray-filled histograms
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Discussion

C. rugosa lipases have been widely applied due to their acyl chain length specificity, fatty acid
specificity, triglyceride specificity, and stereo-selectivity toward different substrates. Moreover,
the chemical immobilization of CRLs aimed at different catalytic reactions has been investi-
gated to improve catalytic performance [42–44]. Given its fatty acid specificity, free CRLs
have been employed to enrich DHA by selective hydrolysis or ethanolysis [14, 15]. However,
the strategy of surface-displaying has not been adopted to produce self-immobilized CRLs as
whole-cell catalysts until now. In the context, we constructed a eukaryotic expression vector
for displaying CRL LIP1 on the yeast cell wall and evaluated the potential application of self-
immobilized CRL LIP1 for DHA enrichment in algae oil.

It is interesting to observe that the maximal hydrolytic activity of 380 U/g of dry cells for
surface-displayed CRL LIP1 toward natural substrate olive oil was higher than 273 U/g of dry
cells’ activity for surface-displayed Geotrichum sp. lipase toward olive oil [25], 4.1 U/g of dry
cells toward triolein [26], and 60 U/g dry cell for surface-displayed R. oryzae lipase toward 4-
nitrophenyl dodecanoate (pNPD) [27], 220 U/g of dry cells’ activity reported for surface-
displayed CALB toward p-nitrophenyl butyrate (pNPB) [28], 257.8 U/g dry cells for surface-
displayed T. lanuginosus lipase toward olive oil [29], but lower than 106 U/mg DCW toward

Fig. 5 Enzymatic characteristics of the self-immobilized CRL LIP1 catalyst. a The pH effect on the bioactivity of
self-immobilized CRL LIP1 was assessed by evaluating hydrolysis activity toward olive oil at 45 °C at pH 6.0–
10.0 after a 10-min incubation. Relative bioactivity was assessed by setting to 100% the bioactivity detected at
pH 7.5. Activities are presented as the means ± SD of three independent assays. b Temperature effect on the
activity of self-immobilized CRL LIP1 was determined by setting to 100% the activity obtained at 45 °C and pH
7.5. c Thermostability of the self-immobilized CRL LIP1 was evaluated by the residual lipase activity every 1 h
after treatment at 45 °C in 50 mM potassium phosphate buffer (pH 7.5) for up to 6 h, which was assayed by
titrimetry using olive oil. Relative lipase activity was determined by defining the activity of the displayed CRL
LIP1 without heat incubation as 100%. Activities are presented as the means ± SD of three independent assays. d
Substrate specificity of self-immobilized CRL LIP1 was determined by monitoring the hydrolysis bioactivity
toward pNP-acetate (C2), pNP-butyrate (C4), pNP-octanoate (C8), pNP-decanoate (C10), pNP-myristate (C14),
and pNP-palmitate (C16) substrates. Relative activity was evaluated by assuming the hydrolysis activity toward
pNP-decanoate (C10) substrate was 100%
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tributyrin reported for surface-displayed CALB [24] and 495.8 U/g dry cell toward 4-
nitrophenyl caprylate (pNPC) [45]. We could conclude that the hydrolytic bioactivity in this
work is within the higher rank coupled with better catalytic properties [46].

Moreover, the surface-displayed CRL LIP1 exhibited relatively high stability under mildly
acidic pH conditions, with an optimal pH of 7.5 versus 8.0 for that of P. pastoris–secreted CRL
LIP1 [33]. As shown in Fig. 5, the optimal temperature for immobilized CRL LIP1 was 45 °C,
while that of P. pastoris–secreted CRL LIP1 was 40 °C. Additionally, surface-displayed CRL
LIP1 exhibited improved thermostability as compared with that of free CRL LIP1. This
finding agreed with previous reports indicating that protection by the cell wall enhanced
immobilized LIP1 thermostability [22, 23, 25]. The enhancement of lipase stability can be
improved through surface-display technology, thereby improving its interactions with sub-
strates and likely resulting in higher degrees of enzyme activity, which could potentially
broaden its application.

In conclusion, this study represents the first report of surface-displayed CRL LIP1 used as a
thermostable biocatalyst for enrichment DHA from algae oil. Its utilization increased DHA
content from 40.61% before hydrolysis to 50.44% after hydrolysis, with maximal hydrolysis
of algae oil reaching 30.6% and suggesting CRL LIP1 as a promising self-immobilized
enzyme for more desired applications in processes of biotransformation and catalysis.

Conclusion

This study represents the first report of surface-displayed CRL LIP1 used as a thermostable
biocatalyst for enrichment DHA from algae oil. Its utilization increased DHA content from

Fig. 6 Relationship between degree of hydrolysis and the relative contents of DHA and EPA compared with their
own contents in original algae oil before hydrolysis, respectively. DHA and EPA relative contents were measured
by setting that the original content in algae oil was 100% before hydrolysis. All values are the mean values ±
standard deviation (SD) from triplicate experiments

228 Applied Biochemistry and Biotechnology (2020) 190:218–231



40.61% before hydrolysis to 50.44% after hydrolysis, with maximal hydrolysis of algae oil
reaching 30.6% and suggesting CRL LIP1 as a promising self-immobilized enzyme for more
desired applications in processes of biotransformation and catalysis.
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