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Abstract

Pancreatic lipase plays a key role in intestinal digestion of feed fat, and is often
deficient in young animals such as weaning piglets. The objective of this study was
to express and characterize a partial codon optimized porcine pancreatic lipase
(opPPL). A 537 bp cDNA fragment encoding N-terminus amino acid residue of the
mature porcine pancreatic lipase was synthesized according to the codon bias of
Pichia pastoris and ligated to the full-length porcine pancreatic lipase cDNA
fragment. The codon optimized PPL was cloned into the pPICZaA (Invitrogen,
Beijing, China) vector. After the resultant opPPL/pPICZaA plasmid was
transformed into P.pastoris, the over-expressed extracellular opPPL containing a
His-tag to the C terminus was purified using Ni Sepharose affinity column (GE
Healthcare, Piscataway, NJ, USA), and was characterized against the native
enzyme (commercial PPL from porcine pancreas, Sigma). The opPPL exhibited a
molecular mass of approximately 52 kDa, and showed optimal temperature (40°C),
optimal pH (8.0), K., (0.041 mM), and V.« (2.008 pmol.mg protein ~".min~")
similar to those of the commercial enzyme with p-NPP as the substrate. The
recombinant enzyme was stable at 60°C, but lost 80% (P<0.05) of its activity after
exposure to heat =60°C for 20 min. The codon optimization increased opPPL yield
for ca 4 folds (146 mg.L ™" vs 36 mg.L™ ") and total enzyme activity increased about
5 folds (1900 IU.L~" vs 367 IU.L™") compared with those native naPPL/pPICZaA
tranformant. Comparison of gene copies and mRNA profiles between the two
strains indicated the increased rePPL yields may partly be ascribed to the
increased protein translational efficiency after codon optimization. In conclusion, we
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successfully optimized 5-terminal of porcine pancreatic lipase encoding gene and
over-expressed the gene in P. pastoris as an extracellular, functional enzyme. The
recombination enzyme demonstrates a potential for future use as an animal feed
additive for animal improvement.

Introduction

As a family member of serine hydrolases, Lipases (EC 3.1.1.3) are a class of
hydrolases that catalyse a wide range of reactions including hydrolysis,
interesterification, alcholysis, acidolysis, esterification and aminolysis. They
catalyse the hydrolysis of fatty acid esters bound in the triacylglycerol and release
free fatty acids [1-2]. Lipases have broad distribution in plants, microorganisms
and animal tissues and have many applications in food, diary, detergent and
pharmaceutical industries [3].

Porcine pancreatic lipase (PPL) is a secreted glycoprotein composed of a single
chain of 449 amino acids, with a molecular weight of 50-52 Kd [4]. It is an endo-
lipase, and has high efficiency in catalyzing the hydrolysis of triglycerides and
release free fatty acids. In animals the digestion of fat is to a large extent dependent
on pancreatic enzymes [5]. The digestibility of fat is of special concern because it
has been demonstrated that piglets have a high demand for energy that is not met
by the food consumed and consequently, body fat is mobilized to cover the energy
requirement [6]. During the postweaning period, the activation, secretion and
function of pancreatic digestive enzymes is not yet completely developed, in
particular the main lipolytic enzyme lipase and colipase are still underdeveloped
[7]. Insufficient production of PPL in early life, in particular at weaning, is a
major cause of stress that causes post weaning retardation of growth and leads to
substantial economic loss [8]. It is reported that pancreatic-like microbial enzyme
(including lipase) supplementation improved the growth of the exocrine
pancreatic insufficiency (EPI) in pigs [9], increased piglet activity [10] and
enhance piglet gastrointestinal tract development [11]. PPL has also been used for
many years as a digestion aid in patients suffering from pancreas dysfunction and
malnutrition [12]. Therefore, it may be of practical value to supplement diets for
young pigs with exogenous sources of PPL, due to the insufficient production of
the endogenous enzyme in young pigs. Commercially available PPL mainly comes
from a crude extract preparation of animal pancreases and contain a significant
number of other enzymes as contaminants [13—14]. The high cost of extraction
and purification, limited availability of pig pancreatic tissues, and possible
microbial contamination have precluded a large scale application of PPL in
animal feed industry. Therefore, it is necessary to develop an efficient yeast
expression system for economical and safe supplementation of sufficient amount
of the enzyme [14]. Our group and several others have attempted to produce
lipase in heterologous systems, but yields are unsatisfactory [15—17]. It is reported
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that heterogeneous protein expression level in P. pastoris strongly depends on the
biased codon usage [18-20], the codon bias of P. pastoris may be a factor limiting
a high expression of heterologous PPL. Our objective of this study was to develop
an efficient expression system in P. pastoris to produce a recombinant porcine
pancreatic lipase with high yield and activity through partially optimized 5-
terminal codon of the porcine pancreatic lipase gene. We also compared the
recombinant PPL with the commercial nature form of the enzyme isolated from
the pig pancreas. We successfully expressed a rePPL in the P. pastoris and found
similar enzymatic properties to its native commercial PPL. Our findings suggest a
potential approach for producing rePPL for the animal feed industry.

Materials and Methods

Ethics statement

The pig protocol for pancreas sample was approved by Animal Care Office of
Sichuan Agricultural University, Chengdu, China and the animal experimental
procedure was performed according to the guidelines for the care and use of
experimental animals established by the Ministry of Agriculture of People’s
Republic of China. One crossbred (Duroc x Landrace x Yorkshire) male weaned
pig (6 weeks of age, 11.4Kg body weight) supplied by Experimental Farm of
Animal Nutrition Institute, Sichuan Agricultural University was slaughtered by
carbon dioxide, after being anaesthetized with sodium pentobarbital (20 mg/kg
body weight), then pancreas sample (about 2 gram) was collected and kept in
liquid nitrogen for total RNA extraction and PPL ¢cDNA isolation.

Strains, plasmids and reagents

The plasmid pPICZaA (Invitrogen, Beijing, China) was used for the production of
rePPL proteins and the P. pastoris X-33 strain (Invitrogen, Beijing, China) was
used as the protein expression host. E. coli TOP10 (Invitrogen, Beijing, China) was
used for plasmid amplification. The E. coli TOP10 strain was grown at 37°C in LB
medium and P. pastoris X-33 strain was grown in YPD medium at 28-30°C.
Plasmid Mini-prep Kit, Gel Extraction Kit and Cycle-pure Kit were purchased
from OMEGA (Chengdu, China), Taq DNA polymerase,T4 DNA ligase, pMD18-
T vector, restriction enzymes (Xba I, EcoR 1, Xho I, BamH 1, Sac 1), DL2000 DNA
marker, protein marker were purchased from TaKaRa (Dalian, China). Ni-NTA
His Binding Resin (GE Healthcare, USA) was used for the purification of
recombinant PPL. p-nitrophenyl palmitate (p-NPP) and native commercial PPL
was purchased from Sigma (USA). All other chemicals used in this study were of
analytical grade and commercially available.
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Codon optimization of porcine pancreatic lipase gene and
construction of opPPL/pPICZaA plasmid

A full length ¢cDNA encoding PPL was previous isolated from the pancreas of a
Duroc x Landrace x Yorkshire (DLY) crossbred male pig and cloned into pMD18-
T by our laboratory [17] and was used for the recombinant PPL/pPICZaA
construction in this experiment. The PPL gene fragment with additional EcoR I
and Xba I on 5-and 3-terminal was acquired by PCR amplification using PPL-F
and PPL-R primers (Table 1) and cloned into pMD19-T, The PPL/pMD19-T
plasmid was sequence confirmed and the resultant cDNA fragments was further
cloned into pPICZoA to get the recombinant naPPL/pPICZaA expression
plasmids.

The full-length CDS of PPL (1398 bp) has two BamH I sites (137 and 575 bp)
and a 48 bp signal peptide encoding sequence. The gene was partially codon-
optimized according to the strategy showed in Fig. 1: A 537 bp fragment encoding
the mature N-terminal of PPL (oPPL) was designed according to the codon bias of
P. pastoris (http://www.kazusa.or.jp/codon) and high frequency codon in P. pastoris
were used to replace corresponding codon in PPL cDNA fragment. The new cDNA
fragment encodes the same amino acid sequence of PPL and contained a second
Bam H I site after codon optimization (S1 Fig.). The optimized fragment with an
additional 28 bp adapter vector sequence which included a Xho I site and both kex2
and stel3 signal cleavage sites (ATCTCTCGAGAAAAGAGAGGCTGAAGCT) on
the 5-termianl (total 565 bp) sequence was synthesized and cloned into PUC57
vector (Sangon Biotech, Shanghai) (and named as oPPL/PUC57). The optimized
565 bp fragment has an Xho I and a BamH I sites on the 5-and 3-terminal ends,
separately. These were used for the further full length opPPL gene expression vector
construction.

The plasmids oPPL/PUC57 was digested with Xho I and BamH I, PPL/pMD19-
T was digested with Xba I and BamH I, whereas the pPICZaA was digested with
Xho I and Xba I in separate reactions. After 1% agarose gel electrophoresis the
565 bp oPPL fragment, 823 bp nPPL fragment (from the second BamH I site to
the 3-terminal of PPL) and the pPICZaA fragment were gel recovered and ligated
overnight at 16°C with T4 ligase. The resultant recombinant expression plasmid
opPPL/pPICZaA was finally transformed into E. coli TOP10 and selected on Low
Salt LB agar plates containing 25 pug-mL ™" zeocin, 37°C for 16 h. The positive
opPPL/pPICZaA plasmid clone was sequence confirmed before further
transformed into P. pastoris cells.

Transformation and expression of rePPL in P. pastoris

The recombinant plasmid opPPL/pPICZaA and naPPL//pPICZaA were separately
transformed into P. pastoris X-33 strain by electroporation according to Kim [21].
Single colonies of the transformants were selected for expression according to a
protocol of EasySelectTM Pichia Expression Kit (Invitrogen, Beijing, China). The
transformant with the highest mRNA expression performance was screened for

further comparison of protein production and purification. The P. pastoris
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Table 1. Sequence of primers.

Name Primer sequence (from 5’ end to 3’ end)

Primers for PPL gene cloning

PPL-F AGCTGAATTCATGCTGCTAATCTGGACAC
PPL-R TTGTTCTAGAAACAGGGGTTGAGGGTG
Primers for o-PPL

o-PPL-F ATCTCTCGAGAAAAGAGAGGCTGAAGCT
o-PPL-R AGCTGGATCCAAACCAGTAATTCTTTCAA
Primers for real time PCR

RePPL-F’ CTGGGAAAACAAACGGAGTGA
RePPL-R’ CCAACGGGCGAAATTGC

p-actin-F CCAACGTGTGTTTCATTGCA

p-actin-R ATCATGCCCCAAATCAA

doi:10.1371/journal.pone.0114385.t001

transformant containing the expression vector pPICZaA without the PPL gene
insertion was used as the negative control.

Q-PCR analyses of PPL gene copies and mRNA abundance

DNA of yeast was isolated using yeast DNA Extract Kit (Sangon
Biotech,Shanghai,China) according to the manufacturer’s instruction. Total RNA
extraction and quality control, Q-PCR procedure, and relative gene abundance
(DNA or mRNA) quantification were the same as previously described by our
group [22]. The genes relative expression were analyzed using Q-PCR
(ABI7900HT, Applied biosystem). The primers for PPL gene and reference -actin

Xhol BamH1 Xbal

‘ml nPPL gc-7yc6xHis Stop

5'410X1 AO0X1 TT

PTEF1
rePPL/pPICZaA

5060 bp
PEM?7
pUC ori

Zeocin

CYC1 1T

Fig. 1. Schematic representation of expression vector opPPL/pPICZ¢A with 5 AOX1 promoter, fusion
partner c-myc epitope, and 6 x His tag.

doi:10.1371/journal.pone.0114385.9001
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gene were designed using Primer Express 3.0 (Applied Biosystems, Foster City,
CA) and are presented in Table 1.

Purification of recombinant opPPL

The highest mRNA expression recombinant P. pastoris clone, named opPPL-13,
was grown in 100 mL BMGY medium at 30°C with constant shaking at 250 rpm
for about 24 h with ODg reach to 2-5. Cells grown in BMGY were harvested and
re-suspended in 100 mL BMMY medium, then 0.5% final concentration of
methanol was added to induce protein expression at 30°C with constant shaking
at 250 rpm. To maintain induction, 100% methanol was added to the culture to a
final concentration of 0.5% every 24 h. After 96 h of methanol induction, the
fermentation broth was centrifuged at 14,000 g at 4°C for 10 min to remove cells.
The supernatant was added with 0.5 mM NaCl and adjusted to pH 7.4, followed
by filtration through a 0.45 pm filter. The supernatant was then applied to a Ni
Sepharose (GE Healthcare, USA) affinity column (Bio-Rad, Richmond, CA, USA)
pre-equilibrated with a binding buffer (20 mM NaH,PO,, pH 7.4, 500 mM NacCl,
20 mM imidazole). After the column was washed with binding buffer to remove
the unbinding proteins, the opPPL was eluted with elution buffer (20 mM
NaH,PO,, pH 7.4, 500 mM NaCl, 500 mM imidazole). Fractions containing
opPPL were pooled and further desalted with a 10 kDa molecular cutoff
concentration tube (Millipore) using 20 mM PBS buffer (pH 7.4). The purified
opPPL protein and purchased commercial PPL were stored at —20°C for
subsequent analysis. Protein samples were separated on 12% SDS—polyacrylamide
gel electrophoresis (SDS-PAGE). The protein bands were visualized by staining
with coomasse brilliant blue. Protein concentration was determined by the
Bradford method [23].

Yield comparison of opPPL and naPPL

The highest mRNA expression opPPL and naPPL transformant were induced by
methanol for PPL expression as the same condition described above (n=3). After
96 h of methanol induction, the supernatant were harvested and volume were
calculated, then 10 ml supernatant of each samples were further desalted with a
10 kDa molecular cutoff concentration tube (Millipore) using 20 mM PBS buffer
(pH 7.4), the crude recombinant PPL samples were collected and stored at —20°C
before use. The recombinant PPL yields were determined by comparison of the
PPL band on SDS-PAGE gel against BSA standard protein bands (1 pg and 2 pg/
well) using Image Lab™ Software version 4.1 (Bio-rad, Shanghai China). Also the
enzyme activities of samples were assayed and total enzyme activities were
compared.
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Assays of PPL

PPL activity was quantitatively assayed using p-NPP as substrate. This assay was
performed as method described by Winkler and Stuckman [24] with some
modifications. A stock solution of p-NPP was freshly prepared in 2-propanol at a
concentration of 10 mM. Then, 900 pl of 1:9 dilution of the substrate stock
solution A in solution B (0.1% (w/v) gum arabic, 0.4% (v/v) Triton X-100 in
distilled water with 50 pl of appropriate buffer were pre-incubated for 5 min at
40°C before adding 50 pl of enzyme sample(40 ng PPL protein). This mixture was
incubated at 40°C for 10 min, and the reaction was terminated by addition of

2 ml of 0.2 M Na,COj; solution. Released p-NP was immediately determined by
measuring the absorbance at 410 nm in a Beckman spectrophotometer (Model
DU 800, USA). Appropriate blanks were used to subtract the absorbance
corresponding to the reaction mixture other than that produced by the specific
hydrolysis of p-NPP. The molar extinction coefficient of p-NP

(€410 am=16,900 M~ ' cm™") was estimated from the absorbance of standard
solutions of p-NP. One international unit of lipase activity was expressed as the
amount of enzyme liberating 1 pM of p-NP per minute under the conditions of
the assay [25].

Characterization of opPPL

The purified opPPL was used for further enzyme characterization. To study pH
optimum, temperature optimum and thermostability and substrate specificity, the
reaction mixture remained the same as above except for the buffers and the
temperature of the enzymatic reaction. The optimal pH profile of opPPL was
assayed at 40 °C using citrate buffer (pH 4.0-6.0), phosphate buffer (pH 7.0), Tris-
HCI buffer (pH 8.0-9.0) and glycine-NaOH buffer (10.0-11.0). The optimal
temperature of opPPL was determined using the Tris-HCI buffer (pH 8.0) from
20 to 80°C. The thermal stability of opPPL was determined by the residual activity
after the enzyme was incubated in the Tris-HCI buffer (pH 8.0) at 30, 40, 50 and
60°C for 10, 20, 30 and 60 min respectively. The kinetic parameters (K, and V,,,,)
for purified opPPL were calculated at pH 8.0 and at 40 °C from initial velocities in
the 0.02-0.1 mM range of p-NPP using the Lineweaver-Burk method [26]. To test
how opPPL might function under the intestinal conditions, the purified enzyme
was incubated with various concentration of Chloride metal ions (Zn**, Cu®*,
Fe’*, Ca®") in the phosphate buffer at 37°C for 10 min and the activity change
against the untreated control was determined. The enzyme properties of
commercial Sigma enzyme(named commercial PPL)were also compared. Three
replicate were conducted in each assay and data were shown with

mean 4+ SE(n=3).
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Results

Codon optimization, expression and purification of opPPL in P.
pastoris

A full length cDNA encoding PPL was previously isolated from the pancreas of pig
by our laboratory and was used for the rePPL expression vector construction in
the yeast system. A 537 bp 5-terminal encoding fragment of the mature PPL was
codon-optimized according to the codon bias of P. pastoris (S1 Fig.) and the
partial codon optimized PPL (opPPL) were cloned into pPICZaA according to the
strategy described in Fig. 1. After the cloned expression vector opPPL/pPICZaA
was digested with Xho I and Xba I, a ca 1,500 bp target gene band and a 3,600 bp
expression vector band were shown on the 1% agarose gel (Fig. 2, lane2).
Sequencing of the cloned opPPL/pPICZaA showed it still encoding the same
amino acid sequence of the native one after codon optimization (S2 Fig.). The
opPPL/pPICZaA was transformed into P.pastoris X-33 and the highest mRNA
expression transformant was screened by Q-PCR and use for opPPL expression
(S3 Fig.). After the P. pastoris X-33 transformant was induced by 0.5% methanol
for 96 h, the target protein was purified by Ni Sepharose affinity chromatography.
The purified opPPL showed a single band on 12% SDS-PAGE gel with a
molecular size of approximately 52 kDa (Fig. 3A, lane 3).

Comparison of recombinant PPL yields, PPL plasmid copies and
relative mRNA profiles

After 96 h fermentation induced by methanol, the culture supernatants were
harvested and applied for SDS-PAGE analysis. The codon optimized recombi-
nation protein showed darker and stronger band on the gel (Fig. 3B, lane 3) than
that from non-optimized one (naPPL). (Fig. 3B, lane 2). The yield of the opPPL
was calculated to be 146 mg.L ™', about 4-fold higher compared with 36 mg.L ™"
of naPPL. Also total enzyme activity was increased from 367 IU.L™ ' to

1900 IU.L ™" after codon optimization. Take f-acin as reference gene, the real time
q-PCR for DNA samples shows the target PPL gene shares the same Ct value in
both opPPL/pPICZaA and naPPL/pPICZaA strains and its share the same gene/
p-acin ratio (Fig. 4B), which suggests the same PPL gene copies between the two
transformants. As shown in Fig. 4A, after 96 h induction by methanol, the opPPL/
pPICZoA strain showed about 1.6 fold higher mRNA profile than that of the
naPPL/pPICZoA strain.

Characterization of opPPL

As shown in Fig. 5, opPPL and the commercial native form of PPL enzyme shared
similar pH-activity and temperature-activity profiles. The optimal pH of opPPL
was 8.0, while the enzyme maintained>50% activity between pH 6.0 and 8.0, it
dropped sharply when pH beyond 8.0 (Fig. 5A). The opPPL exhibited strong
activity from 20°C to 50°C, with an optimum temperature of about 40°C, and the
activity decreased sharply at temperatures>50°C (Fig. 5B). The thermal stability
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Fig. 2. Construction of opPPL/pPICZoA. Lane 1, PCR products of the opPPL cDNA; Lane 2, Xho | and Xba
I-digested opPPL/pPICZuA; Lane M, molecular Marker.

doi:10.1371/journal.pone.0114385.g002

of the purified opPPL and commercial PPL essentially paralleled the effect of
temperature on the activity in that pre-incubation at 30°C or 40 °C for 30 min had
little impact on the activity while pre-incubation at 50°C caused the activity to
drop in proportion to time of incubation, and as little as 20 min incubation
at>60°C caused a sharp loss of activity (Fig. 5C, 5D). The purified opPPL showed
a K,,, for p-NPP as 0.041 mM and V,,,, as 2.008 pumol. mg protein —1. min—1,
whereas the commercial form of PPL had a K,,, of 0.048 mM and V,,,, as

1.526 pmol. mg protein —1.min—1 (Fig. 6). The effect of metal ions on activity of
the opPPL and commercial enzyme were compared and the activity of opPPL and
commercial PPL enzyme manifested a dose-dependent decrease (P<<0.05) by
incubating with Ca2+, Zn2+, Cu2+, or Fe3+ (Fig. 7).

A B

o M 1 2 3 wa M 1 2 3 4 5

97.2— e 07 .2—> s [ S

66.4—> e 66.4—> w—— . [ e ssm—BSA
- wm—pPPL . - - <—rePPL

44.3—> v xad Rl B

20.0—> w 29.0—> s—

20.1 s 20.1—

14.3—> 14.3—> —

Fig. 3. SDS-PAGE identification of opPPL expressed in P.pastoris and comparison of recombination
PPL yield. (A) Identification of opPPL expressed in Ppastoris by 12% SDS-PAGE. Lane M, molecular
markers; lane 1, crude supernatant from control pPICZaA; lane 2, crude supernatant from opPPL-13; lane 3,
purified opPPL. (B) Comparsion of recombination PPL yields. Lane M, molecular markers; lane 1, crude
supernatant from control pPICZaA(10 pl); lane 2, crude supernatant from naPPL/pPICZaA(10 pl); lane 3,
crude supernatant from opPPL-13(10 pl); Lane 4, BSA standard protein bands (1 ng); Lane5,BSA standard
protein bands (2 ug).

doi:10.1371/journal.pone.0114385.g003
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Fig. 4. Comparison of the target gene relative mRNA profiles (A) and gene copies numbers (B)
between the P.pastoris opPPL//pPICZaA and naPPL/pPICZ¢A.

doi:10.1371/journal.pone.0114385.9004

Discussion

We successfully partially optimized porcine pancreatic lipase gene and effectively
increased it expression in P.pastoris in the present study. The o-factor signal
peptide in the yeast expression vector was effective in guiding the secretion of the
recombined PPL into the culture broth, which may facilitate the production of
lipase for direct industrial application without complicated purification
procedures [27]. After 4 days of growth in yeast, the corresponding amount of
opPPL reached about 146 mg.L~" of culture medium. This production rate is
higher in comparison with other production levels of various lipases expressed in
P.pastoris. For comparison, the production rate of the turkey pancreatic lipase is
about 15 mg.L™' of culture medium after 3 days of methanol induction [28]. The
human pancreatic lipase-related protein 2 has a productivity 40 mg.L™"' under the
control of the AOX1 promoter and about 4 mg.L~"' under the control of the
constitutive GAP promoter [29]. Fugal resources (C.rugosa) Lip4 lipase showed a
0.1 g.L ™" production in P.pastoris system[30-31]. As the PPL gene contains many
codons that are rarely or less frequently used in P.pastoris, optimizing the usage of
these codons may improves rePPL protein production by the yeast host. In this
study, partial optimization of the N-terminal 537 bp codons of PPL greatly
increased the opPPL yield compared with those native PPL tranformant

(146 mg.L™'vs 36 mg.L™ "), which is almost a three-fold improvement compared
with our lab’s previous 43 mg.L ™" yield [17]. In addition, the total enzyme
activity against p-NPP greatly improved (1900 TU.L™'vs 367 TU.L™"). Our results
were much consistent with previous studies demonstrated that the codon
optimization echnique greatly increases (about 1- to 10-fold) the foreign proteins
expression in P. pastoris [32—33]. The increased opPPL yields may be partly
ascribed to increased protein translational efficiency because there was only a 1.6

PLOS ONE | DOI:10.1371/journal.pone.0114385 December 29, 2014 10/16
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Fig. 5. Comparison of opPPL and commercial PPL activity. (A) Effect of pH on the activity of opPPL and commercial PPL. (B) Effect of temperature on
the activity of opPPL and commercial PPL.(C) The thermostability of commercial PPL. (D) The thermostability of purified opPPL. These assays were
performed as described in Materials and methods using 10.0 mM p-NPP as substrate (n=3). The maximum value was taken as 100%.

doi:10.1371/journal.pone.0114385.9005
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Fig. 6. The K|, value of opPPL and commercial PPL against p-NPP determined by Lineweaver-Burk
method. (A) The K, value of opPPL. (B) The K, value of commercial PPL.

doi:10.1371/journal.pone.0114385.9006
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Fig. 7. Effect of metal ions on opPPL and commercial PPL activity. (A),(B),(C) and (D) represent the effect of Zn?*, Ca?*, Fe** and Cu?" on the activity of
opPPL and commercial PPL, respectively. y means relative enzyme activity; x means concentration of the metal ions; These assays were performed as
described in Materials and methods using 10.0 mM p-NPP as substrate(n=3). The maximum value was taken as 100%.

doi:10.1371/journal.pone.0114385.9007

fold higher mRNA

expression after codon optimization (Fig. 4A). The opPPL

protein was>25% of the total proteins secreted into the culture medium (Fig. 3A,
lane 2), which indicates a potential for industrial production, purification and

application.

However, the enzyme yield (146 mg.L™") was lower than that of some fungal
lipases in P.pastoris such as Yarrowia lipolytica (0.63 g.L™") [34] and Mutant
Nippostrogglus brasiliensis Acetylcholinestrease (2 g.L~') [35]. Because the
inducible P. pastoris expression system is able lead to production of heterologous
proteins intracellularly and extracellularly up to 3 g.L ™' and 12 g.L ™, respectively
[36-37], therefore, future research will be needed to enhance the opPPL yield. In
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our study, the PPL gene optimized strain has the same plasmid copies with the
non-optimized one (Fig. 4B). Therefore, increasing number of copies of the
expression plasmid may increase the recombinant protein expression [38]. In
addition, the protein production efficiency may be enhanced by optimizing
fermentation conditions including medium pH, temperature, and methanol
concentration [14].

In this study, Xho I site was used to construct the opPPL/pPICZaA vector, thus
the expressed opPPL has the same N-terminus amino acid compared with the
native protein, and a his-tag attached in the C-terminus of the opPPL was
designed to favor protein purification. The over-expressed opPPL in P. pastoris
shared similar enzymatic properties to those of the commercial native form as
determined in the present study and (or) reported by previous researchers.
Specifically, the opPPL and the native form of PPL (Sigma) had k,, for p-NPP:
0.041 and 0.048 mM, respectively (Fig. 5). The V.. (2.008 pmol. mg protein ~'.
min~ '), optimal pH (8.0), and optimal temperature (40°C) of opPPL estimated in
the present study was similar to those reported for the native enzyme [39]. These
similarities indicate that the heterologous expression of opPPL in the Pichia yeast
system did not alter its enzymatic property or function. The opPPL exhibited
strong activity at the physiological pH and temperature condition in duodenums
of piglets, which may indicate the advantage of opPPL over lipases of fugal or
bacterial origins in feed supplementation for young piglets. Practically, the
recombinant lipase may be supplemented in diets for young pigs to replace or
supplement the endogenous enzyme in the gut. It is remarkable that the 23 amino
acid his-tag in the C-terminus of the opPPL protein exerted no negative impact
on the enzyme activity or catalytic function. This flexibility may allow genetic or
molecular manipulations to favor enzyme fermentation and corresponding
protein product purification.

The recombinant opPPL protein was also tested for thermostability and
responses to divalent metals, two most relevant measures for its application in
animal feeding. Because a large portion of feed for monogastric animals such as
pigs is pelleted, exogenous enzymes as feed additive must be tolerant to
inactivation by heat and steam during the pelleting process [40]. Although the
purified opPPL was fairly stable at 30°C and 40°C, substantial activity was lost
after incubation at to 50 or 60°C. Thus, thermostability of this enzyme needs
improving by protein engineering [41] for animal feed industrial applications. In
the pig digesta, free ion concentrations (UM) were reported as follows: Cu=5.5—
31.6, Fe=3-29, Zn=44-132, Ca=1,100-5,400[42]. Based on the activity response
curves of opPPL to different ions shown in Fig.6, the pig digesta concentrations of
Cu or Fe should have little inhibition of opPPL activity. It has been suggested that
PPL may bind Fe with the -SH groups of cysteine residues in the protein chain
[43]. However, Zn in the pig digesta was within the range of concentration that
may result in approximately 40-50% inhibition of opPPL activity. This inhibition
by Zn may be attributed to a binding to the catalytic residues [44]. Therefore, it is
necessary to improve resistance of the enzyme to inhibition by Zn and (or)
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control dietary Zn concentration for a satisfactory efficacy of the supplemental
opPPL in piglet.

In summary, we have successfully partially codon optimized the porcine
pancreatic lipase gene and proved greatly increasing the expression of the gene in
P. pastoris into an extracellular, functional enzyme. Our biochemical character-
ization of the recombinant enzyme showed it has similar properties to the
commercial lipase isolated from porcine pancreases. This indicates its potential
application as an exogenous enzyme supplement in animal feed.

Supporting Information

S1 Fig. The optimized opPPL gene sequence according to PPL amino acids and
codon bias of Pichia pastoris (without the signal peptide).
doi:10.1371/journal.pone.0114385.s001 (TIF)

S2 Fig. Deduced amino acid sequence of the constructed opPPL/pPICZoA.
doi:10.1371/journal.pone.0114385.s002 (TIF)

S3 Fig. Screen of high opPPL mRNA expression transformants by Q-PCR. 25
positive P.pastoris opPPL/pPICZaA clones were separately induced with 0.5%
final concentration of methanol in 100 ml medium for 72 h according to material
and method, then total RNA were extracted for relative target gene mRNA profiles
comparison using real time Q-PCR. The values were present with mean+ SEM.
doi:10.1371/journal.pone.0114385.s003 (TIF)

Acknowledgments

We thank Dr Kola Ajuwon in Purdue University for paper correction.

Author Contributions

Conceived and designed the experiments: HZ DC JT GJ DL GL XC HS. Performed
the experiments: HZ DC JT GJ DL GL XC HS. Analyzed the data: HZ DC JT GJ
DL GL XC HS. Contributed reagents/materials/analysis tools: HZ DC JT GJ DL
GL XC HS. Wrote the paper: HZ DC JT GJ DL GL XC HS.

References

1. Vakhlu J, Kour A (2006) Yeast lipases: enzyme purification, biochemical properties and gene cloning.
Electronic Journal of Biotechnology 9: 69-85.

2. Carvalho NB, de Souza RL, de Castro HF, Zanin GM, Lima AS, et al. (2008) Sequential production of
amylolytic and lipolytic enzymes by bacterium strain isolated from petroleum contaminated soil. Applied
biochemistry and biotechnology 150: 25-32.

3. Hasan F, Shah AA, Hameed A (2009) Methods for detection and characterization of lipases: a
comprehensive review. Biotechnology advances 27: 782—-798.

4. De Caro J, Boudouard M, Bonicel J, Guidoni A, Desnuelle P, et al. (1981) Porcine pancreatic lipase.
Completion of the primary structure. Biochimica et Biophysica Acta -Protein Structure 671: 29-138.

PLOS ONE | DOI:10.1371/journal.pone.0114385 December 29, 2014 14 1 16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0114385.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0114385.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0114385.s003

@'PLOS | ONE

Recombination Porcine Pancreatic Lipase

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25,

Borgstrom B (1993) Luminal digestion of fats. In: Vay Liang W Go, et al. editors. The Pancreas:
Biology, Pathobiology, and Disease. Second Edition. New York: Raven press Ltd. pp.475-488.

Chwalibog A, Jakobsen K, Thorbek G (1994) Loss of body fat in piglets in spite of gain in live weight.
Journal of Animal Physiology and Animal Nutrition 72: 80-85.

Jensen MS, Jensen SK, Jakobsen K (1997) Development of digestive enzymes in pigs with emphasis
on lipolytic activity in the stomach and pancreas. Journal of animal science 75: 437—445.

Hedemann MS, Jensen BB (2004) Variations in enzyme activity in stomach and pancreatic tissue and
digesta in piglets around weaning. Archives of Animal Nutrition. 58: 47-59.

Pierzynowski S, Szwiec K, Piedra JV, Gruijc D, Szymanczyk S, et al. (2012) Exogenous pancreatic-
like enzymes are recovered in the gut and improve growth of exocrine pancreatic insufficient pigs.
Journal of animal science 90: 324—-326.

Pierzynowski S, Swieboda P, Filip R, Szwiec K, Piedra JV, et al. (2012) Behavioral changes in
response to feeding pancreatic-like enzymes to exocrine pancreatic insufficiency pigs. Journal of animal
science 90: 439-441.

Stupecka M, Wolinski J, Prykhodko O, Ochniewicz P, Gruijc D, et al. (2012) Stimulating effect of
pancreatic-like enzymes on the development of the gastrointestinal tract in piglets. Journal of animal
science 90: 311-314.

Jacobsen EE, Lie A, Frigstad MMH, el-Behairy MF, Jones LT, et al. (2013) Desymmetrizations of cbz-
serinol catalyzed by crude pig pancreatic lipase reveals action of lipases with opposite enantioselectivity.
Journal of Molecular Catalysis B: Enzymatic. 86: 134—139.

Verger R, De H, Sarda L, Desnuelle P (1969) Purification from porcine pancreas of two molecular
species with lipase activity. Biochimica et Biophysica Acta-Protein Structure 188: 272-282.

Mendes AA, Oliveira PC, de Castro HF (2012) Properties and biotechnological applications of porcine
pancreatic lipase Journal of Molecular Catalysis B: Enzymatic 78: 119-134.

Lin L, Xie B, Yang G, Shi Q, Lin Q, et al. (2001) Cloning and sequence analysis of cDNA encoding
alkaline lipase from Penicillium expansum PF898. Chinese journal of biochemistry and molecular biology
18: 32-37.

Liu Y, Chen D, Yan Y, Peng C, Xu L (2011) Biodiesel synthesis and conformation of lipase from
Burkholderia cepacia in room temperature ionic liquids and organic solvents. Bioresource technology
102: 10414-10418.

Xie XL (2011) Cloning and expression in Pichia pastoris of a cDNA for porcine pancreatic lipase (PPL)
and the enzyme activity analysis, Master’s thesis, Sichuan Agricultural University.

Gustafsson C, Govindarajan S, Minshull J (2004) Codon bias and heterologous protein expression.
TRENDS Biotechnol 22: 346-353.

Boettner M, Steffens C, von Mering C, Bork P, Stahl U, et al. (2007) Sequencebased factors
inuencing the expression of heterologous genes in the yeast Pichia pastoris—A comparative view on 79
human genes. J Biotechnol 130(1): 1-10.

Guritishvili AG, Leung KW, Tombran-Tink J (2010) Codon preference optimization increases
heterologous PEDF expression. PLoS ONE 5(11):e15056.

Kim T, Mullaney EJ, Porres JM, Roneker KR, Crowe S, et al. (2006) Shifting the pH profile of
Aspergillus niger PhyA phytase to match the stomach pH enhances its effectiveness as an animal feed
additive. Applied and environmental microbiology 72: 4397-4403.

Zhou JC, Zhao H, Li JG, Xia XJ, Wang KN, et al. (2009) Selenoprotein gene expression in thyroid and
pituitary of young pigs is not affected by dietary selenium deficiency or excess. The Journal of nutrition
139: 1061-1066.

Bradford MM (1976) A rapid and sensitive method for the quantitation of microgram quantities of protein
utilizing the principle of protein-dye binding. Analytical biochemistry 72: 248-254.

Winkler UK, Stuckmann M (1979) Glycogen, hyaluronate, and some other polysaccharides greatly
enhance the formation of exolipase by Serratia marcescens. Journal of Bacteriology 138: 663-670.

Dheeman DS, Frias JM, Henehan GT (2010) Influence of cultivation conditions on the production of a
thermostable extracellular lipase from Amycolatopsis mediterranei DSM 43304. Journal of industrial
microbiology & biotechnology 37: 1-17.

PLOS ONE | DOI:10.1371/journal.pone.0114385 December 29, 2014 15/16



@'PLOS | ONE

Recombination Porcine Pancreatic Lipase

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Lineweaver H, Burk D (1934) The determination of enzyme dissociation constants. Journal of the
American Chemical Society 56: 658—666.

Liu FC, Chen HL, Lin W, Tung YT, Lai CW, et al. (2010) Application of porcine lipase secreted by Pichia
pastoris to improve fat digestion and growth performance of postweaning piglets. Journal of agricultural
and food chemistry 58: 3322-3329.

Ali MB, Ali YB, Karray A, Fendri A, Gargouri Y (2011) Purification and characterization of the first
recombinant bird pancreatic lipase expressed in Pichia pastoris: The turkey. Lipids in health and disease
10: 24-34.

Sebban-Kreuzer C, Deprez-Beauclair P, Berton A, Crenon | (2006) High-level expression of
nonglycosylated human pancreatic lipase-related protein 2 in Pichia pastoris. Protein expression and
purification 49: 284-291.

Tang SJ, Shaw JF, Sun KH, Sun GH, Chang TY, et al. (2001) Recombinant Expression and
Characterization of the Candida rugosa lip4 Lipase in Pichia pastoris: Comparison of Glycosylation,
Activity, and Stability. Archives of biochemistry and biophysics 387: 93-98.

Zheng J, Liu L, Liu C, Jin Q (2012) Molecular Cloning and Heterologous Expression of a True Lipase in
Pichia pastoris Isolated via a Metagenomic Approach. Journal of molecular microbiology and
biotechnology 22: 300-311.

Jia H, Fan G, Yan Q, Liu Y, Yan Y, et al. (2012) High-level expression of a hyperthermostable
Thermotoga maritima xylanase in Pichia pastoris by codon optimization. J Mol Catal B-Enzym 78: 72—
77.

Huang H, Yang P, Luo H, Tang H, Shao N, et al. (2008) High-level expression of a truncated 1,3-1,4-b-
D-glucanase from Fibrobacter succinogenes in Pichia pastoris by optimization of codons and
fermentation. Appl Microbiol Biotechnol 78(1):95-103.

Yu M, Lange, Richter S, Tan T, Schmid RD (2007) High-level expression of extracellular lipase Lip2
from Yarrowia lipolytica in Pichia pastoris and its purification and characterization. Protein Expression
and Purification 53: 255-263.

Richter S, Nieveler J, Schulze H, Bachmann TT, Schmid RD (2006) High yield production of a mutant
Nippostrongylus brasiliensis acetylcholinesterase in Pichia pastoris and its purification. Biotechnology
and bioengineering 93: 1017-1022.

Clare J, Rayment F, Ballantine S, Sreekrishna K, Romanos M (1991) High-level expression of tetanus
toxin fragment C in Pichia pastoris strains containing multiple tandem integrations of the gene. Nature
Biotechnology 9: 455—460.

Barr K, Hopkins S, Sreekrishna K (1992) Protocol for efficient secretion of HSA developed from Pichia
pastoris. Pharm. Eng 12: 48-51.

Romanos M (1995) Advances in the use of Pichia pastoris for high-level gene expression. Current
Opinion in biotechnology 6: 527-533.

Bai YX, Li YF, Yang Y, Yi LX (2006) Covalent immobilization of triacylglycerol lipase onto functionalized
novel mesoporous silica supports. Journal of biotechnology 125: 574-582.

Svihus B, Zimonja O (2011) Chemical alterations with nutritional consequences due to pelleting animal
feeds: a review. Animal Production Science 51: 590-596.

Bai YX, Li YF, Yang Y, Yi LX (2006) Covalent immobilization of triacylglycerol lipase onto functionalized
nanoscale SiO, spheres. Process Biochemistry 41: 770-777.

Dintzis FR, Laszlo JA, Nelsen TC, Baker FL, Calvert CC (1995) Free and total ion concentrations in
pig digesta. Journal of animal science 73: 1138-1146.

Freitas L, Bueno T, Perez VH, Santos JC, de Castro HF (2007) Enzymatic hydrolysis of soybean oil
using lipase from different sources to yield concentrated of polyunsaturated fatty acids. World Journal of
Microbiology and Biotechnology 23: 1725-1731.

Simons JWF, Van Kampen MD, Riel S, Gotz F, Egmond MR, et al. (1998) Cloning, purification and
characterisation of the lipase from Staphylococcus epidermidis. European Journal of Biochemistry 253:
675-683.

PLOS ONE | DOI:10.1371/journal.pone.0114385 December 29, 2014 16/ 16



	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	TABLE_1
	Figure 1
	Section_8
	Section_9
	Section_10
	Section_11
	Section_12
	Section_13
	Section_14
	Section_15
	Section_16
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Section_17
	Section_18
	Section_19
	Section_20
	Section_21
	Section_22
	Section_23
	Section_24
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40
	Reference 41
	Reference 42
	Reference 43
	Reference 44

