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Phytases catalyze the release of phosphate from phytic
acid. Phytase-producing microor ganisms were sdected by
culturing the soil extracts on agar plates containing phytic
acid. Two hundred colonies that exhibited potential
phytase activity were selected for further study. The colony
showing the highest phytase activity was identified as
Agpergillus niger and designated strain 113. The phytase
gene from A. niger 113 (phyl1) was isolated, cloned, and
characterized. The nucleotide and deduced amino acid
sequence identity between phyll and phyA from
NRRL 3135 were 90% and 98%, respectively. The identity
between phyl 1 and phyA from SK-57 was 89% and 96%.
A synthetic phytase gene, phylls was synthesized by
successive PCR and transformed into the yeast expression
vector carrying a signal peptide that was designed and
synthesized using P. pastoris biased codon. For the phytase
expression and secretion, the construct wasintegrated into
the genome of P. pastoris by homologous recombination.
Over-expressing strains were selected and fermented. It
was discovered that ~4.2 g phytase could be purified from
one liter of culture fluid. The activity of the resulting
phytase was 9.5 U/mg. Due to the heavy glycosylation, the
expressed phytase varied in size (120, 95, 85, and 64 kDa),
but could be deglycosylated to a homogeneous 64 kDa
species. An enzymatic kinetics analysis showed that the
phytase had two pH optima (pH 2.0 and pH 5.0) and an
optimum temperature of 60°C.
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Introduction

Phytases are found naturdly in plants and microorganisms,
particularly fungi (Wodzinski et al., 1996). As 3-phytases (EC
3.1.3.8) or 6-phytases (EC 3.1.3.26) (Ullah et al., 1987), most
phytases belong to the family of higidine phosphatases
(Mitchell et al., 1997). These enzymes catalyze the hydrolysis
of phytic acid (myo-inositol hexakigphosphate) to mono-, di-,
tri-, tetra-, and pentaphosphates of myo-inositol and inorganic
phosphate. The sdt form, phytate, is the mgjor storage form of
phosphorus and accounts for more than 80% of the totdl
phosphorus in ceredls and legumes. Monogastric animals have
very low or no phytase activitiesin their digestive tracts, such as
pigs, poultry, and fish. They are incgpable of utilizing the
phosphorus bound in phytate. Furthermore, phytate acts as an
antinutrient by cheaing divalent cations and preventing the
uptake of minerds (Graf, 1983; Le et al., 1993). Inorganic
phosphorus hes to add to the feed in order to meet the
phosphorus requirements of animas. However supplementation
with inorganic phosphate imposes environmenta problems and
pollution. Thus, phytases are used as a cered feed additive that
enhances the phosphorus and mineral uptake in monogastric
animals and reduces the level of phosphorus output in their
manure. A number of phytase genes have been isolated from
plants (Reddy, et al., 1982; Gibson et al., 1988; Hegeman et al.,
2001), bacteria (Greiner et al., 1993; Kerovuo et al., 1998;
Rodriguez et al., 1999), and fungi (Pasamontes et al., 1997a, b;
Berka et al., 1998).

P. pagtoris is a kind of methylotrophic yeast. It can grow
with methanol as the sole carbon and energy source (Cregg et
al., 1993). P. padtoris grows to a very high cell dendty in
smple defined media, and an extremely high yield of
intracellular protein using the methanol-controlled acohol
oxidase promoter (Waterham et al., 1997). Using this system,
many proteins have been produced with varying degrees of
success (Sreekrishna et al., 1997).

In this report, our objectives were to isolate a novel phytase
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gene from soil. The phytase gene was then constructed into a
high secretion expression vector of P. pastoris. We isolated
two hundred dtrains, which exhibited the potentia of
producing active extracellular phytase from ten different soil
samples. From those drains, we obtained a phytase gene
named phyll. In order to obtain a high expression in P,
pastoris by using successive PCR (Yao et al., 1999; Peng et
al., 2001; Roytrakul et al., 2001; Peng et al., 2002), we
synthesized the mating factor o (o-factor) prepro-leader of
Saccharomyces cerevisiae (Kurjan et al., 1982; Brake et al.,
1989; Romanos et al., 1992; Hollenberg et al., 1997) and the
1347 bp phytase gene phyl1s. To encourage over-expression,
the synthesized gene and signal sequence included the
optimum expression base pair for P. pastoris (Sharp et al.,
1986; Zhao et al., 2000). Moreover, to optimize the
trandational efficiency of the heterologous proteins, the
synthetic gene that included the 5'-UTR of the signal-mRNA
was adjusted to be identical to that of AOX1-mRNA (Xiong et
al., 2003).

Materials and Methods

Chemicals, enzymes, and strains Phytic acid, dodecasodium
sat, phytic acid, and cacium sdt were purchased from Sigma
Chemica Co., Ltd (St. Louis, USA). The enzymes for the
molecular biology (Tag DNA polymerase, T4 DNA ligase, and
redriction endonucleases) were purchased from Promega
(Madison, USA). The IPTG, RT-PCR kit, and T-vector were
purchased from Tekara Co., Ltd (Ddian, Ching). The DNA
sequencing kit was purchased from the Applied Biosystems (Foster
City, USA). The protein markers were purchased from Watson Bio-
Tech Co., Ltd (Shanghai, China). The P. pastoris strain GS115 (his-
4) was purchased from Invitrogen Corporation (San Diego, USA).
Endoglycosidase H (Endo Hf) was purchased from New England
Biolabs, Beverly, USA).

Isolated gtrains producing phytase from soil  Ten different soil
samples were obtained from the rice fields of the Shanghai
Academy of Agricultural Sciences (Shanghai, Ching). These soil
samples were dissolved with sterilized water and plated onto a
selected plate (0.1% phytic acid calcium salt, 0.3% glucose, 0.5%
NH,NO,, 0.05% KCI, 0.05% MgSO, - 7H,0, 0.03% MnSO, -
4H,0, 0.03% FeSO, - 7H,0, 1.5% Agar, pH 5.5). It was incubated
3d at 30°C. The strains that had a clear zone were sdected.

Analysis of phytase activity The sdected strains were picked
using a sterile toothpick that was put into shake flasks containing a
grown medium (1.5% glucose, 0.3% peptone, 0.2% yeadt-extract,
0.2% NH,SO,, 0.05% KCl, 0.003% MnSO, - 4H,0, 0.003% FeSO,
- TH,0O, pH 5.5), then incubated 3 d at 30°C in a shaking incubator
(200 rpm). Then the phytase activities of the strains were analyzed.
One phytase unit was defined as the activity that releases 1 umol of
inorganic phosphorus (Pi) from sodium phytate per minute at 37°C
(Heeft, 1995). One strain, named 113, was sdlected because of its
high activity. Through microbial taxonomy methods, the 112 strain
was identified as A. niger.

Preparation of MRNA from Aspergillus niger 113  Aspergillus
niger 113 was grown in a 250-ml baffled flask containing a 50 ml
medium. After 3 days, the extraction of RNA and the isolation of
MRNA were performed using a poly(dT) column (Promega),
according to the manufacturer's instructions.

Isolation of phytase cDNA by RT-PCR, cloning and sequencing
the cDNA The cDNA was synthesized from mRNA by RT-PCR,
according to the manufacturer’s ingtructions. For the isolation of the
phytase cDNA, the PCR primers were synthesized, based on the
phytase genes that were reported previoudy (Aspergillus niger,
GenBank accesson no. AB022700, Aspergillus terreus 9A1,
GenBank accession no. U59805, Aspergillus fusigatus, GenBank
accession no. U59804, Emericela nidulans, GenBank accession
no. U59803, Myceliophthora thermophila, GenBank accession no.
U59806.). Pfu DNA ploymerase was used for amplification. The
PCR product was ligated into a T-vector overnight at 4°C using T4
ligase. The ligation mixture was transformed into competent E.coli
DH5ot. The transformants were grown in Luria-Bertani plates that
were supplemented with ampicillin (100 ug/mL) and X-Ga (50 pug/
mL). The cultures were induced by the addition of 0.5 mM IPTG,
and recombinant white colonies were sdlected. The clone that
contained the PCR product was verified by redtriction enzyme
digestion, agarose gel eectrophoresis, and sequencing.

Chemical synthesis of the phytase gene Based on the sequence
of the phyll gene (GenBank accesson no. AY150806) from
A. niger 113, we designed and synthesized twenty oligonucleotide
primers (Table 1). The twenty primers were joined in a single
reaction step to synthesize the phylls gene. PCR reactions
contained 10 ng of each inner primer and 100-200 ng of each outer
primer (Fig. 1). Errors found upon confirmatory sequencing were
corrected using the site-directed mutegenesis technique. The
nucleotide sequence of the synthetic phyl 1s gene was confirmed on
a DNA sequencer (ABI377, PE Applied Bio Systems, USA). The
condition of PCR that synthesizes the phyl1s gene was as follows:
first 94°C 305, 65°C 40 s, 72°C 1 min 30 s; 5 cycles and then 94°C
30s,70°C 405, 72°C 1 min 30 s; 25 cycles.

Congtruction of the high expression vector for P. pagtoris In
order to obtain a high expression, a 357 bp a-factor prepro-leader
MF4l (GenBank accesson no. AY145833) was chemicaly
synthesized with P. pastoris-preferred codon usage using successive
PCR technique (Xiong et al., 2003). For optimizing the
trandational efficiency of heterologous proteins, a 10-residues
spacer peptide (EEAEAEAEPK) was inserted between the prepro-
leader and the endoprotease processing site of the mating o.-factor
prepro-leader (Kjeldsen et al., 1999). The first 3 residues (AIP) of
MF4l were the same as the AOX1 protein in P. pastoris (Koutz et
al.,, 1989). The 5-UTR of the MF4I-mRNA was aso chemicaly
synthesized. The nucleotide sequence was adjusted to be identical
to that of the AOX1-mRNA. When compared to the original vector
pPIC9 (GenBank No. Z46233), the new vector pY PX88 used our
synthesized signal peptide, which was cloned into the Hind 111 and
Xho | sites. Moreover, the deletion of the Bam HI site, between the
AOX1 promoter and signal, put the promoter in direct conjunction
with the signd (Fig. 2a).

DNA manipulation was performed according to standard
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Table 1. Primers for enzymatic synthesis of the phyl1s gene

Name Oligonucleotides

Isl AAACTCGAGTTGGCTGTTCCAGCTTCTCGTAACCAATCTACTTGTGATACTGTTGATCAAGGTTAT
CAATGTTTTTCTGAGACTTCTCA

12 TGTTTTTCTGAGACTTCTCATTTGTGGGGTCAATACGCTCCATTCTTCTCTTTGGCTAACAAATCT
GCTATCTCTCCAGATGTTCCAGCT

I3 TCTCTCCAGATGTTCCAGCTGGTTGTCAAGTTACTTTCGCTCAAGTTTTGTCTCGTCATGGTGCTC
GTTATCCAACTGATTCTAAAGGTA

A TCCAACTGATTCTAAAGGTAAGAAATATTCTGCTTTGATTGAGGAGATTCAACAAAATGCTACTA
CTTTTAAGGAGAAATACGCTTTTTT

Is5 AAGGAGAAATACGCTTTTTTGAAAACTTACAACTATTCTTTGGGTGCTGATGATTTGACTCCAGA
AGGTGAACAAGAATTGGTTAATTCT

16 AACAAGAATTGGTTAATTCTGGTGTTAAGTTTTACCAACGTTACGAATCTTTGACTCGTAATATTG
TTCCATTTATTCGTTCTTCTGGTT

Is7 ATTTATTCGTTCTTCTGGTTCTTCTCGTGTTATTGCTTCTGGTAATAAATTCATTGAAGGTTTTCAAT
CTACTAAATTGAAAGATCCACG

I8 ACTAAATTGAAAGATCCACGTGCTCAACCAGGTCAATCTTCTCCAAAAATTGATGTTGTTATTTCT
GAAGCTTCTTCTTCTAATAATACT

1S9 CTTCTTCTTCTAATAATACTTTGGACCCAGGTACTTGTACTGTTTTTGAAGATTCTGAATTGGCTG
ATACTGTTGAAGCTAATTTTACTG

1Is10 TGTTGAAGCTAATTTTACTGCTACTTTTGTTCCATCTATTCGTCAACGTTTGGAAAATGATTTGTCT
GGTGTTACTTTGACTGATACTGA

Is11  AGTATCAAAAGAACACATGTCCATCAAGTAAGTAACTTCAGTATCAGTCAAAGTAACACCAGAC
AAATCATTTTCCAAAC

1Is12 AACAAATCACAAAATGGAGACAATTTAGTATCAACAGTAGAAGTAGAGATAGTATCAAAAGAAC
ACATGTCCATCAAGTAAGTAACTTCA

1s13 ACCAGCACCATGACCGTAGTACTTTTTCAAAGATTGCAAATAATCATAATAATCCATTCATCATGA
GTAAACAAATCACAAAATGGAGA

Is14 CTGGAGAATGAGTCAAACGAGCAATCAATTCATTAGCGTAACCAACACCTTGAGTTGGACCCAA
TGGATTACCAGCACCATGACCGTAGT

Is15 AAAGTAGAATTCAATGGAAAAGTAGCTGGAGAAGAATCCAAAGTATGATTAGAAGAAGTATCAT
CATGAACTGGAGAATGAGTCAAACGA

1s16 AGTACCATTGTACAAACCCAAAGCAAACAAAATAGAGATAATACCATTATCATGAGAGAAATCAG
CGTACAAAGTAGAATTCAATGGAAA

Is17 GAACAGTCCAAGCAGAAGAAAAACCATCAGTTTGAGTGATATTTTCAACAGTAGTAGTAGACAA
TGGTTTAGTACCATTGTACAAACCCA

I1s18 AAAACACGAACCAATGGTTCTTGTTCAGCTTGACATTGCATCATTTCAACGTACAAACGAGAAG
CTTCTGGAACAGTCCAAGCAGAAGAA

Is19 AGAATCACGAGTACAACGACCCAAAGCATCAACTGGACAACCATGCAATGGAACAACACGATC
ATTAACCAAAACACGAACCAATGGTTC

120 AAAGCGGCCGCTTAAGCAAAGCATTCAGCCCAATCACCACCAGAACGAGCAAAAGACAAACCA

CGAACAAAAGAATCACGAGTACAACGAC

The shadow and boxed regions were Xho | and Not | sites

Fig. 1. phyl1s gene synthesis by successive PCR. Oligonucleotides of ~80-90 bp were assembled by one-step PCR using 10 ng of inner
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Pfu DNA polymerase amplified 5+25 cycles

phylls gene (1.347 kb)

primers and 200 ng of externad primers, which contained suitable restriction cleavage sites for cloning.

procedures (Sambrook et al., 1989). The amplified PCR products
were separated by 1% agarose gel eectrophoresis. The gd dices

containing the expected size band (1350 bp) were excised and construct was then produced (Fig. 2b).

extracted. The 1,350 bp PCR product (phyl1ls gene) was inserted
into the vector between the Xho | and Not | sites. The pYPX88
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Bglll Bam HI I Nodl
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— AOX1 Signal . phyl1s gene
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Fig. 2. Condgruction of the expresson of pYPX88. (A)
Comparison of expresson unit between the synthetic MF4|
sgna sequence (GenBank accesson no. AY145833) and the
sgnd sequence of pPIC9 (GenBank accession no. Z46233).
There exits three mgjor changes: firdt, the BamH | Ste between
the AOX1 promoter and the signa was deleted; second, 3
residues (AIP) taken from the AOX1 protein in Ppastoris were
added behind the ATG of synthetic signd; third, EEAEAEAEPK
were added between the prepro-leader and the endoprotease
processing site of synthetic signal. (B) The phylls gene was
cloned into the Xho | and Not | site of the expression vector and
the signa sequence was cloned into the Hind 111 and Xho | site.

Transformation and screening The P pastoris strain GS115
(his-4) was grown in 500 ml of a yeast extract-peptone-dextrose
(YPD) medium for 18 h and prepared for transformation (Adams et
al., 1998). Two ug of pYPX88 DNA were linearized using aBgl 11
restriction enzyme, then they were transformed into P. pastoris by
electroporation (Bio-Rad Genepulser, Hercules, USA). After
incubation for 30 min at 30°C in 1 M sorbitol, the cells were plated
on selective plates [SD (Adams et al., 1998), 18.6% sorbitol, 5%
glucose, 2% agar]. For screening, the transformants were streaked
in aregular pattern on both MM (1.34% Y NB, 0.000004% bictin,
2% glucose, 2% agar) and MD [1.34% YNB (bacto-yeast nitrogen
base without amino acids), 0.000004% biotin, 0.5% methanal, 2%
agar) plates. The plates were incubated for 2 plus days a 30°C, then
anayzed for transformants that grew normally on the MD plates but

showed little or no growth on the MM plates. The selected clones
were incubated in BMGY (1% yeast extract, 2% peptone, 1.34%
YNB, 0.000004% hiotin, 1% glycerol) at 30°C for two days. The
cells were then pelleted (5,000 rpm for 3min), resuspended in
BMMY (SD, 0.000004% hictin, 0.5% methanol) to induce the
phytase gene expression, and incubated at 30°C for two days before
phytase activity was measured. The IM8 strain was sdected for
fermentation because of its high activity and expression.

Fermentation A 150 ml culture of JM8 was grown in a 500 ml
shaking flask for 36 h in a YPD medium at 30°C until it reached
ODgy, = 3.0. The culture was then used to inoculate the B. Braun
(Mdsungen, Germany) 51 fermentor containing 21 of the BSM
medium [H;PO, (85 stock), 7.5 ml/l; Caso, - 2H,0, 0.9 ¢/l; K,SO,,
18¢g/l; Mg SO, - 7TH,0, 14 g/l; (NH,),S0,, 5 g/l; Histidine, 1.5 g/l].
Next, 5% (v/v) glycerol [added as the sole carbon source, the pH
was adjusted to 5.5 with 50% NH,OH. 4 ml of biotin stock solution
(0.2g/)] and 2mli/l of the trace minerd mix PTM1 (Clare & al.,
1991) were added. The fermentation conditions were as follows:
dissolved oxygen was maintained a 25% of saturated value; pH
5.0; initid 50% glycerol feed followed by methanol feed once the
cell culture reached an ODgy, = 200 (about 60 h). Fermentation took
~140 h to complete.

Enzyme activity and properties The phylls phytase was
purified according to Wyss's procedure (Wyss et al., 1999b). The
optimum pH of the expressed phytase was determined (37°C) a
every haf pH between 1.5 and 6.5 by using buffers of 0.2 M
glycine-HCI (pH 1.5 to 2.5), 0.2 M sodium citrate (pH 3.0 to 5.5),
and 0.2 M Tris-HCI (pH 6.0 and 6.5). The activities were measured
at 5-degree intervals between 20 and 80°C to determine the
optimum temperature. Thermostability at 80°C was determined by
heating phytase samples for increasing periods of time between 2
and 20 min, then chilling on ice and measuring the remaining
activity at 37°C.

Protein analysis and deglycosylation of the expressed phytase
The fermentation samples were loaded on 12% SDS-PAGE gels
using the Mini-protein gel eectrophoresis system (Bio-Rad Lab,,
Hercules, USA). After electrophoresis, the gels were stained for
30 min in a solution of 30% methanol, 10% acetic acid, and 0.05%
Coomassie hrilliant blue, and then destained in 30% methanol and
10% acetic acid (Sambrook et al., 1989).

For Western blot analysis, the separated proteins were transferred
onto a Protran nitrocellulose membrane with a Mini Trans-Blot cell
(Bio-Rad Lab.). A rabhit polyclonal immunoglobulin G, raised
againgt purified phyl 1s phytase, was used as the primary antibody.
It was diluted 1:5,000 prior to application. A goat anti-rabbit
immunoglobulin G-horseradish peroxidase system (Bio-Rad Lab.)
was used for the find colorimetric detection (Sambrook et al.,
1989).

Due to the heavy glycosylation, the expressed phytase was found
to have molecular sizes of ~120, 95, 85, and 64 kDa. Endo Hf (New
England Biolabs, Boston, USA) was used to deglycosylate the
expressed phytase (Han et al., 1999a, b). The reaction was carried
out by incubating fermented samples with 0.3 U of Endo Hf for
4 h at 37°C, according to the manufacturer’s instructions.
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Results

Isolation of the phytase cDNA and characterization of the
deduced protein Using RT-PCR, cDNA was synthesized
from isolated mMRNA of A. niger 113. The putative phytase
gene was amplified from the cDNA using primers based on
previous sequences of phytases from the A. niger species. The
primers used were 5' ATGGGTGTCTCTGCCGTTCTACTT
CCTTTG 3 and 5 CTAAGCGAAACACTCCCCCCAATCA
CCGCCAGATCT 3. Amplification of the cDNA using the
two primers produced an 1.4 kb fragment that was sequenced
and compared to the sequences of previoudy isolated phytase
genes. In a previous work, many phytase genes were cloned
(GenBank accession numbers AB022700, U59803, U59805,
U59804, and US59806). Through alignment of those
sequences, it was found that the sequence of the phyl1 gene
(GenBank accession no. AY 150806) showed a high homology
with phyA genes from the A. niger srain NRRL3135
(Hartingsveldt et al., 1993) and SK-57 (GenBank accession
no. AB022700). There was a 90% nucleotide identity and
98% deduced amino acid identity between the phytase from
the A. niger strain 113 and NRRL3135. There was an 89%
nucleotide identity and 96% amino acid identity between the
phytase from the A. niger strain 113 and SK-57. The coding
region of the phyl1 gene from ATG started the codon to the
TAG stop codon that had 1,404 bp. The cDNA open-reading
frame encodes a putative pre-protein of 19 amino acids. The
mature protein would, therefore, consist of 448 amino acids
with a calculated molecular of mass of 49 kDa. There were
nine putative N-glycosylation sites in the phyl1 sequence. It
was found that the highly conserved sequence, RHGARY FT,
was the active-site sequence of the higtidine phosphatases
from microorganisms (Ullah et al., 1993; Kostrewa et al.,
1997). Table 2 shows the variable amino acids of phytases
among A. niger 113, NRRL3135 and SK-57. The four
variable amino acid residues in phytase from A. niger 113
were Q53, K91, E92, and E384, respectively. The four sites
were R53, E91, G92, F384 in NRRL3135 and H53, D91,
G92, F384 in SK-57. Among 467 amino acid residues in
every phytase from A. niger 113, NRRL3135 and SK-57,
there existed nearly twenty varigble amino acid residues
between two of these three phytases. But, only four different
amino acid residues were found between phyl1 and the high

specific activity phytases from A. niger NRRL3135 and SK-
57. Table 3 compares the ORF, number, and homology of
amino acids among phytases.

The synthetic phylls gene Using successve PCR, we
synthesized a 1347bp DNA version of the phytase gene that
we cdled phylls (GenBank accession no. AF547224). DNA
sequencing indicated the deletion of the signal sequence and
intron. Sequencing showed a 75.4 % identity between the
phy11 gene and phyl 1s gene. All of the codons were designed
to be preferentia to P. pastoris (Fig. 3).

Congruction of the vectors for the expression of phytase
in P. pastoris  To study the expression of the phyl1s genein
P. padtoris, the expresson plasmid pYPX88 (GenBank
accesson no. AY178045) was used. Plasmid pYPX88 is
composed of the inducible promoter AOX1, the chemical-
gynthesized signal sequence (GenBank accesson no.
AY 145833), and a termination transcription signal. Using the
PCR method, we deleted the signal sequence and discovered
that the Xho | dte existed in the phyll gene. The artificial
phyl1ls gene was cloned into the expression vector. After
transformation and screening, the IM8 strain was obtained.

Expresson of the phytase in P. pastoris M8 was initialy
fermented with glycerol as the sole carbon source. After 60 h,
the feeding was switched to methanol, which induced the
phytase expression. As shown in Fig. 4, after 80 h of methanol
induction (140 h tota culture time), the fermentation culture
achieved a fina ODgy, =225. This culture yielded 4.2 g/l
phytase with an activity of 39 U/ml (Fig. 4).

Due to heavy glycosylation, the expressed phytase had
molecular sizes of ~ 120, 95, 85, and 64 kDa in SDS-PAGE
(Fig. 5a). After deglycasylation by Endo Hf, the phytase had
an apparent molecular size of 64KD in SDS-PAGE. The
Western blot is shown in Figs. 5b and 6. The results of the
Western blot indicated that the protein from the fermentation
fluid (Fig. 5a) was mainly phytase (Fig. 6).

Properties of the expressed phytase The activity of the
expressed phytase was determined at  different pHs,
temperatures, and times, as described in Materials and
Methods. The expressed phytase had a double pH optimum of

Table 2. The changes of amino acid positions among phytases of A. niger 113, NRRL3135 and SK-57

Phytase Changes of amino acid
A. niger 113 T11 A43 D47 Q53 K91l E92 V122 $186 T207 V208
T232 D269 K281 S326 T364 V367 E384 L388  A397 R432  A444
A. niger NRRL3135  S11 V43 E47 R53 E91 G92 1122 5186 T207 V208
T232 D269 K281 S326 T364 V367 F384 L3838  A397 R432  Ad44
A. niger SK-57 T11 A43 D47 H53 D91 G92 V122 T186 D207 1208
S232 E269 N281  N326 S364  A367 F384 M388  S397 K432 G444

The shadow regions were four sites, which might be the key point of enzyme activity.
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phyIl ATGCGCGTCTCTGCTGTTCTACTTCCTTTGTACCTCCTGTCTGGAGTCACC
M R V S AV L L P L Y LLSGUVYT
phyIl TCCGGACTGGCAGTCCCCGCCTCGAGAAATCAGTCCACTTGCGATACGGTC
RN N e N R RN N RN
TTGGCTGTTCCAGCTTCTCGTAACCAATCTACTTGTGATACTGTT
_S G LAV PASRRENSOQSTC CDTUV
pPhyIl GATCAGGGGTATCAATGCTTCTCGGAGACTTCGCATCTTTGGGGCCAATAC
R R R O N N e A
phyIls GATCAAGGTTATCAATGTTTTTCTGAGACTTCTCATTTGTGGGGTCAATAC
D QGYQCTFSETSUHTLTWGOQ Y
PhyIl GCGCCATTCTTCTCTCTGGCARACAAATCGGCCATCTCCCCTGATGTTCCC
N R N N RN RN
phyIls GCTCCATTCTTCTCTTTGGCTAACAAATCTGCTATCTCTCCAGATGTTCCA
A PFFSLARNKTGESABATISTPDTVP
phyIl GCCGGATGCCRAGTCACTTTCGCTCAGGTTCTCTCCCGCCATGGAGCTCGG
A A A A A e A
phyIls GCTGGTTGTCAAGTTACTTTCGCTCAAGTTTTGTCTCGTCATGGTGCTCGT
A GCQVTVFAOQV LS RHGUAR
phyIl TATCCGACCGACTCCAAGGGCAAGAAATACTCCGCTCTCATCGAGGAGATC
PEUEE e te be e ve v e e b rerennl
phyIls TATCCAACTGATTCTARAGGTAAGAAATATTCTGCTTTGATTGAGGAGATT
Y P T DS KGIXKZ KJTYSATLTITEEI
phyIl CAGCAGAACGCGACTACCTTCAAGGAGAAATATGCCTTCCTGAAGACATAC
IR R R R N R N R R R A A R e R
phyIls CAACAARATGCTACTACTTTTAAGGAGAAATACGCTTTTTTGAAAACTTAC
Q o f AT TFKEZ KTYH ATFTLZE KT Y
phyIl BACTACAGCCTGGGCGCGGATGATCTGACTCCCGAAGGAGAGCARGAGCTG
I PLEE b e reevrer erree brreeer
phyIls AACTATTCTTTGGGTGCTGATGATTTGACTCCAGAAGGTGAACAAGAATTG
N Y s 6appLrT@PEGET QETL
PhyIl GICAATTCCGGAGTCAAGTTTTACCAGCGATACGAGTCCCTGACTCGTAAT
PELEEer ve v e re e bt
phyIls GTTAATTCTGGTGTTAAGTTTTACCAACGTTACGAATCTTTGACTCGTAAT
VNSGVKFYOQRYESTLTRN
phyIl ATTGTTCCGTTTATTCGATCCTCAGGCTCCAGCCGCGTGATTGCCTCTGGC
PR e v 1 Ebr e el
phyIls ATTGTTCCATTTATTCGTTCTTCTGGTTCTTCTCGTGTTATTGCTTCTGGT
I VPFIRSSGSSRUVTIASSG
phyIl AATAAATTCATCGAAGGCTTTCAATCTACTAAGCTGAAGGATCCTCGTGCT
PEEEECEEE R prere bt reerr et
phyIls AATARATTCATTGAAGGTTTTCAATCTACTAAATTGAAAGATCCACGTGCT
N K FIEGTPFGOQSTZEKTLTZ KTDTPRA
phyIl CAGCCCGGCCAATCGTCGCCCAAGATCGACGTGGTTATTTCCGAAGCCTCC
U A A e A ARy
phyIls CAACCAGGTCAATCTTCTCCARARATTGATGTTGTTATTTCTGAAGCTTCT
Q PGQSSPKTIDVVTISEH S
phyIl TCCTCGAATAATACTCTCGATCCGGGCACCTGCACCGTATTTGAAGATTCC
R R R N R A A R A R R nnn
phyIls TCTTCTAATAATACTTTGGACCCAGGTACTTGTACTGTTTTTGAAGATTCT
S S NNTULDEPGTTCTTVTFETDS
phyIl GARCTGGCCGACACTGTCGAGGCCAACTTTACCGCCACGTTCGTCCCTTCC
A N N A N e e A N e
phyIls GAATTGGCTGATACTGTTGAAGCTAATTTTACTGCTACTTTTGTTCCATCT
EL ADTVEARARPNTFTATTFTUVP S
phyIl ATTCGTCAACGTCTGGAGAACGATCTGTCCGGCGTGACTTTAACTGACACA
PEEERRREEREE b vt pre te e viere vt i
phyIls ATTCGTCAACGTTTGGAARATGATTTGTCTGGTGTTACTTTGACTGATACT
I RQRLENDTLSGV TULTTDT
phyIl GAGGTGACCTACCTGATGGACATGTGCTCCTTCGACACGATCTCCACCAGC
R RN A A e e e nn
PphyIls GAAGTTACTTACTTGATGGACATGTGTTCTTTTGATACTATCTCTACTTCT
EVTYLMDMCSTFDTTIST S
phyIl ACAGTCGACACCAAGCTGTCCCCCTTCTGTGACCTGTTCACCCATGACGAG
R R R A N R N RN R R RN RN Ny
phyIls ACTGTTGATACTAAATTGTCTCCATTTTGTGATTTGTTTACTCATGATGAA
T VDTZ XKTLSZ®P?PFCDTELTFTHDE

phyIls
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phyIl TGGATCAACTACGACTACCTCCAGTCCCTGAAGRAAGTACTACGGCCATGGC
A I e e RN R RN N AR RN RN
phyIls TGGATTAATTATGATTATTTGCAATCTTTGAARRAGTACTACGGTCATGGT
WIDNGYDYTLOQSTILEKTEKSTYTYGHSG
phyI1 GCAGGTAACCCGCTCGGCCCGACCCAGGGCGTCGGCTACGCGAACGAGCTG
R A N A e e A A e
phyIls GCTGGTAATCCATTGGGTCCAACTCAAGGTGITGGTTACGCTARTGAATTG
AGNPILGPTOQGV GYANEL
phyIl ATCGCCCGTCTCACCCATTCGCCTGTCCACGATGATACCAGCTCCAACCAC
R AR A Il
phyIls ATTGCTCGTTTGACTCATTCTCCAGTTCATGATGATACTTCTTCTAATCAT
I ARLTUHSZPVHDTDTS s N 8]
phyIl ACCCTGGACTCGAGCCCCGCCACTTTCCCCCTGAACTCCACCCTCTATGCG
ot 1l A R e
phyIls ACTTTGGATTCTTCTCCAGCTACTTTTCCATTGAATTCTACTTTGTACGCT
flo ps s pPaTF©PLFS S T|L Y A
phyIl GACTTCTCGCACGACAACGGCATCATCTCCATCCTGTTCGCCCTGGGCCTG
A N N N N A T e RN
phyIls GATTTCTCTCATGATAATGGTATTATCTCTATTTTGTTTGCTTTGGGTTTG
D FSHDNGTITISTITLTFA ATLG L
phyIl TACAACGGTACCAAGCCCCTGTCCACCACCACCGTCGAGRACATCACCCAG
A N N L N e A e e e A e
phyIls TACAATGGTACTAAACCATTGTCTACTACTACTGTTGAAAATATCACTCAA
vy[N 6 ] K PLSTTTUVERNTTQ
phyIl ACCGACGGCTTCTCCTCCGCCTGGACCGTCCCCGAGGCCTCCCGCCTGTAC
N A A A A e e e
phyIls ACTGATGGTTTTTCTTCTGCTTGGACTGTTCCAGAAGCTTCTCGTTTGTAC
VEMMOCOQAET QETPTLVRVL
PhyIl GTCGAGATGATGCAATGCCAGGCCGAGCAGGAGCCCCTCGTCCGTGTCTTG
AR N N e e A e N e R R R O
PhyIls GITGARATGATGCAATGTCAAGCTGAACAAGAACCATTGGTTCGTGTTTTG
T DGFSSAWTVPESASRTLY
phyIl GTTAATGATCGCGTTGTTCCGCTGCATGGCTGTCCGGTTGATGCTTTGGGG
PEEREETEE e L e i e
phyIls GITRATGATCGTGTTGTTCCATTGCATGGTTGTCCAGTTGATGCTTTGGGT
VNDRVYVYVPLHGCPUVDATLSG
phyIl AGATGTACGCGGGATAGCTTCGTCCGTGGCCTCTCCTTCGCCAGATCTGGE
I A e
phyIls CGTTGTACTCGTGATTCTTTTGTTCGTGGTTTGTCTTTTGCTCGTTCTGGT
RCTRDSTFVRGLSTFARSG
phyIl GGTGATTGGGCGGAGTGTTTTGCTTAG -1404
PLEETVRIEEE bty
phyTls GGTGATTGGGCTGAATGCTTTGCTTAA -1347
G DWAETCTFA -

Fig. 3. Nucleotide sequences and deduced amino acid sequence of the phyll gene and phylls gene. The predicted signal peptide is
underlined and the nine putative N-glycosylation sites were boxed. The ddetion Xho | site was shadowed and boxed. Active-site
sequence of the phytase from microorganism was shadow, underline and bold. The entire ORF was 1,347 bp, and the two genes show

75.4 % |dentity.

pH 5.0 and pH 2.0. The activity at pH 5.0 was 15% lower than
that at pH 2.0 (Fig. 78). The temperatures were tested (pH 2.0)
at 25, 37, 45, 50, 60, 70, 80°C. It was discovered that 60°C was
optimum (Fig. 7b). When the thermostability of the expressed
phytase was tested, it was indicated that the enzyme retained
25% activity when heated at 80°C for 10 min, but that activity
decreased significantly following heat trestment of 15 min or

more (Fig. 7c).

Molecular properties and characteristics of phytases are
presented in Table 4. The T, vaue of phyll was obtained
according to the general method (Lehmann et al., 2000a). We
obtained the isodlectric point of phyll using PCGENE
software. There was no significant difference among the
phytases in temperature optimum, T, isoelectric point, and
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Fig. 4. Fermentation process of JM8. After fermentation 60 h,
feeding was switched to methanol, which induced phytase
expression, then activity and expression level of phytase were
increased till fermentation 140 h.
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Fig. 5. Analysis of the expressed phyl1s gene in P. pastoris. (A)
Expressed phytase ranging from 64 to 120kDa due to
glycosylation (B) Expressed phytase after deglycosylation by
Endo Hf. Lane M, protein marker; Lanes 1-6, phytase expression
after methanol induction of 0, 10, 20, 40, 60 and 80 h.

molecular sizes. The specific activity of phyll was lowest
among these phytases. The optimal pH was 2.0 and 5.0, which
were significantly different from some other phytases (Wyss
et al., 1999a, b; Lehmann et al., 2000b).

Discussion

The research indicated that the phytase was an acid phytase

=== 43
== 31
Fig. 6. Western blot analysis of the phytase protein expressed in

JM8. The results of western blot indicated that the protein of
fermentation fluid was phytase mainly.
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Fig. 7. The activity of expressed phytase was determined a
different pHs, different temperatures, and different times. (A) pH
dependence of enzyme activity. The expressed phytase optimum
pHs were 5.0 and 2.0. The activity a pH 5.0 was 15% lower
than that a pH 2.0. (B) Temperature dependence of enzyme
activity. The 60°C was found to be the phytase optimum
temperature. (C) Heat stability of enzyme activity. The phytase
retained 25% activity when heated at 80°C for 10 min.

and its specific activity was lowest among al of the published
phytases. The phytase had a double pH optimum and the
optimal pH was 2.0. This characterization showed a potential
of a good additive supplement in monogastric animals, such
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Table 3. The ORF, Genbank accession number, and homology of amino acids among phytases

Genbank acceeion no. Number of Homology of

Phytase Or reference ORF (bp) amino acid amino acid gg}umceﬁ
A. niger (ficuum) NRRL3135 Hartingsveldt et al., 1993 1506 467 100
A. niger SK-57 ABO022700 1515 467 95
A. niger 113 AY 150806 1404 467 97
A. terreus 9A1 U59805 1449 467 60
A. terreus CBS u60412 1452 467 62
A. fumigatus u59804 1454 465 65
E. nidulans U59803 1446 463 63
M. thermophila U59806 1521 487 48
T. thermophilus U59802 1455 466 61
B. subtilis AF029053 1152 383 6

Table 4. Characterizations among those phytases of temperature optimum, T,,, isoelectric point, and molecular sizes

Molecular sizes determined by

Specific
Temperature o S .
Phytase optimum (°C) T (°C) a(cSyrlr:lge)s Optima pH pl %;q;%cse DS PAGE
A. niger (Natuphos) 55 63.3 102.5 55 478 48 66
A. nigerNRRL 3135 55 63.3 100.0 25and 55 ND ND ND
A. niger SK-57 50 ND 158.0 25and 55 ND 55 60
A. niger 113 61.5 95 20and 5.0 4.63 49 64
A terreus 9A1 49 575 141.6 55 5.08 49 61
A. terreus CBS 45 58.5 195.8 53 5.50 49 82
A. fumigatus 60 67.0 26.5 40t0 7.3 7.28 49 72
E. nidulans 45 58.5 28.6 6.5 5.27 49 66
M. thermophila 55 ND 41.8 55 495 51 63
T. thermophilus 45 ND ND ND 523 50 128
E. coli ND ND 811.2 25t07.0 7.01 46 47
B. subtilis 55 ND 88.0 7.0 ND ND 43

pl was calculated by using amino acid sequence of mature protein.
ND, not determined.

as poultry and pigs. Many of the phytase genes have recently
been isolated from plants, bacteria, and fungi. Although
several phytase gene sequences are available, only a few
phytase have been widely used in industry. Finding the novel
phytase genes that had high activity and other
characterizations (e.g. temperature stability, wide pH optima,
etc.) was necessary for the commercial utilization.

The methylotrophic yeast P. pastoris has recently been
recognized as an efficient hogt for high levels of the
heterologous expression. P. pastoris can grow on methanol as
the sole carbon and energy source. Using this system, a wide
variety of proteins have been produced with varying degrees
of success (Gellissen et al., 2000). In this research, the phytase
yield was improved by the modification of the signal peptides
that were used for directing the secretion of the synthetic
phylls gene. The S cerevisae mating factor o (o-factor)
prepro-leader has been used for the secretory expression of
numerous heterologous proteins in both S cerevisae and
P. pastoris (Kjeldsen et al., 1999; Treerattakool et al., 2002).

The synthetic ten-amino acid sequence EEAEAEAEPK was
added between the prepro-leader and the endoprotesse-
processing site of the mating factor o. The Bam HI dte
between the AOX1 promoter and the signal sequence was
deleted. These 3 residues (AIP), which were taken from the
AOX1 protein in P. pastoris, were added behind ATG of the
mating factor o prepro-leader. These changes proved to be
effective in increasing the phytase secretion (Xiong et al.,
2003). After these improvements, it was possible to highly
express phytase for commercia applications.

In this paper, we describe the molecular cloning and
sequencing of anovel phytase cDNA that was cloned from A.
niger 113, which was isolated from a soil sample in a rice
field. The phytase gene was then highly expressed in P
pastoris. A nucleotide sequence analysis indicated that the
length of the open-reading frame of the phyll gene was
1,404 bp. The deduced amino acid sequence indicated that
there were 19 amino acids pre-leader and 448 amino acids
mature protein, as well as the highly conserved sequence
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RHGARYPT that is the active-site sequence of the histidine
phosphatases of the microorganism (Kostrewa et al., 1997).
This active site motif was totally conserved in dl fungal
phytase and was aso present in the E. coli phytase. There
were only four major different amino acid residues that were
found among the three phytases from A. niger 113
NRRL3135, and SK-57 (Table 3). The results demonstrated
that the four amino acids were related to phytase specific
activity. Moreover, the two G92 and F384 residues were the
same between the two phytase with high specific activity from
A. niger NRRL3135 and SK-57. The results further indicated
the importance of the two amino acid residues in determining
specific activity. These changes may modulate the domain
flexibility, and thereby, the catalytic efficiency of the enzymes
(Ullah et al., 1998; Mullaney et al., 2000). Through site-
directed mutagenesis of these sites (Rodriguez et al., 2000), it
was easy to obtain new mutant phytase genes with enhanced
specific activities. This will be helpful in determining the
phytase structure-function relationship. In addition, using the
phyll gene as a template, it will be easy to obtain many
phytase mutants with improved characterization using in vitro
molecular evolution by DNA shuffling. The key points of
specific activity were not among the other different sites of
these phytase, because there was a difference between the
phytase of A. niger NRRL3135 and SK-57.
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