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Alkaline phytase isolated from pollen grains of Lilium longiflorum (LIALP) possesses unique catalytic and
thermal stability properties that suggest it has the potential to be used as a feed supplement. However,
substantial amounts of active enzymes are needed for animal feed studies and endogenous levels of LIALP
in lily pollen are too low to provide the required amounts. Active rLIALP2 (coded by LIAlp2, one of two
isoforms of alkaline phytase cDNA identified in lily pollen) has been successfully expressed in
intracellular compartments of Pichia pastoris, however enzyme yields have been modest (25-30 mg/L)
and purification of the enzyme has been challenging. Expression of foreign proteins to the extracellular
medium of P. pastoris greatly simplifies protein purification because low levels of endogenous proteins
are secreted by the yeast. In this paper, we first describe the generation of P. pastoris strains that will
secrete rLIALP2 to the extracellular medium. Data presented here indicates that deletion of native signal
peptides at the N- and C-termini of rLIALP2 enhanced «-mating factor (o-MF)-driven secretion by four-
fold; chicken egg white lysozyme signal peptide was ineffective in the extracellular secretion of rLIALP2.
Second, we describe our efforts to increase expression levels by employing a constitutive promoter from
the glyceraldehyde-3-phosphate dehydrogenase gene (Pgap) in place of the strong, tightly controlled
promoter of alcohol oxidase 1 gene (Paoxi). Pcap enhanced the extracellular expression levels of
rLIALP2 compared to Paox;. Finally, we report on the optimization of the culture medium to enhance
yields of rLIALP2. The strength of Pgap varies depending on the carbon source available for cell growth;
secreted expression of rLIALP2 was highest when glycerol was the carbon source. The addition of
histidine and Triton X-100 also enhanced extracellular expression. Taken together, the employment of
Pcap under optimized culture conditions resulted in approximately eight-fold (75-80 mg/L) increase in
extracellular activity compared to Paox; (8—10 mg/L). The P. pastoris expression system can be employed
as a source of active alkaline phytase for animal feed studies.
© 2015 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The inability of non-ruminant animals to digest phytates in
animal feed has contributed to phosphate pollution of soil and
water bodies downstream of agriculturally intensive areas
[27,32,35,38]. Elevated phosphorous levels in water bodies have
resulted in eutrophication, harmful algal blooms and the sudden
dying of large numbers of fish of all ages, often referred to as fish
kill, all over the world [1,2]. Supplementation of animal feed with
phytases has proven to be an effective strategy to alleviate
phosphorous contamination and increase the bioavailability of
phosphorous and essential minerals to animals [18,38]. The
digestive tracts of animals such as pigs, chicken and fish vary
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widely, as does the efficacy of phytases in these environments.
Therefore, substantial amounts of an array of phytases with a range
of catalytic and stability properties is needed for animal feed
studies [5,20].

Alkaline phytase isolated from the pollen grains of Easter lily,
Lilium longiflorum (LIALP) has unique catalytic and thermal
stability properties suggesting that it has the potential to be used
as a feed supplement [15,4]. Two isoforms of alkaline phytase
cDNA, LIAlp1 and LIAlp2, which code for proteins LIALP1 and
LIALP2 containing 487 and 511 amino acids, respectively, were
identified in our laboratory [10,26]. LIALP2 contains -Arg-His-Gly-
Thr-Arg-Ala-Pro-, the signature peptide in the active site of acid
phytases (maximum activity between pH 2 and 6), yet exhibits
maximum enzymatic activity at pH 8.0 (the pH in the small
intestines) and shows little amino acid sequence similar to acid
phytases (approximately 20%) or alkaline phytase from a Bacillus
amyloliquefaciens strain (less than 25%) [41,31]. High-level
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expression of acid phytases from microorganisms is well
documented (for example [23,33], however heterologous expres-
sion of an alkaline phytase from a plant source in amounts
necessary for feed studies has been a challenge [45,16].

The rLIALP2 protein was expressed in a catalytically active formin
Pichia pastoris under the control of a tightly-regulated strong
promoter, the methanol-inducible promoter Ppox;. However, the
expression yield of intracellular rLIALP2 was modest (8-10 mg/L)
[16]. Several factors influence the expression of foreign proteins,
and the limiting step(s) varies with protein, promoter and host
strain [3,7,22]. Efforts to relieve the rLIALP2 biosynthesis bottleneck
(s) in P. pastoris included optimization of transgene copy number
(one copy was best), addressing differences in codon bias by gene
sequence optimization, and lowering the cultivation temperature to
facilitate proper protein folding; these optimization strategies lead
to a modest increase in intracellular expression (25-30 mg/L) [45].
The data suggested that protein-folding processes may be the most
consequential limiting factor in rLIAPL2 production [45].

Purification of rLIALP2 from intracellular extracts of P. pastoris has
proven to be challenging [16]. A major advantage of extracellular
expression of proteins in P. pastoris is the ease of purification of
foreign proteins because P. pastoris secretes low levels of endoge-
nous proteins and steps such as cell lysis and cellular debris removal
are eliminated [7,12,13,22,25]. The secretion of properly folded
proteins is influenced by the secretion signal in the expression host
and any native signal peptide(s) that may be present in the
transgene [36]. The most commonly used secretion signal in yeast is
the Saccharomyces cerevisiae «-mating factor prepro leader
sequence (a-MF), an 89 aa sequence containing a 19 aa pre-
sequence and a 60 aa pro-region [7,22,40]. Chicken egg white
lysozyme (CL, Accession No. NP_001001470) signal peptide has also
been reported to successfully drive secretion of proteins to the
extracellular medium [21,19]. However, determining the optimum
secretion signal for maximum secretion of foreign proteins is
protein specific and requires trial-and-error experiments [3,7,22].

The strong, tightly regulated Paox; is the most widely utilized
promoter in P. pastoris. Although Paox; generally produces high
levels of foreign proteins, there are cases where employing a
constitutional promoter such as Pgap has resulted in significantly
higher expression levels [46,44]. The use of Pgap has operational
advantages over Paox;: Pcap eliminates the use of methanol, a toxic
flammable compound; the need for transferring cells from non-
methanol carbon sources to methanol-containing medium is
eliminated; and the cells do not need a high oxygen concentration,
thus allowing for more growth medium in culture flasks [43,44].

In this paper we describe our efforts to: (1) generate P. pastoris
strains which secrete alkaline phytase to the extracellular medium
so that enzyme purification is simplified, (2) investigate if a
constitutive promoter Pgap will enhance rLIALP2 expression
compared to a tightly controlled promoter Paox1, and (3) optimize
culture conditions to enhance the extracellular expression of active
rLIALP2 in P. pastoris.

2. Materials and methods
2.1. Materials

Escherichia coli TOP10F’, P. pastoris strains X-33 and expression
vector pPICZA were purchased from Invitrogen (Carlsbad, CA).
Primers were purchased from Integrated DNA Technologies
(IDTDNA, Coralville, IA). Fast SYBR Green Master Mix MicroAmp®
8-Tube Strip (0.1 mL) and MicroAmp® Optical 8-Cap Strip were
purchased from Applied Biosystems (Carlsbad, CA). Casamino
acids, peptone, tryptone, yeast extract, glycerol, biotin, methanol,
Zeocin, phenol and isoamyl alcohol were purchased from Fisher
(Pittsburgh, PA). Yeast nitrogen base was purchased from BD

Biosciences (Sparks, MD) and yeast lyticase, Triton™ X-100 and 1-
histidine from Sigma-Aldrich (St. Louis, MO).

LB medium (1.00% tryptone, 0.50% yeast extract and 1.00% NaCl)
was used for propagation of E. coli (TOP10F’). LB plates (1.00%
tryptone, 0.50% yeast extract, 1.00% NaCl and 1.50% agar) with
kanamycin (0.025 mg/mL) were employed for selection of trans-
formants of TOP10F. Low salt LB plates (1.00% tryptone, 0.50%
yeast extract and 0.50% NaCl) with Zeocin (0.025 mg/mL) were
used for selection of E. coli transformed with pGAPZA, pPICZaA and
pGAPZA-a-MF vectors.

P. pastoris positive colonies were all selected on YPD plates
(1.00% yeast extract, 2.00% peptone, 2.00% dextrose and 2.00%
agar) with Zeocin (0.10 mg/mL). Positive clones transformed with
different constructs were grown in YPD (1.00% yeast extract, 2.00%
peptone and 2.00% dextrose), BMGY (2.00% peptone, 1.00% yeast
extract, 100 mM potassium phosphate, 1.34% yeast nitrogen base,
4 x107°% biotin and 1.00% glycerol, pH 4.0, 6.0 or 7.5), BMMY
(2.00% peptone, 1.00% yeast extract, 100 mM potassium phosphate,
pH 6.0, 1.34% yeast nitrogen base, 4 x 107>% biotin and 1.00%
methanol), YPD+G (1.00% yeast extract, 2.00% peptone, 2.00%
dextrose and 1.00% glycerol), YPDS (1.00% yeast extract, 2.00%
peptone, 2.00% dextrose and 1.00 M sorbitol), BMGHY (BMGY pH
6.0 supplemented with 0.004% histidine), BMGY Triton X-100
(BMGY pH 6.0 supplemented with 0.01% Triton X-100) and BMGHY
Triton X-100 (BMGHY supplemented with 0.01% Triton X-100).

2.2. Construction of expression vector and transformation of P. pastoris

The expression constructs pPICZaA-op-rLIAlp2 (I), pPICZaA-
op-rLIAIp2-AC (II), pPICZaA-op-rLIAIp2-ANAC (III), pPICZA-CL-
op-rLIAIp2-ANAC (IV), pGAPZA-op-rLIAlp2 (V) and pGAPZA-
a-MF-ANAC (VI) were designed as follows: briefly, each specific
gene insert was amplified with respect to primer sets as shown in
Table S1 (Supplementary information). op-rLIAlp2 was obtained
from previous constructs [45,16]. op-rLIAlp2 with and without N-
terminus (AN) and C-terminus (AC) amino acid residues were
inserted into various vectors to yield the recombinant plasmid. PCR
amplification (40 cycles of 94°C for 30s, 58 °C for 50 s and 72 °C for
2min and a final elongation of 5min at 72 °C) were employed to
yield the desired products. The amplified products were purified
using a QIAquick Gel Extraction Kit (Qiagen, Valencia, CA) per
manufacturer’s instructions. The method for inserting secretion
signal CL into pPICZA and «o-MF into pGAPZA using PCR
amplification for construct IV and VI are illustrated in
Figs. S3.1 and S3.2 (Supplementary information). Purified inserts
and vectors were digested by restriction enzymes Not I/EcoRI
(constructs I, IT, IIT and IV) and BstBI/Not I (constructs V and VI).
Digested inserts and vectors were ligated with T4 DNA ligase (14 h
at 16 °C) per manufacturer’s instructions. Competent TOP10F were
prepared and transformed with recombinant plasmids I, IT, III, IV,
V and VI according to Sambrook and Russell [45] and positive
transformants were selected on low salt LB plates with Zeocin
(0.025 mg/mL). Recombinant plasmids were isolated from TOP10F’
cells with Qiagen Plasmid Maxi Kit (Qiagen, Valencia, CA)
according to manufacturer’s instructions. The isolated plasmids
were linearized with Pmel (I, II, IIl and IV) or BspHI (V and VI) at
37°C for 16 h. Competent X-33 cells were prepared and trans-
formed with the different recombinant plasmids as described
previously [45].

The insertion of recombinant vectors into P. pastoris was
confirmed by PCR amplification and separation by agarose gel
electrophoresis; separation of products by agarose gel electropho-
resis yielded the expected length corresponding to different
primer sets. The recombinant plasmids were sequenced to confirm
that insertions were in the correct reading frame (Nevada
Genomics Center, Reno, NV).
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2.3. Expression of alkaline phytase and cell lysis

The expression of LIALP2 in P. pastoris and the extraction of the
extracellular and intracellular enzyme were performed as follows:
a single colony selected on YPD agar plates containing Zeocin
(0.10 mg/mL) was inoculated in BMGY medium (5 mL) and grown
at 30°C overnight. Aliquots of 2 mL starter culture were added to
various culture media (50 mL in 125 mL baffled flask covered with
sterile cheese cloth, if secreted expression 1.00% casamino acid
included) as indicated. In case of clones transformed with
construct I, II, Il and IV, cells were collected after 1d by
centrifugation at 3000 x g for 5min and resuspended in BMMY
(20 mL, with 1% casamino acid) and grown for 2d at 20.5+0.5°C.
Sterile distilled deionized H,O (1.8 mL) and methanol (0.2 mL)
were supplemented every 24h (10% of the culture volume) to
BMMY medium. Clones transformed with construct V and VI were
continuously grown in indicated media (50 or 25mL) for 2d.
Aliquots of 1mL of growth medium containing secreted active
enzyme were taken daily, centrifuged at 10,000 x g for 2 minat4°C
and dialyzed against Tris—HCl buffer (10 mM, pH 7.4) for about 20 h
and enzymatic activities determined. Cell pellets and supernatant
were collected separately after 2d growth by centrifugation at
10,000 x g for 5min and wet cell mass was recorded.

The cell pellets were resuspended in lysis buffer (Tris-HCI,
50mM, pH 7.4; PMSF, 1mM; 2mL per g). Aliquots of 1mL of
resuspended cell pellets were added to 0.5mm zirconia/silica
disruption beads (0.5 mL, Research Products International Corp.,
Mt. Prospect, IL) and lysed with Vortex Genie 2 for 30 s by vigorous
mixing followed by 30s incubation on ice. This mixing/freezing
cycle was repeated for a total of 6 cycles. Portions containing
intracellular enzyme were collected by centrifugation at 12,000 x g
for 15min at 4°C and 1mL aliquots of supernatant containing
secreted active enzyme was dialyzed against Tris—HCl buffer
(10 mM, pH 7.4) for 20h to remove phosphates and salts before
assaying for enzymatic activity.

2.4. Alkaline phytase activity assay

The alkaline phytase activities were determined by measuring
the amount of inorganic phosphate released by the enzyme from
sodium phytate [45]. The reaction mixture contained Tris—HCI
buffer (100 mM, pH 8.0), sodium phytate (1 mM), KCI (0.5 M), CaCl,

(1 mM), NaF (10 mM) and aliquots of dialyzed enzyme solution in a
total volume of 125 pL). The reaction mixtures were incubated at
37°C for 1 h and the reaction stopped by the addition of TCA (50%
w/v, 25 iL). The incubated samples were centrifuged at 10,000 x g
at room temperature for 2 min and 75 L of the supernatant was
added to 175 pL detection solution (6:1 ratio of 0.42% ammonium
molybdate w/v in 0.5M H,S0, and 10% w/v ascorbic acid). The
mixture was incubated at 37 °C for an additional 1 h. An aliquot of
200 L (out of a total volume of 250 L) was transferred to a 96-
well microplate spectrophotometer (BioTek Epoch, Winooski, VT)
and the absorbance at 820 nm was measured. The amount of
inorganic phosphate was determined from the standard curve
generated with KH,PO,4. Controls were run in parallel with every
assay. The assay conditions in control tubes were identical to the
experimental assay except that TCA was added to the reaction
mixture before the active enzyme so the enzyme was denatured on
contact. One unit of alkaline phytase activity was defined as the
release of 1 wmol of Pi from sodium phytate in 1h at 37°C. All
experiments were conducted in duplicates.

To determine the concentration of rLIALP2 in extracellular
medium, aliquots of dialyzed enzyme solution were separated on
SDS gel and regions corresponding to rLIALP2 were cut with a
sharp razor. The gel strip was cooled in liquid nitrogen, finely
ground in a pre-cooled mortar and pestle and the protein extracted
with 2 x 350 L of Buffer (Tris-HCl, 10 mM; pH 7.4) followed by
centrifugation at 5000 x g for 20 min. The supernatants were
cooled and the protein content was determined by Bradford assay
with BSA as the standard.

2.5. SDS-PAGE

Proteins were separated by gel electrophoresis under denatur-
ing conditions on 13% resolving gel and 7% stacking gel and
visualized by Coomassie Blue staining. Electrophoresis was carried
out at a constant voltage (200V) for 100 min at room temperature.

2.6. Protein assay

Protein concentrations were estimated by the Bradford dye-
binding method using the Bio-Rad assay reagent (Bio-Rad
Laboratories, Hercules, CA) according to manufacturer’s instruc-
tions. Bovine serum albumin was used as the standard.

ATG

I

II op-rLiAlp2
111 op-rLIAlp2
v op-rLIAlp2

v op-rLIAlp2

VI S 3l o-MF op-rLIAlp2

Fig. 1. Map of rLIALP2 expression constructs. Paox1 and PgapP. pastoris AOX1 and GAP promoter; o.-MF, a-MF secretion signal peptide; N, 19 aa signal peptide at N-terminus;
op-rLIAIp2, cDNA of optimized alkaline phytase; C, five amino acid residues (QKTEL); AOXTT, AOX1 transcription termination region; P, S. cerevisiae transcription elongation
factor 1 promoter that drives expression of Sh ble gene in P. pastoris; Pg, promoter that drives expression of Sh ble gene in E. coli; Zeo", Zeocin resistant gene from
Streptoalloteichus hindustanus bleomycin gene (Sh ble) and CYC1TT, CYX1 transcription termination region. I, full length optimized rLIAlp2 sequence (pPICZaA-op-rLIAlp2); 11,
truncated op-rLIAlp2 without QKTEL at the C-terminus (pPICZaA-op-LIAlp2 AC); 111, truncated op-rLIAlp2 without the first 19 aa at the N-terminus and without QKTEL at the C-
terminus (pPICZoA-op-rLIAIp2 ANAC); IV, op-rLIAIp2- ANAC was introduced downstream of CL (pPICZA-CL-op-rLIAlp2- ANAC); V, pGAPZA-op-rLIAlp2 driven by Pgap; and VI,

extracellular expression directed by a-MF (pGAPZA-o:-MF-op-rLIAIp2).
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2.7. Quantitative real time PCR (qPCR)

qPCR using Fast SYBR® Green dye was employed to determine
the rLIAlp2 gene copy number. qPCR experiments were conducted
with the ABI 7300 instrument (Applied Biosystems, Carlsbad, CA).
Genomic DNA was extracted and purified, and concentration
determined using a Nanodrop spectrophotometer. 10ng of
genomic DNA was used as the template in all gqPCR analysis.
Primers were designed according to Fast SYBR® Green Master Mix
protocol; amplified products were designed to be between 150 and
200bp in length [45].

All qPCR experiments were performed in triplicate with the
recommended program. Only samples displaying Cr values lower
than 26 and standard deviations lower than 0.25 were used to
determine the gene dosage. Absolute quantification was applied to
calculate the copy number of rLIAlp2. The Gpd gene, which is the
single copy in P. pastoris genome, was amplified in parallel with
rLIAIp2 in all qPCR reactions. Cr values were determined in
triplicate and copies of genomic DNA were determined from the
corresponding standard curve. The absolute copy number of
rLIAlp2 was calculated by dividing the genomic DNA copies of
rLIAIp2 by the genomic DNA copies of Gpd based on the generated
Gpd standard curve. Primers and experimental details were
described previously [45].

3. Results and discussion

3.1. Effect of native signal peptides on expression levels of
rLIALP2 controlled by Paox;

In lily pollen, LIALP is localized on the surface of membrane-
bound phytin granules [4]. To probe the presence of signal peptide(s)
in rLIALP2, analysis of the deduced amino acid sequence of rLIALP2
(Accession No. ABD96176) with SignalP 4.0 [9,29] and TargetP 1.1
[34,8,29] was conducted. The analysis revealed the presence of a
signal peptide with a cleavage site between aa 19 and 20 at the N-
terminus. Additionally, the presence of a potential ER-membrane
retention sequence at the C-terminus (QKTEL) was predicted by the
PSORTII program [28].

The influence of native signal peptides at the N- and C-termini of
rLIALP2 on a-MF-driven secretionin P. pastoris cannot be predicted a
priori. Therefore, in an effort to delineate the influence of the native
signal sequences on «-MF-directed secretion, three expression
constructs were generated by inserting three forms of rLIAlp2
downstream of the a-MF secretion signal in pPICZaAvectors (Fig.1;
experimental details in Supplementary information): I, full length
optimized rLIAlp2 sequence (pPICZaA-op-rLIAlp2); I, truncated op-
rLIAIp2 without QKTEL at the C-terminus (pPICZoA-op-LIAlIp2 AC);
and III, truncated op-rLIAlp2 without the first 19 aa at the N-
terminus and without QKTEL at the C-terminus (pPICZaA-op-
rLIAIp2 ANAC). Optimized sequences (op-rLIAlp2) with or without
the N- or C-terminal signal peptides were amplified using primers
(Supplementary information) and inserted into pPICZaA vector
downstream of the a-MF signal peptide. P. pastoris X-33 was
transformed with linearized constructs I, Il and III [45], and six
clones from each transformation were randomly selected and
expressed.

P. pastoris was first grown in glycerol-based medium (BMGY,
50mL) for 24h and then transferred to methanol-containing
medium (BMMY, 1.00% casamino acid, 20 mL) to induce expression.
After two days of induction, phytase activity in the extracellular
medium and intracellular cell lysate was determined. All six clones
transformed with construct I exhibited low phytase activity
(2.5+0.5U/25mL), with over 50% of the activities localized in
intracellular compartments (Fig. 2, Panel A). Alkaline phytase
expression levels in all six transformants with construct Il were

20
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I Exiracelubr }'
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1233
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(Z)Mﬁ 1i.[iii
Copy#: 111112 1247915 123345
Clones

Fig. 2. Expression levels and copy numbers of rLIAlp2 in P. pastoris. Clones (X-33)
were transformed with expression construct I (Panel A), construct II (Panel B),
construct Il (Panel C) or construct IV (Panel D). All clones from each transformation
were randomly selected and grown in BMGY (50 mL) at 29.5 +0.5°C for 24 h and
transferred to methanol-containing medium BMMY (25 mL, 1.00% casamino acid)
(20.5+£0.5°C) for 48 h. Alkaline phytase expression levels were determined by
assaying for enzymatic activity in dialyzed supernatant containing extracellular
active enzyme or cell lysate. Extracellular medium or cell lysate from non-induced
cultures were used as controls. All experiments were conducted in duplicates, error
bars represent -=SEM, n=2. Gene copy number was determined by qPCR. All qPCR
amplifications were conducted in triplicates and average values are presented
above.

barely detectable (2 +0.5U/25mL) in the expression medium or
intracellular lysate (Fig. 2, Panel B). All six clones transformed with
construct IIT showed significantly higher extracellular expression
levels of rLIALP2 (8-21U/25 mL), however 75% of enzyme activity
was retained in intracellular compartments (Fig. 2, Panel C). The
data suggests that the presence of native signal peptides at the N-
and C-termini had a detrimental effect on o-MF-driven
rLIALP2 secretion in P. pastoris. Deletion of native signal peptides
at both N- and C-termini of rLIALP2 yielded the highest levels of
active enzyme. Therefore, op-rLIAlp2- ANAC was employed in the
subsequent secretion expression studies.

In an effort to investigate the effect of employing CL as the
secretion signal, X-33 cells were transformed with construct IV
(Fig. 1) and the expression levels were investigated. op-rLIAlp2-
ANAC was introduced downstream of CL and inserted into the
pPICZA vector to generate construct IV: pPICZA-CL-op-rLIAlp2-
ANAC (Fig. 1, experimental details in Supplementary information).
Four clones transformed with construct IV were randomly selected
and rLIALP2 expressed by induction with methanol. The activity of
rLIALP2 secreted to extracellular medium as well as that retained
within intracellular compartments was significantly lower when
directed by CL(1+0.5U/25 mL) (Fig. 2, Panel D) compared to o.-MF
(Fig. 2, Panel C). In CL-driven expression, both extracellular and
intracellular activity levels were low irrespective of gene dosage
(Fig. 2, Panel D).

Copy number of the transgene in transformed clones significantly
influences intracellular expression levels of rLIALP2 in P. pastoris;
increase in copy number of rLIAIp2 led to decrease in expression
yields, single copy clones produced the highest yields of enzyme
activity [45]. The copy number of rLIAlp2 in transformed clones was
determined (according to [45] so that expression levels of
constructs with the same copy number could be compared. The
datainFig. 2, Panel Creveals that bothintracellular and extracellular
expression levels were highest when the copy number was two to
fourand decreased significantly when the copy numberincreased to
five.

The time course of rLIALP2 expression after methanol induction
was investigated in clones transformed with construct IIL
Extracellular medium and cell lysates were assayed for alkaline
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phytase activity for six days post induction at 24h intervals.
rLIALP2 activity both in the extracellular medium and in the
intracellular lysate reached maximum levels two days after
induction and did not vary significantly for the next four days
(data not shown).

3.2. Intracellular and extracellular expression levels of rLIALP2 under
the control of Paox; and Pgap

To gain a detailed understanding of the expression of rLIALP2 in
P. pastoris under the control of Pgap, both intracellular and
extracellular expression were monitored. Expression constructs
under the control of Pgap were generated for intracellular
expression (construct V) and extracellular expression (construct
VI) (Fig. 1).

First, experiments were conducted to investigate the ability of
Pcap to drive intracellular expression of rLIALP2. P. pastoris was
transformed by electroporation with linearized expression con-
struct V. Ten clones transformed with construct V were randomly
selected and intracellular rLIALP2 level was assayed; enzyme
activity was detected in all cell lysates, and wide variability in total
intracellular rLIALP2 activity was observed (Fig 3A). When the copy
number of rLIAIp2 in the 10 clones was determined, the data
revealed that the five clones with one copy of rLIAlp2 yielded
highest expression levels [9 + 2 U]; four clones with two copies of
rLIAlp2 produced 20-50% lower activity compared to clones with a
single copy, and no alkaline phytase activity was detected in the
clone with four copies (Fig. 3A). Levels of rLIALP2 expression under
Pcap decreased with increasing gene dosage (Fig. 3A), similar to
observations with Paox; expression, suggesting that gene dosage is
not the major bottleneck for rLIALP2 expression in P. pastoris.

3.3. Optimization of culture conditions for enhanced expression

The strength of Pgap is greatly influenced by culture conditions
such as nutrients, pH and temperature [43,46,44]. The carbon
source available to the host organism has a significant impact on
extracellular expression, so the transformed clone was grown on
three carbon sources (1.00% casamino acid was present in all
expression media): 1.00% glucose supplemented with 1.00%

>
=~

glycerol (YPD+G at pH 6.0), glucose supplemented with 1M
sorbitol (YPDS at pH 6.0) and glycerol-based media (BMGY at pH
4.0, 6.0 and 7.5) (Fig. 3B); the highest-producing clone containing
construct VI was used for this investigation. The data indicate that
glycerol is the best carbon source for Pgap-driven extracellular
expression of rLIALP2 in P. pastoris.

Previous investigations have indicated that proteolytic stability
of secreted proteins can be improved by altering the pH of the
growth medium: a decrease of pH from 6.0 to pH 4.0 or 3.0 resulted
in an increase in protein activity [17,6]. However, in the case of
rLIALP2, total enzyme activity was similar (+10%) when grown in
BMGY at pH 4.0, 6.0 or 7.5 (Fig. 3B). This suggests that total enzyme
activity of rLIALP2 recovered from the extracellular medium is not
dependent on the pH of the medium. The addition of the non-ionic
detergent Triton X-100 significantly improved the extraction of
rLIALP from lily pollen [37,4]. The addition of Triton X-100 also
enhanced the recovery of a hydrophobic serine protease, uroki-
nase-type plasminogen activator in P. pastoris [ 14,42]. When Triton
X-100 [0.01%] was added to BMGY, total enzyme activity in
extracellular media increased by three-fold (Fig. 3B) suggesting
that Triton X-100 helped partition rLIALP2 to the soluble fraction.
Nitrogen concentration also has a substantial impact on expression
yields [43,22]. Supplementation of histidine (0.004%) to the
growth medium resulted in approximately 30% increase in enzyme
activity in the extracellular medium [39]. Optimized expression
conditions that yielded maximum rLIALP2 activity were as follows:
baffle flask (125 mL) containing BMGHY medium (50 mL) supple-
mented with 0.01% Triton X-100 and grown at 20.5+0.5°C for a
period of two days.

In order to compare the extracellular expression levels of
rLIALP2 under the control of Pcap to levels under the control of
Paox1, seven clones transformed with construct VI (driven by Pgap)
and six clones transformed with construct III (driven by Paox1)
were randomly selected and expressed under optimum conditions.
Four out of seven clones under the control of Pgap had a single copy
of rLIAlp2 and these produced the highest yield of extracellular
active enzyme (42+6U/50mL). One clone with two copies
produced 10% (5-10U/50 mL) that of clones with a single copy,
and no enzyme activity was detected in clones with three or four
copies of rLIAlp2 (Fig. 3C). This indicates a strong negative
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Fig. 3. Expression level of rLIALP2 driven by Pgap Panel A: intracellular expression levels and copy numbers of rLIAlp2 in clones transformed with construct V. A total of
10 clones were randomly selected and grown in YPD medium (50 mL) at 29 4 0.5 °C for 48 h and cell pellets were collected and lysed; Panel B: effect of growth medium on
extracellular and intracellular expression levels of rLIALP2 in P. pastoris clones transformed with construct VI. The best producer (with copy number one) was selected and
grown on various media (YPD + G: 1.00% glucose and 1.00% glycerol, YPDS: 1.00% glucose and 1 M sorbitol, BMGY 4, 6 and 7.5: 1.00% glycerol, pH 4.0, pH 6.0 and pH 7.5; BMGY
Triton: 1.00% glycerol, 0.01% Triton X-100 and BMGHY: 1.00% glycerol, 0.01% Triton X-100 and 0.004% histidine) as indicated at 20.5 +0.5°C for 48 h; Panel C: effect of
promoters and copy number of rLIAlp2 on extracellular expression level of rLIALP2 in P. pastoris clones, transformed with expression vector pGAPZaA-op-rLIAlp2- ANAC
(construct VI) and pPICZA-a-MF-op-rLIAlp2- AN AC (construct III). Seven clones transformed with construct VI were randomly selected and grown in BMGHY Triton (50 mL) at
20.5+0.5°C for 48 h. Extracellular medium from time =0 cultures were used as controls. Six clones transformed with construct IIl were grown as described in Fig. 2.

Extracellular medium from non-induced cultures were used as controls.
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correlation between transgene copy number and extracellular
expression level of rLIALP2 in P. pastoris driven by Pgap. The
extracellular expression levels of clones under the control of Paox;
were uniformly low; irrespective of copy number, they produced
4-5U/50mL, approximately 10-12% of that produced by Pgap
(Fig. 3C). To determine the yield of rLIALP2, aliquots of extracellular
medium were separated on SDS gel and the protein content
determined by Bradford assay as described in Section 2. Clones
under the control of Pgap produced 75-80mg/L of
rLIALP2 compared to clones under the control of Paox; which
produced approximately 8-10 mg|/L.

4. Conclusion

In summary, o-MF-driven extracellular expression of
rLIALP2 was achieved in P. pastoris. Data presented here suggest
that the presence of native signal peptides at the N- and C-termini
of rLIALP2 interfered with the secretion of rLIALP2 to the
extracellular medium. Host cells suffer metabolic stress when
the transcription level of the foreign transgene is high and this may
lead to a reduced yield of foreign protein [3,11,22,24]. By switching
from the strong, tightly regulated promoter Paox; to the weaker,
constitutive promoter Pgap and optimizing culture conditions, an
eight- to ten-fold increase in extracellular expression of
rLIALP2 was achieved. The P. pastoris expression system can be
employed as a source of active alkaline phytase for animal feed
studies.

Acknowledgements

We gratefully acknowledge Michigan Technological University
for Graduate Student Fellowship to M.Y. and financial support to S.
T. We thank Dr. Wusirika (Department of Biological Sciences) for
the use of the ABI 7300 for qPCR studies.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.btre.2015.03.005.

References

[1] D.M. Anderson, A.D. Cembella, G.M. Hallegraeff, Progress in understanding
harmful algal blooms: paradigm shifts and new technologies for research,
monitoring, and management, Ann. Rev. Mar. Sci. 4 (2012) 143-176.

[2] D.M. Anderson, J.M. Burkholder, W.P. Cochlan, P.M. Gilbert, CJ. Gobler, C.A.
Heil, R.M. Kudela, M.L. Parsons, J.E. Jack Rensel, D.W. Townsend, V.L. Trainer, G.
A. Vargo, Harmful algal blooms and eutrophication: examining linkages from
selected coastal regions of the United States, Harmful Algae 8 (2008) 39-53.

[3] M.P. Ashe, R.M. Bill, Mapping the yeast host cell response to recombinant
membrane protein production: relieving the biological bottlenecks,
Biotechnol. J. 6 (2011) 707-714.

[4] B.G. Baldi, ].J. Scott, ].D. Everard, F.A. Loewus, Localization of constitutive
phytases in lily pollen and properties of the pH-8 form, Plant Sci. 56 (1988)
137-147.

[5] H. Brinch-Pedersen, L.D. Sorensen, P.B. Holm, Engineering crop plants: getting
a handle on phosphate, Trends Plant Sci. 7 (2002) 118-125.

[6] J.J. Clare, M.A. Romanos, F.B. Rayment, J.E. Rowedder, M.A. Smith, M.M. Payne,
K. Sreekrishna, C.A. Henwood, Production of mouse epidermal growth factor in
yeast: high level secretion using Pichia pastoris strains containing multiple
gene copies, Gene 105 (1991) 205-212.

[7] R. Daly, M.T.W. Hearn, Expression of heterologous proteins in Pichia pastoris: a
useful experimental tool in protein engineering and production, ]J. Mol.
Recognit. 18 (2005) 119-138.

[8] O. Emanuelsson, H. Nielsen, S. Brunak, G. von Heijne, Predicting subcellular
localization of proteins based on their N-terminal amino acid sequence, J. Mol.
Biol. 300 (2000) 1005-1016.

[9] O. Emanuelsson, S. Brunak, G. von Heijne, H. Nielsen, Locating proteins in the
cell using TargetP, SignalP and related tools, Nat. Protoc. 2 (2007) 953-971.

[10] B.G. Garchow, S.P. Jog, B.D. Mehta, J.M. Monosso, P.P.N. Murthy, Alkaline
phytase from Lilium longiflorum: purification and structural characterization,
Protein Expr. Purif. 46 (2006) 221-232.

[11] B. Gasser, et al., Protein folding and conformational stress in microbial cells
producing recombinant proteins: a host comparative overview, Microb. Cell
Fact. (2008) 7.

[12] CJ. Huang, L.M. Damasceno, K.A. Anderson, S. Zhang, L]. Old, C.A. Batt, A
proteomic analysis of the Pichia pastoris secertome in methanol-induced
cultures, Appl. Microbiol. Biotechnol. 90 (2011) 235-247.

[13] A.Idiris, H. Tohda, H. Kumagai, K. Takegawa, Engineering of protein secretion in
yeast: strategies and impact on protein production, Appl. Microbiol.
Biotechnol. 86 (2010) 403-417.

[14] N.Issaly, O. Solsona, P. Joudrier, M.F. Gautier, G. Moulin, H. Boze, Optimization
of the wheat puroindoline-a production in Pichia pastoris, ]. Appl. Microbiol. 90
(2001) 397-406.

[15] S.P. Jog, B.G. Garchow, B.D. Mehta, P.P.N. Murthy, Alkaline phytase from lily
pollen: investigation of biochemical properties, Arch. Biochem. Biophys. 440
(2005) 133-140.

[16] S.C. Johnson, M.M. Yang, P.PN. Murthy, Heterologous expression and
functional characterization of a plant alkaline phytase in Pichia pastoris,
Protein Expr. Purif. 74 (2010) 196-203.

[17] N. Koganesawa, T. Aizawa, H. Shimojo, K. Miura, A. Ohnishi, M. Demura, Y.
Hayakawa, K. Nitta, K. Kawano, Expression and purification of a small cytokine
growth-blocking peptide from armyworm Pseudaletia separata by an
optimized fermentation method using the methylotrophic yeast Pichia
pastoris, Protein Expr. Purif. 25 (2002) 416-425.

[18] V.Kumar, A.K. Sinha, H.P.S. Makkar, G. De Boeck, K. Becker, Phytate and phytase
in fish nutrition, J. Anim. Physiol. Anim. Nutr. 96 (2012) 335-364.

[19] G.R. Lampard, A.M.V. Gibbins, Secretion of foreign proteins mediated by
chicken lysozyme gene regulatory sequences, Biochem. Cell Biol. 80 (2002)
777-788.

[20] X.G. Lei, C.H. Stahl, Biotechnological development of effective phytases for
mineral nutrition and environmental protection, Appl. Microbiol. Biotechnol.
57 (2001) 474-481.

[21] HJ. Li, et al., Optimization of humanized IgGs in glycoengineered Pichia
pastoris, Nat. Biotechnol. 24 (2006) 210-215.

[22] S. Macauley-Patrick, M.L. Fazenda, B. McNeil, L.M. Harvey, Heterologous
protein production using the Pichia pastoris expression system, Yeast 22 (2005)
249-270.

[23] Z.Y. Ma, S.C. Pu, ]J. Jiang, B. Huang, M.Z. Fan, Z.Z. Li, A novel thermostable
phytase from the fungus Aspergillus aculteatus RCEF 4894: gene cloning
and expression in Pichia pastoris, World J. Microbiol. Biotechnol. 27 (2011)
679-686.

[24] D. Mattanovich, B. Gasser, H. Hohenblum, M. Sauer, Stress in recombinant
protein producing yeasts, ]. Biotechnol. 113 (2004) 121-135.

[25] D. Mattanovich, A. Graf, ]. Stadlmann, M. Dragosits, A. Redl, M. Maurer, M.
Kleinheinz, M. Sauer, F. Altmann, B. Gasser, Genome, secretome and glucose
transport highlight unique feautres of the protein production host Pichia
pastoris, Microb. Cell Fact. 8 (2009) 29-42.

[26] B.D. Mehta, S.P. Jog, S.C. Johnson, P.P.N. Murthy, Lily pollen alkaline phytase is a
histidine phosphatase similar to mammalian multiple inositol polyphosphate
phosphatase (MINPP), Phytochemistry 67 (2006) 1874-1886.

[27] K.H. Nahm, Bioavailability of phosphorus in poultry manure, Avian Poult. Biol.
Rev. 14 (2003) 53-62.

[28] K. Nakai, M. Kanehisa, A knowledge base for predicting protein localization
sites in eukaryotic cells, Genomics 14 (1992) 897-911.

[29] H.Nielsen, J. Engelbrecht, S. Brunak, G. vonHeijne, Identification of prokaryotic
and eukaryotic signal peptides and prediction of their cleavage sites, Protein
Eng. 10 (1997) 1-6.

[31] B.C. Oh, W.C. Choi, S. Park, Y.0. Kim, T.K. Oh, Biochemical properties and
substrate specificities of alkaline and histidine acid phytases, Appl. Microbiol.
Biotechnol. 63 (2004) 362-372.

[32] LK. Paik, Application of phytase, microbial or plant origin, to reduce
phosphorus excretion in poultry production, Asian Australas. J. Anim. Sci.
16 (2003) 124-135.

[33] P. Pandee, P. Summpunn, S. Wiyakrutta, D. Isarangkul, V. Meevootisom, A
thermostable phytase from Neosartorya spinosa BCC 41,923 and its expression
in Pichia pastoris, J. Microbiol. 49 (2011) 257-264.

[34] T.N. Petersen, S. Brunak, G. von Heijne, H. Nielsen, SignalP 4.0: discriminating
signal peptides from transmembrane regions, Nat. Methods 8 (2011)
785-786.

[35] V. Raboy, myo-Inositol-1,2,3,4,5,6-hexakisphosphate, Phytochemistry 64
(2003) 1033-1043.

[36] T.A.Rapoport, Protein transport across the endoplasmic reticulum membrane,
Science 258 (1992) 931-936.

[37] JJ. Scott, Alkaline phytase activity in nonionic detergent extracts of legume
seeds, Plant Physiol. 95 (1991) 1298-1301.

[38] A.N. Sharpley, S.C. Chapra, R. Wedepohl, ]J.T. Sims, T.C. Daniel, K.R. Reddy,
Managing agricultural phosphorus for protection of surface waters: issues and
options, J. Environ. Qual. 23 (1994) 437-451.

[39] S. Shen, G. Sulter, TW. Jeffries, ].M. Cregg, A strong nitrogen source-regulated
promoter for controlled expression of foreign genes in the yeast Pichia pastoris,
Gene 216 (1998) 93-102.

[40] K. Sreekrishna, R.G. Brankamp, K.E. Kropp, D.T. Blankenship, J.T. Tsay, P.L.
Smith, J.D. Wierschke, A. Subramaniam, L.A. Birkenberger, Strategies for
optimal synthesis and secretion of heterologous proteins in the
methylotrophic yeast Pichia pastoris, Gene 190 (1997) 55-62.


http://dx.doi.org/10.1016/j.btre.2015.03.005
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0005
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0005
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0005
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0010
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0010
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0010
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0010
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0015
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0015
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0015
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0020
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0020
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0020
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0025
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0025
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0030
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0030
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0030
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0030
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0035
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0035
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0035
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0040
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0040
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0040
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0045
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0045
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0050
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0050
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0050
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0055
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0055
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0055
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0060
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0060
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0060
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0065
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0065
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0065
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0070
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0070
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0070
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0075
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0075
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0075
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0080
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0080
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0080
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0085
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0085
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0085
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0085
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0085
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0090
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0090
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0095
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0095
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0095
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0100
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0100
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0100
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0105
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0105
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0110
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0110
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0110
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0115
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0115
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0115
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0115
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0120
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0120
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0125
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0125
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0125
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0125
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0130
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0130
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0130
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0135
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0135
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0140
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0140
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0145
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0145
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0145
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0150
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0150
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0150
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0155
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0155
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0155
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0160
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0160
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0160
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0165
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0165
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0165
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0170
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0170
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0175
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0175
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0180
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0180
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0185
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0185
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0185
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0190
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0190
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0190
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0195
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0195
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0195
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0195

118 M. Yang et al./Biotechnology Reports 6 (2015) 112-118

[41] T.T. Tran, G. Mamo, B. Mattiasson, R. Hatti-Kaul, A thermostable phytase from
Bacillus sp MD2: cloning, expression and high-level production in Escherichia
coli, J. Ind. Microbiol. Biotechnol. 37 (2010) 279-287.

[42] M. Tsujikawa, K. Okabayashi, M. Morita, T. Tanabe, Secretion of a variant of
human single-chain urokinase-type plasminogen activator without an N-
glycosylation site in the methylotrophic yeast, Pichia pastoris and
characterization of the secreted product, Yeast 12 (1996) 541-553.

[43] T.Vogl, A. Glieder, Regulation of Pichia pastoris promoters and its consequences
for protein production, New Biotechnol. 30 (2013) 385-404.

[44] H.R. Waterham, M.E. Digan, PJ. Koutz, S.V. Lair, ].M. Cregg, Isolation of the
Pichia pastoris glyceraldehyde-3-phosphate dehydrogenase gene and
regulation and use of its promoter, Gene 186 (1997) 37-44.

[45] ]J. Sambrook, D. Russel, Molecular cloning: A Laboratory Manual, Cold Spring
Harbor Laboratory Press, New York, 2001.

[46] A.L. Zhang, J.X. Luo, T.Y. Zhang, Y.W. Pan, Y.H. Tan, C.Y. Fu, FZ. Tu, Recent
advances on the GAP promoter derived expression system of Pichia pastoris,
Mol. Biol. Rep. 36 (2009) 1611-1619.


http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0200
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0200
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0200
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0205
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0205
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0205
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0205
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0210
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0210
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0215
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0215
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0215
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0220
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0220
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0225
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0225
http://refhub.elsevier.com/S2215-017X(15)00019-3/sbref0225

	Extracellular expression of alkaline phytase in Pichia pastoris: Influence of signal peptides, promoters and growth medium
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Construction of expression vector and transformation of P. pastoris
	2.3 Expression of alkaline phytase and cell lysis
	2.4 Alkaline phytase activity assay
	2.5 SDS-PAGE
	2.6 Protein assay
	2.7 Quantitative real time PCR (qPCR)

	3 Results and discussion
	3.1 Effect of native signal peptides on expression levels of rLlALP2 controlled by PAOX1
	3.2 Intracellular and extracellular expression levels of rLlALP2 under the control of PAOX1 and PGAP
	3.3 Optimization of culture conditions for enhanced expression

	4 Conclusion
	Acknowledgements
	Appendix A Supplementary data
	Appendix A Supplementary data


