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Abstract The PhyA gene, encoding myo-inositol hexakisphosphate
phosphohydrolase in Aspergillus niger var. awamori (wild-
type), was cloned and sequenced. The cDNA was overexpressed
by a multicopy gene expression system in Pichia pastoris
KM71. Recombinant, wild-type, and commercial phytase
from Aspergillus ficuum NRRL 3135 (Natuphos) were purified.
The PhyA gene of Aspergillus niger var awamori showed
perfect homology to the phytase of Aspergillus ficcum and
97% homology to A. niger var awamori (L02421). Wild-type
phytase was highly glycosylated and more thermostable than
the other two, while deglycosylated forms of three phytases
showed identical molecular weight, 50 kDa. Afier heating at
80°C, wild-type, commercial, and recombinant phytases retained
57%, 32%, and 8% of their original activities, respectively. In
conclusion, glycosylation plays a key role in the thermostability
of phytase and its enzymatic characterization.
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Phytic acid (myo-inositol hexakis dihydrogen phosphate) is
the major storage form of phosphate in food and feed of
plant origin. Phytic acid is considered to be an antinutritional
factor since it chelates minerals such as magnesium, zinc,
and calcium. It may also react with proteins, thereby
decreasing the bioavailability of proteins and nutritionally
important minerals. When phytic acid-rich meals are fed to
monogastric animals, they poorly digest phytic acid due to
a lack of active phytases in their gastrointestinal tract.
Thus, nearly all of the dietary phytate phosphorus ingested
by these species is excreted into the environment, resulting
in phosphorus pollution in the areas of intensive animal
production [8]. Usage of phytase as a feed additive has
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been examined several times over the past two decades,
resulting in improved phosphorus availability from poultry
and swine feeds. However, the high cost of the enzyme
production compared to the cheap cost of inorganic
phosphate has prevented its universal usages. Recently, there
has been a renewed interest in phytase due to the low-cost
production of this enzyme by recombinant DNA technology
and an increased concern for the environment. The phytase
produced by Aspergillus ficuum NRRL 3135 has been
isolated and well characterized by Ullah and Gibson [20].
A bacterial strain producing high level of an extracellular
phytase was isolated and defined for culture condition [2].
In addition, the cloning and expression of the Phy4 gene
have been reported for A. ficuum, A. awamori, A. terreus,
and A. fumigatus. In particula, 4. furmigatus phytase expressed
in A. niger showed higher thermostability required for these
enzyme to withstand inactivation during the feed-pelleting
process [14]. However, while it displayed a higher level of
heat tolerance than A. niger phytase, its level of specific
phytase activity was significantly lower than that of 4. niger
phytase [21, 22). Pichia pastoris was proven to be an
economical host for the production of functional recombinant
enzyme, which was cheaply inducible with methanol [16, 9].

The purpose of this experiment is to determine the
sequence of the PhyA of Aspergillus sp. 5990 previously
isolated [6], and to produce recombinant phytase in Pichia
pastoris by a multicopy gene expression system applicable
for industrialized mass production for characterization of
its enzymatic properties.

MATERIALS AND METHODS

cDNA Amplification and Sequencing, and Cloning of
Phytase Gene

Aspergillus niger var. awamori [6] was cultured in a
phosphate limiting condition, as previously described [18],



and its genomic DNA was isolated according to the
method described [14] with a minor modification. The
phytase-encoding gene was amplified with PCR using
PhyA gene specific primer pairs that were derived from
regions that are conserved between the A. niger phytase
and other histidine acid phosphatases. The following primers
were used: forward AU (5-TCA TAG GCA TCA TGG GCG
TCT CTG CTG-3") and reverse AD2 (5'-TCA GCT AAG
CAG AAC ACT CCG CCC AAT C-3"). The amplicon was
inserted into the Smal site of pBluescript II KS (Stratagene,
CA, U.S.A.) vector. mRNA was isolated by hybridization
with a magnetic-labeled oligo-dT probe, using an mRNA
DIRECT kit (Dynabeads, Oslo, Norway), following the
manufacturer’s instruction. A ¢cDNA fragment of the coding
region of the Aspergillus niger var. awamori phytase gene
was obtained by RT-PCR. The second round of PCR
amplification was performed with a specific primer set which
was confirmed by the earlier sequence analysis: primer
A _UMEcoRI (5'-CGG AAT TCC TGG CAG TCC CCG
CCT-3") and primer A DMEcoRI (5-CGG AAT TCA GGT
AAT TCA GCT AAG CAA AAC ACTC-3"). Amplified
RT-PCR product (1.4 kb) was inserted into the EcoRI site
of pPIC9K (Invitrogen, CA, U.S.A.) expression vector.
The resulting plasmid was designated as PKAMC (10.7 kb).
The DNA sequence was determined by the dideoxy chain
termination technique with an ALFexpress AutoRead
sequencing kit (Pharmacia, Uppsala, Sweden).

Yeast Transformation, Expression, and Purification

PKAMC was linearized by restriction enzyme Pmel and
transformed into P. pastoris KM71 by electroporation
using Gene Pulser II (Bio-Rad, CA, U.S.A.). After the
transformed cells were plated onto RDB (1 M sorbitol, 2%
dextrose, 1.34% YNB, 4x10” % biotin, 0.005% amino acid),
all His" transformants were transferred on YPD plates (1%
yeast extract, 2% peptone, and 2% dextrose) containing
(G418 sulfate (0.25 mg/ml-2 mg/ml) to screen a multicopy
gene insertion event [19]. A single colony, PRKAMC/KM71,
was inoculated to BMGY (1% yeast extract, 2% peptone,
100 mM of 1M potassium phosphate, 1.34% YNB, 4x10°
% amino acid, 1% glycerol) medium and incubated at 30°C
for 15 h until the culture reached to OD,,=5.0. The cells
were harvested by centrifugation, resuspended in 100 ml of
BMMY (1% yeast extract, 2% peptone, 100 mM of 1M
potassium phosphate, 1.34% YNB, 4x10°% amino acid,
0.5% methanol) medium, and incubated at 30°C for 5 days.
For the induction, 0.5 ml of methanol was added to the
medium every 24 h. For the purification, the supernatants
were loaded onto a Q-Sepharose column (Pharmacia, Uppsala,
Sweden) which was equilibrated with 20 mM Tris-HCl,
pH 8.0, containing 1 mM CaCl,. The phytase fractions
were cluted with a 0.5 M sodium chloride gradient and
subjected to a SP-Sepharose column (Pharmacia, Uppsala,
Sweden). Then, the fractions were pooled and applied to a
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Mono-S HR 5/5 FPLC column (Pharmac1a Uppsala,
Sweden).

Enzyme ActiYity and Properties
A phytase activity in the culture supernatant and total

soluble fractio}ns of the transformed cells were determined
as previously described [11]. A sample was diluted with
0.2 M sodium|citrate, pH 5.5, pre-warmed in a water bath
(37°C) for 5 min. The sample was mixed with an equal
volume of 1%|(v/v) sodium phytate in the same buffer and
incubated at 3 7 C for 15 min. The reaction was stopped by
adding 1 ml of 15% (w/v) trichloroacetic acid, and the
released phos;‘ahorus was measured. The optimal pH of
phytases was determined (37°C) using 0.2 M glycine-HCl,
0.2 M sodium| or 0.2 M Tris-HCL The thermostability of
the expressed |phytase and the commercial phytase were
compared by measuring the remaining activity at 37C
after 0.2 U of phytase had been heated for 20 min at each

temperature.

Deglycosylation of Phytases

Samples of pu‘nﬁed proteins were subjected to 8% SDS-
PAGE using a Mini-Protein II Cell (Bio-Rad, CA, U.S.A).
Protein was stlamed with Coomassie Brilliant Blue R-250
using a BenchMark protein ladder as the standard (BRL,
MD, U.S.A)). ]?ndo H, (Boehringer Mannheim, Mannheim,
Germany) was used to deglycosylate three phytases by a
previously descnbed method [7]. The reaction was carried
out by mcubatmg phytase samples with 3 units of Endo H;
in 20 mM Tn‘s-H(n pH 7.0, 10mM EDTA, and 1 mM
PMSF for 6 h at 37°C. After the reaction, the mixture was

subjected to SDS-PAGE

RESULTS ANDi DISCUSSION

Expression and Purification of Phytase

In the previous work, Aspergillus sp. 5990 was isolated
from the soil near a root of a leguminous plant which was
shown to have phytase activity [6]. Extracellular phytase
secreted in a 11qu1d culture by Aspergillus sp. 5990 showed
a 5-fold higher activity when compared with that of Aspergillus
Sficuum NRRL‘ 3135. The phytase from Aspergillus sp.
5990 showed the higher optimum temperature for its activity
than the commercial enzyme from Aspergillus ficuum
NRRL 3135. P‘ihyA genes from genomic DNA and ¢cDNA
of Aspergillus |sp. 5990 were cloned and sequenced for
further study. The PhyAd gene of Aspergillus sp. 5990
encodes an en‘zyme of 452 amino acids with identical
homology to the phytase of Aspergillus ficcum, and 97%,
66%, and 62% homology to the phytases of Aspergillus
niger var awan“wri (Entrez Accession Number; 1.02421),

Aspergillus fumigatus, and Aspergillus terrus, respectively.
The analysis of the protein sequence revealed a theoretical
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pl value of 4.84. However, Aspergillus sp. 5990 was
proven to be a Aspergillus niger var awamori through
morphological and ribosomal RNA analyses. Therefore,
this result suggests that a host-dependent post-transiational
modification plays a critical role in the naturally occurring
diverse enzyme characteristics.

The RT-PCR product of the coding region of the phyA
gene was inserted into the EcoRI site of the pPICIK
expression vector in a frame with the initiation codon of
the a-factor signal sequence. The resulting clone, PRAMC, was
expressed under the control of an AOX1 (alcohol oxidasel)
promoter [3] and induced by methanol. The recombinant
enzyme was purified from the culture of multicopy
transformed P. pastoris. Phytases from the wild-type and
the crude commercial one from Natuphos (BASF, Ulsan,
Korea) were purified together for the comparison analysis.

Purified phytases from wild-type, Natuphos (BASF,
Ulsan, Korea), and recombinants were deglycosylated by
Endo H; and subjected to SDS-PAGE. The molecular
weight of recombinant, wild-type, and Natuphos (BASE,
Ulsan, Korea) phytases A were 80, 85, and 75 kDa respectively,
but all of them showed the same molecular weight, 50
kDa, after deglycosylation (Fig. 1). It was consistent with
the theoretical M, of 49,616, as was reported previously by
another laboratory [4]. These results indicated that the
recombinant was less glycosylated compared to the wild-
types, while all of three phytases A have ten potential
N-glycosylation sites. It suggests that glycosylation of
phytases A is highly variable depending on the host, which
is consistant with the findings of Wysset al. [22].

Glycosylation has several biological significances and
serves a vital role in the foldings and assemblies of viable
proteins [1]. Some proteins required N-linked oligosaccharides

M 1 2 3 4 5 6 M
Endo Hf — + - + - +

220 kDa
160 kDa
120 kDa

100 kDa
90 kDa

80 kDa
70 kDa

Fig. 1. SDS-polyacrylamide gel electrophoresis of the purified
three phytases before and after deglycosylation by Endo H.

Lane M, protein standard marker from BRL. Lanes 1 and 2, recombinant
PhyA expressed in P. pastoris with and without Endo H,. Lanes 3 and 4,
Aspergillus niger var. awamori PhyA with and without Endo H,. Lanes 5
and 6, commercial PhyA; Natuphos from BASF with and without Endo H,.

Table 1. Specific activities and kinetic constants for phytic acid.

Specific activity K. K.

Phytases (Uimg) @y s
Wild-type 986 370 2,200
Recombinant 1,371 640 3,500

to maintain proper function (Rudd et al [17]) or viral
attachment [13] or to be correctly targeted [15]. It was
reported that the different pattern of glycosylation could
shift the pl of protein [21] and, thereby, it could change
the behavior of protein purification. Therefore, the different
behavior of wild-type phytase during the purification
procedures is most likely due to the different patterns of
glycosylation.

Determination of Kinetic Parameters

The kinetic properties of three purified phytases were
compared. The K, values and the substrate turnover
number of phytases from wild-type were estimated to
be 0.37mM and 2,200 sec” at pH 5.5, while that of
recombinant phytase from P. pastoris KM71 were 0.64
mM and 3,500 sec™ at pH 5.5 (Table 1). It was reported
that the apparent K, values of the phytase A from
Aspergillus ficcum were determined to be 0.25 mM [12],
which was slightly lower than the presently isolated or
recombinant PhyA. However, the substrate affinity of the
presently purified recombinant PhyA was much higher
than that of the enzyme from 4. fumigatus gene expressed
in P. pastoris [16].

Determination of Physical Properties of Purified Enzymes
The pH optima of wild-type and Natuphos phytases were
5.5 and 5.0, respectively (Fig. 2). Two distinct pH optima
were observed with phytases from wild-type and Natuphos,
while the highest activity was retained at pH 5.5-5.0. Two
distinct pH optima of phytase A of Aspergillus were the
common feature, which agrees with the results. However,
the optimal pH of recombinant phytase from P. pastoris
was quite different from those of the two other purified
phytases, which maintained 100%~40% of the relative
activity through the pH ranging from pH 1.0 to 5.5. Given
the narrow pH optimum peak at pH 2.5 and low level
of expression, contamination of phytase B could be
completely excluded. Also, the size difference of phytase
B excluded any chance of contamination of phytase B
during purification. This result was contradictory to the
results from other laboratories [4, 20], where two distinct
pH optima, 2.5 and 5.5, were reported with yeast-expressed
recombinant phytase A. These findings suggest that altered
post-translational modification in the different host could
cause a dramatic change in enzymatic characteristics.
Recently, it was reported that even a single amino acid
substitution could shift the pH optima of glycosidase [5]. If
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Fig. 2. Optimum pH of phytase activity,

The purified recombinant PhyA expressed in B pastoris (@), Aspergillus
miger var. awamori PhyA (O), and commercial PhyA {4 }, with sodium
phytate as the substrate at various pHs: 0.2 M glycine-HCI {pHs 1.0, 2.0,
and 2.5), 0.2 M sodium citrate (pHs 3.0, 4.0, 5.0, and 5.5}, and 0.2 M Tris-
HCH (pHs 6.0, 7.0, and 8.0). Results are expressed as weans of thres
experiments.

this was the case, the altered pH optitoum of recombinant
phytase might be due to mutation during RT-PCR or an
integration process into the host genome,

Thermal stability of phytase 1s important in animal feed
applications, where the enzyme is normally incorporated
mto the plant feed stuffs prior to pelletization. Recombinant
phytase from A. fumigatus, which produced a thermostable
phytase, was tested to overcome this problem {14}. But its
lower specific activity toward phytic acid and susceptibility
to the proteolytic degradation limit the practical vse of this
enzyme, Therefore, 4. niger phytase is the only enzyme

100 -
§ 804
=
g &0
G
«
®
2 404
o
&

20

O

20 30 40 50 60 70 80
Temperature { C)

Fig. 3. Temperature dependence of phytase activity.

The purified recombinant PayA expressed in P pastoris (@), Aspergillus
wiger var. awamori {O), and comercial PhyA (4 ) with sodium phytate
as the substrate at pH 5.5, Results are expressed as means of three
experiments.
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Fig, 4. Remdual enzymatic activity of the purified recombinant
PhyA from P |pastoris (@), Aspergillus niger var. awamori
PhyA (OQ), and the purified commercial PhyA {4) after
exposure for 2’0 min to the indicated temperamres m02M
sodiuv citrate (pH 5.5) buffer.

Results are expressed as means of three experiments.
!

now conuneré1ally available [10], The recombinant and
Natuphos phy&ase showed optimum temperatures around

50°C (Fig. 3)%. Wild-type phytase showed a higher and
broader range| of active temperatures around 50°C-60°C
than the recombinant and Natuphos phytase.’ At 60°C,
Aspergillus niger var. awamori PhyA retained over 69% of
its activity, whxle commercial phytase retained only 48% of
its activity. The thermal stability of three purified phytases
was comparem by measuring the remaining activity at 37C
after being he%zted for 20 min at each temperature (40°C
to 80°C). It was remarkable that PhyA from Aspergillus
niger var. awdamori retains 57% of its original activity at
80°C, while that of the commercial one retains only 32%
of activity in ﬁthe same condition (Fig. 4). The thermal
stability of recombinant was dramatically reduced, whereas
onty 8% of actmty was detected at 80°C. These resuits
suggest that the thermal stability of phytases was affected
by the pattern of glycosylation, which is contradictory to
the findings of Wyss and coworkers {22].
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