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Abstract: The phyA™ gene encoding acid phytase and optimized neutral phytase p/yCs gene were inserted into expression vector
pPICIK in correct orientation and transformed into Pichia pastoris in order to expand the pH profile of phytase and decrease the
cost of production. The fusion phytase phyA™-phyCs gene was successfully overexpressed in P. pastoris as an active and ex-
tracellular phytase. The yield of total extracellular fusion phytase activity is (25.4+0.53) U/ml at the flask scale and (159.1+2.92)
U/ml for high cell-density fermentation, respectively. Purified fusion phytase exhibits an optimal temperature at 55 °C and an
optimal pH at 5.5~6.0 and its relative activity remains at a relatively high level of above 70% in the range of pH 2.0 to 7.0. About
51% to 63% of'its original activity remains after incubation at 75 °C to 95 °C for 10 min. Due to heavy glycosylation, the expressed
fusion phytase shows a broad and diffuse band in SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel electrophoresis). After
deglycosylation by endoglycosidase H (EndoHy), the enzyme has an apparent molecular size of 95 kDa. The characterization of the

fusion phytase was compared with those of p/yCs and phyA™.
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INTRODUCTION

Phytate (myo-inositol hexakisphosphate) is the
predominant form of storage of phosphorus in cereals,
oilseeds and vegetables which are the major ingre-
dients of animal feed (Reddy et al., 1982; Wodzinski
and Ullah, 1996). Monogastric animals such as swine,
poultry and fish are unable to utilize phytate due to
the low levels of phytate-degrading enzyme activity
in their digestive tracts and inorganic phosphate is
added to the feed for the purpose of phosphorous

* Corresponding author

" Project supported by the National Key Technologies R & D Program
of China during the 10th Five-Year Plan Period (No. 2002BAS14A-
12), the Education Department of Sichuan Province (No. 2006B014)
and the Innovative Fund for Distinguished Young Scholars of Sichuan
Agricultural University, China

CLC number: Q55

supplementation (Bitar and Reinhold, 1972; Common,
1989). Hence non-metabolized phytate and unab-
sorbed phosphate pass through the intestinal tract and
are excreted in manure causing phosphorous eutro-
phication. Furthermore, phytate also acts as an
antinutritional factor in monogastric animals by che-
lating various metal ions needed by the animal, such
as calcium, copper and zinc, therefore decreasing the
dietary availability of these nutrients (Applegate et al.,
2003; Bohn et al., 2008; Veum et al., 20006).

Phytase (myo-inositol hexaphosphate phospho-
hydrolase, EC 3.1.3.8 or EC 3.1.3.26) hydrolyzes
phytate, thereby releasing inorganic phosphate (Liu et
al., 1998; Wodzinski and Ullah, 1996). Supplemental
microbial phytase in meal diets for swine, poultry and
fish effectively improves phytate phosphorus utiliza-
tion by these animals, decreasing phosphorus excre-
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tion pollution (Augspurger et al., 2003; Rutherfurd et
al., 2002; Olukosi et al., 2007).

There have been many reports on the cloning and
expressions of phyA, phyC and appA phytases (Chen
et al., 2004; Rodriguez et al., 2000; Kim et al., 1999;
Zinin et al., 2004; Rodriguez et al., 1999; Wang et al.,
2005; Wu et al., 2004a; 2004b; Han et al., 1999).
Recently phyA was site-mutated to piyA™ and phyCs
was synthesized without altering the protein sequence
of phyC according to the Pichia pastoris codon usage
bias because of the low productions of wild-type phyA
and phyC phytases in P. pastoris, and we overex-
pressed them in yeast as an active and extracellular
enzyme (Chen et al., 2005; Zou et al., 2006). The
phyA (phyA™) phytase exhibits an optimum pH at 2.5
to 5.5, having a pH-activity profile ideally suited for
maximal activity at low pH point (Chen et al., 2003;
Kim et al., 2006). The phyC (phyCs) phytase exhibits
an optimum pH around 6 to 9, suitable for neutral
tracts and is more thermostable (Janne et al., 1998;
Kim et al., 1998). However, the digestive tract of
monogastric animals reveals pH between 2.0 to 7.0.
For example, the stomach pH in many species is
around 3.5, which happens to be the lowest activity
point in the pH profile of phyC. And the small intes-
tine pH is around 7.0, which is the lowest activity
point in the pH profile of phyA. Thus a relatively high
level of phytase supplementation is required in animal
diets for adequate hydrolysis of phytate-phosphorus.

Therefore the objective of the present study is to
expand the pH profile of phytase. The aim can be
circumvented by fusion of phy4™ and phyCs phytases,
which can be a feasible undertaking. Hence we report
the overexpression of phyA™-phyCs fusion phytase in
P. pastoris. The enzyme was purified to homogeneity
to study the thermostability and the effect of pH and
temperature on its activity.

MATERIALS AND METHODS

Primers, plasmids and strains

The genes were amplified using pUC18-phyA™
and pUC18-phyCs vectors as templates (Chen et al.,
2005; Zou et al., 2006). To amplify the phyA™ gene,
the upstream primer 5-TACGTACTGGCAGTCC
CCGCCTCGAG-3" and the downstream primer
5'-CCTAGGTGGAGCAAAACACTCCGCCCAAT-3'

were designed with SnaBI and Avrll restriction en-
zyme sites at 5’ and 3’ terminals, respectively. To
amplify the phyCs gene, an upstream primer 5'-CCT
AGGGGTGGCGGGGGTTCTGGTGGCGGTGGTT
CCGGTGGCGGGGGTTCCAAGCACAAGTTGTC
TGACCCTTACCACTTCA-3" was synthesized with
Avrll restriction enzyme site and linker (Gly4Ser); at
the 5’ terminal, and a downstream primer 5-GCGG
CCGCTTACTTACCAGATCTGTCAGTCAACTTT
CTTGGGTCGACTTGCTTGTTGAC-3' was designed
with Notl restriction enzyme site. The two PCR (po-
lymerase chain reaction) fragments were cloned into
pUCm-T vector (Sangon Bioengineering Co., Ltd.,
Shanghai, China), named pUCm-phy4™ and
pUCm-phyCs, respectively. Vector pPICIK was from
Introgen (Carlsbad, CA, USA) for expression. P.
pastoris GS115 (Introgen, Carlsbad, CA, USA) was
used as the host for expression, and Escherichia coli
JM109 was used as the host for subcloning. P. pas-
toris PP-NP™-8 (Chen et al., 2005) and P. pastoris
PPI9KCs3 (Zou et al., 2006) were positive strains for
phyA™ and phyCs phytase expressions.

Chemicals, enzymes and medium

Sodium phytate was purchased from the Sigma
Chemical Co., Ltd. (St. Louis, MO, USA). Enzymes
(TagDNA polymerase, restriction endonucleases),
protein markers, Agarose Gel DNA Purification Kit
Version 2.0 and DNA Ligation Kit Version 2.1 were
purchased from TaKaRa (Dalian, China). Endogly-
cosidase H (EndoHy) was from New England Biolabs
(Beverly, MA, USA). All other materials were from
the Sangon Bioengineering Co., Ltd. (Shanghai,
China) and of analytical reagent grade.

E. coli was cultured in Luria-Bertani (LB) broth
(1% (w/v) tryptone, 0.5% (w/v) yeast extract, 0.5%
(w/v) NaCl) or on LB agar plate. Yeast was cultivated
in YPD (1% (w/v) yeast extract, 2% (w/v) peptone,
2% (w/v) dextrose, 2% (w/v) agar) medium. WBEG
(wheat bran extract grown) and WBEI (wheat bran
extract induction) media (Zou et al., 2006) were used
for shake-flask growing and induction. The expres-
sion strains were screened in MD (minimal dextrose)
(1.34% (w/v) YNB (yeast nitrogen base), 4x10°%
(w/v) biotin, 2% (w/v) dextrose) and MM (minimal
methanol) (1.34% (w/v) YNB, 4x10°% (w/v) biotin,
0.5% (v/v) methanol). The WBSG (wheat bran silk-
worm grown) (100 g/L malt powder and 15 g/ wheat
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bran prepared as WBEG, 8 g/L silkworm chrysalis,
17.8 ml H3POy, 0.62 g/L CaSOy, 12.1 g/L K;S04, 9.9
g/L MgS047H,0, 2.75 g KOH) medium was used for
phytase fed-batch fermentation (Xie and Wang,
2007).

Subcloning, construction of expression vector and
transformation

The DNA manipulations were carried out by
using standard procedures. The phyCs gene was ob-
tained by digestion of pUCm-phyCs with restriction
endonucleases Avrll and Notl, followed by agarose
gel electrophoresis resolution and purification using
TaKaRa Agarose Gel DNA Purification Kit Version
2.0. The purified phyCs fragment was ligated to the
purified Avrll-Nofl double-digested secretory ex-
pression vector pPIC9K using TaKaRa DNA Ligation
Kit Version 2.1. The recombinant vector, pPIC9K-
phyCs, was prepared by a plasmid miniprep kit (Q2),
identified by Avrll-Notl double-digested restriction
endonucleases analysis and sequenced. The phyA™
gene was inserted into the vector pPICIK-phyCs at
SnaBl and Avrll sites. The construct, pPICIK-
phyA"Cs, was transformed into JM109 which was
plated on LB medium containing 80 pg/ml kanamy-
cin. The positive colonies were then grown to prepare
DNA for transformation.

P. pastoris GS115 strain was grown in the YPD
medium and prepared for transformation according to
the manufacturer instructions. Ten pug of plasmid
DNA was linearized using BspEI and then trans-
formed into yeast by electroporation. Roughly 10 pg
linearized DNA pPIC9K-phyA™Cs and 80 pl compe-
tent GS115 cells were used for each transformation.
Transformants were plated onto an MD plate and
incubated at 28 °C for 3~4 d. All plates should be
checked daily. Using a sterile toothpick, pick one
colony and patch the His" transformant in a regular
pattern on both MM and MD plates, making sure to
patch the MM plate first. For testing the effectiveness
of expression conditions, GS115 albumin and GS115
B-Gal were grown as control.

Shake-flask cultivation

Single colonies were inoculated in 10 ml WBEG
medium and grown at 28 °C and vigorously shaken at
250 r/min in a 100-ml flask for 16~20 h. Next, 3%
(v/v) cells were inoculated into 100 ml WBEG me-

dium. Cells were grown at 28 °C for 17~20 h and
shaken at 250 r/min, then harvested by centrifugation
at 5000xg and 4 °C for 5 min. The supernatant was
decanted, and the pellet was resuspended and culti-
vated in a 500-ml flask containing 100 ml induction
medium WBEI. Yeast growth was monitored by
measuring the optical density at 600 nm (ODgp).
1.5% (v/v) methanol was added every 12 h in order to
induce phytase production. The culture supernatant
after induction for 0, 24, 48, 60, 72, 84, 96 and 120 h
obtained by centrifugation was assayed for phytase
activity.

Phytase activity assay

Phytase activity was assayed by measuring the
rate of increase in inorganic orthophosphate (P;) using
the method as previously described (Janne et al., 1998;
Kim et al., 1999; Tye et al., 2002; Kim and Lei, 2005).
One unit of enzyme activity was defined as the activ-
ity that releases 1 pmol of inorganic phosphorus per
minute from sodium phytate at pH 5.5 and 37 °C.
Briefly, the crude enzyme was diluted in a suitable
volume with 50 mmol/L sodium acetate buffer (2
mmol/L CaCl,, 10% (v/v) glycerol, pH 5.5). A reac-
tion mixture containing 250 pl diluted enzyme
preparation and 1 ml 2 mmol/L sodium phytate in 100
mmol/L sodium acetate buffer (2 mmol/L CaCl,, pH
5.5) was incubated at 37 °C for 30 min. Then the
reaction was stopped by adding 1.25 ml of 15% (w/v)
trichloroacetic acid (TCA). Blanks were run by in-
cubating the enzyme samples with TCA for 30 min
before adding the substrate. The released inorganic
phosphate was measured by adding 2.5 ml of a color
reagent. The color reagent was freshly prepared by
mixing four volumes of 1.5% (w/v) ammonium mo-
lybdate in a 5.5% (v/v) sulfuric-acid solution and one
volume of a 2.7% (w/v) ferrous sulfate solution.
Following a 10 min color-development period, the
liberated inorganic phosphate was measured at 700
nm.

Fermentation

A single colony of transformant, found to pro-
duce the highest level of fusion phytase, was used for
inoculation. A 30 ml YPD medium inoculated with
fusion phytase-producing strain was grown in a
200-ml flask at 28 °C for 18 h. The 30 ml cultivated
cells were then inoculated into a 2-L flask containing



Zou et al. / J Zhejiang Univ Sci B 2008 9(7):536-545 539

270 ml YPD medium and grown at 28 °C for a further
16 h, following which 300 ml of the seed culture was
added into a 5-L fermentor (East Biotech Equipment
and Technology Co., Ltd., Zhenjiang, China) con-
taining 2.7 L WBSG medium supplemented with 4%
(v/v) glycerol as the sole carbon source. The tem-
perature during fermentation was maintained at 28 °C
and the pH was adjusted to 5.5 with 50% (w/w)
NH4OH. Dissolved oxygen was measured and main-
tained at over 20% air saturation by regulating agita-
tion to between 300 and 800 r/min. Aeration was
maintained at 1.5~2 vvm. The fermentation was car-
ried out in two phases, a glycerol batch culture phase
for approximately 18~19 h, followed by a glycerol
and methanol fed-batch induction culture phase for 96
h. The glycerol batch culture phase was maintained
until the glycerol had been completely exhausted, as
indicated by a sudden increase in the level of dis-
solved oxygen. During the fed-batch induction cul-
ture phase the 50% (v/v) glycerol was supplemented
with a feeding rate of 12 ml/(L-h) for 12 h. The
methanol feeding (100% (v/v) methanol with 12 ml/L
PTMI1 trace salts) was controlled and the methanol
rate was maintained at 8 ml/(L-h). The fermentation
product was taken periodically after induction for 0,
24, 48, 60, 72, 84 and 96 h for phytase activity assay
and sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) analysis.

Purification of recombinant fusion phytase

All purification steps were carried out at 4 °C
unless otherwise stated (Janne et al., 1998; Zou et al.,
2006; Zhang et al., 2007). The culture supernatant
obtained by centrifugation at 5000xg for 10 min was
supplemented with CaCl, to a final concentration of 2
mmol/L. Initial purification was achieved by mixing
the culture supernatant with 3 volumes of cold (=20
°C) enthanol and the enzyme was precipitated over-
night at —20 °C. The precipitate was pelleted by cen-
trifugation at 5000xg for 20 min, and washed once
with cold (=20 °C) ethanol and once with cold (20
°C) acetone. Protein pellets were air-dried at room
temperature and re-dissolved in 10 mmol/L
Tris-maleate buffer (2 mmol/L CaCl,, 10% (v/v)
glycerol, pH 6.0). The dissolved enzyme was per-
formed by Chromatography Systems BioLogic LP
and BioFrac™ Fraction Collector (Bio-Rad, Califor-
nia, USA). An aliquot of the dissolved sample was

applied to a Q-sepharose fast flow (FF) anion-
exchange column (Amersham Biosiences) equili-
brated with Buffer A (10 mmol/L Tris-maleate, 2
mmol/L. CaCl,, pH 6.0). The bound proteins were
eluted with a linear NaCl gradient from 0 to 0.5 mol/L
using Buffer B (50 mmol/L Tris-maleate, 2 mmol/L
CaCl,, pH 6.0). A flow rate of 5 ml/min was used and
protein elution was monitored by absorbance at 280
nm. The peak fractions were pooled and then dialyzed
against 10 mmol/L sodium acetate buffer (2 mmol/L
CaCl,, 10% (v/v) glycerol, pH 5.5). The portion after
dialysis was concentrated by PEG (polyaethylene
glycol) 20000 and stored at —20 °C for the next step
analysis. The phyA™ acid phytase and phyCs neutral
phytase were purified as we reported previously
(Chen et al., 2005; Zou et al., 2006).

Characterization of recombinant fusion phytase

Enzyme activity assays were performed in de-
fined buffers for various pH and temperature. The
optimal pH was determined at 37 °C using buffers of
0.1 mol/L glycine-HCI (pH 2.0, 2.5 and 3.0), 0.1
mol/L sodium acetate (pH 3.5, 4.0, 4.5, 5.0 and 5.5),
0.1 mol/L Tris-maleate (pH 6.0 and 6.5), 0.1 mol/L
Tris-HCI (pH 7.0, 7.5, 8.0 and 9.0) and 0.1 mol/L
glycine-NaOH (pH 10.0, 11.0, 12.0 and 13.0). All
buffers contained 2 mmol/L sodium phytate and 2
mmol/L. CaCl,. The optimal temperature at pH 5.5
was measured at 16, 26, 37, 45, 50, 55, 60, 65, 70, 75,
80, 90 and 100 °C. The sample was incubated in a
water bath for 30 min, then the reaction was quenched
with 1.25 ml of 15% (w/v) TCA and the phytase ac-
tivity was monitored as previously outlined. For en-
zyme thermostability tests the enzyme was incubated
for 10 min in a water bath at seven different tem-
peratures (37, 75, 80, 85, 90 and 95 °C) in a buffer of
50 mmol/L sodium acetate (2 mmol/L CaCl,, 10%
(v/v) glycerol, pH 5.5) and then cooled to room
temperature. The remaining phytase activity was
measured at 37 °C, as described above.

Deglycosylation

EndoHy was used to deglycosylate the fusion
phytase expressed. Deglycosylation of purified en-
zyme was done according to the manufacturer’s in-
structions (New England Biolabs, Beverly, MA,
USA). After the reaction the mixture was subjected to
SDS-PAGE, using 8% (w/v) separating gels with a
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4.4% (w/v) stacking gel. Gels were stained using
Comassie brilliant blue R-250, methanol and glacial
acetic acid.

RESULTS

Construction of expression vector pPICIK-
phyA™ Cs and its expression in P. pastoris

To create the construction of pPICIK-phyCs, the
phyCs gene was amplified by primers containing the
linker (Gly4Ser); before subcloning into the expres-
sion vector pPIC9K. The final expression vector
pPICY9K-phyA™ Cs, with the expected cloning junction
sequence phyA™-phyCs gene, was selected and se-
quenced before transformation into P. pastoris. The
expression vector containing the phyCs and fusion
phyA™-phyCs genes in pPICIK is shown in Fig.1. The
BspEl-linearized pPIC9K-phyA™Cs was transformed
into competent P. pastoris strain GS115. By lin-
earizing the recombinant vector at the unique site
located in HIS; region, Mut" recombinants were
generated. In this study a total of 40 transformants
appeared and one colony, which exhibited the highest
phytase activity among the colonies examined, was
selected for shake-flask expression. The fusion phy-
tase amino acid sequence is shown in Fig.2. As shown
in Fig.3, after 96 h of methanol induction, the yield of
total extracellular phytase activity reached its highest
value at (25.4+0.53) U/ml in WBEI medium at the
flask scale.

Purification and deglycosylation of the recombi-
nant fusion phytase

The purification of recombinant phytase from
WBEI medium by Q-sepharose FF anion-exchange

phyA™ —»
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chromatography is shown in Fig.4. When applied to
an anion-exchange chromatography column at pH 6.0,
the fusion phytase was eluted as a single peak at about
33 ml. The active protein fraction which showed
higher phytase activity was pooled and combined.
The sample was then dialyzed against a 10 mmol/L
sodium acetate buffer (2 mmol/L CaCl,, 10% (v/v)
glycerol, pH 5.5) and concentrated by PEG 20000,
prior to the measurement of enzyme properties. The
expressed purified fusion phytase showed a broad and
diffuse band rather than a protein with an apparent
molecular size (Fig.5c).

Notl

L3/ AOX1 (TT)

-

pP]C‘JK-ph_-;Cs\,
\

Sall
10.5 kb

(a)

- 3"AOX1(TT)

s
ot
s

Norl

SnaBl

(b)

Fig.1 Maps of recombinant expression plasmids
pPICIK-phyCs (a) and pPICIK-phyA™Cs (b)

YVLAVPASRNQSTCDTVDQGYQCFSETSHLWGQYAPFFSLANESAISPDVPAGCRVTFAQVLSRHGARYPTDSKGKKYSALIEEI
QOQNATTFDGKYAFLKTYNYSLGADDLTPFGEQELVNSGIKFYQRYESLTRNIIPFIRSSGSSRVIASGKKFIEGFQSTKLKDPRAQP
GQSSPKIDVVISEASSSNNTLDPGTCTVFEDSELADAVEANFTATFVPTIRQRLENDLSGVSLTDTEVTYLMDMCSFDTISTSTVD
TKLSPFCDLFTHDEWINYDYLQSLKKYYGHGAGNPLGPTQGVGYANELIARLTHSPVHDDTSSNHTLDSNSATFPLNSTLYADF
SHDNGIISILFALGLYNGTKPLSTTTVQNITQTDGFSSAWTVPFASRLY VEMMQCQAEQEPLVRVLVNDRVVPLHGCPVDALGR

linker

CTRDSFVKGLSFARSGGDWAECFAPPRIGGGGSGGGGSGGGGY

phyCs —»
IKHKLSDPYHFTVNAAAETEPVDTAGDAADDPAIWLDPKNP

QNSKLITTNKKSGLVVYSLEGKTLHSYHTGKLNNVDIRYDFPLNGKKVDIAAASNRSEGKNTIEIYAIDGKNGTLQSITDPDRPI
ASAIDEVYGFSLYHSQKTGKYYAMVTGKEGEFEQYELNADKNGYISGKKVRAFKMNSQTEGMAADDEYGSLYIAEEDEAIW
KFSAEPDGGSNGTVIDRADGRHLTPDIEGLTIY YAADGKGYLLASSQGNSSYAIYERQGQNKY VADFQITDGPETDGTSDTDGI
DVLGFGLGPEYPFGLFVAQDGENIDHGQKVNQNFKMVPWERIADKIGFHPQVNKQVDPRKLTDRSGK

Fig.2 Amino acid sequence of fusion phytase. The restricti

on enzyme sites amino acids are shown in bold, the linker

is shown in italic, and the phy4™ and phyCs genes are shown by the arrows
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Fig.3 Effect of induction time on secretory expressed
fusion phytase in flask scale. Pichia pastoris transfor-
mants were grown in wheat bran extract induction
(WBEI) and 1.5% (v/v) methanol was added for induc-
tion. The phytase activity was expressed as mean+SD
(n=3)
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Fig.4 Purification of fusion phytase by anion-exchange
chromatography. Five ml of dissolved samples con-
taining fusion phytase were applied to a Q-sepharose
FF anion-exchange chromatography column and eluted
with a linear sodium chloride gradient. The fusion
phytase was eluted as a single peak at an elution volume
of approximately 33 ml
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Fig.5 SDS-PAGE analysis of deglycosylated recombinant phytase. (a) Deglycosylation of phyCs phytase. 7.5 pul of
purified phyCs phytase was loaded. Concentrations of protein were 0.968 ng/ul (Lane 1), 1.177 pg/ul (Lane 2, up-
per), 1.029 pg/pl (Lane 2, lower) and 0.837 pg/pl (Lane 3). Lane M: Lower molecular weight protein marker from
TaKaRa; Lane 1: EndoHy; Lane 2: EndoH; (upper) and deglycosylated phytase (lower); Lane 3: Purified phyCs
phytase; (b) Deglycosylation of phyA™ phytase. Six pl of purified phytase was loaded. Concentrations of protein
were 1.036 pg/pl (Lane 1), 0.549 pg/pl (Lane 2, upper), 0.545 pg/pl (Lane 2, lower) and 0.312 pg/pl (Lane 3). Lane
M: Higher molecular weight protein marker from TaKaRa; Lane 1: EndoHy; Lane 2: EndoH; (upper) and
deglycosylated phytase (lower); Lane 3: Purified phyA™ phytase; (c) Deglycosylation of phyA™-phyCs fusion
phytase. Six pl of purified phytase was loaded. Concentrations of protein were 0.3 pg/pl (Lane 1, upper), 0.407 pg/pl
(Lane 1, lower), 0.327 pg/ul (Lane 2) and 0.3 pg/pl (Lane 3). Lane M: Higher molecular weight protein marker from
TaKaRa; Lane 1: Deglycosylated phytase (upper) and EndoH; (lower); Lane 2: EndoHy;; Lane 3: Purified

phyA™-phyCs fusion phytase

To prove that the fusion phytase gene was ex-
pressed successfully in P. pastoris, the phyA™ and
phyCs phytases were also purified and deglycosy-
lated by EndoHy. As shown in Figs.5a, 5b and Sc,
after deglycosylation by EndoH; the phyCs, phyA™
and fusion phyA™-phyCs phytases had an apparent
molecular size of 42, 51 and 95 kDa, respectively.
The linker sequence encoding (Gly,Ser); had a mo-
lecular size of about 2 kDa. Therefore the fusion
phyA"-phyCs phytase gene was expressed success-
fully in P. pastoris as an active and extracellular
enzyme.

Characterization of recombinant fusion phytase
Fig.6a shows the effect of temperature on fusion
phytase activity in defined buffers and the optimum
temperature proved to be 55 °C. The relative activities
of fusion phytase were 0.39, 0.50, 0.68, 0.75, 0.83,
1.00, 0.86, 0.78, 0.40, 0.25, 0.17, 0.10 and 0.06 at 16,
26, 37, 45, 50, 55, 60, 65, 70, 75, 80, 90 and 100 °C,
respectively. As shown in Fig.6b, the purified fusion
phytase had the optimum pH at 5.5 to 6.0, but the over
70% of enzyme activity remained in the range of pH
2.0 to 7.0 including three peaks at pH 2.0 to 2.5, pH
5.5 to 6.0 and pH 7.0. The relative activities of the
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fusion phytase were 0.67, 0.73, 0.49, 0.53, 0.60, 0.78,
0.94, 1.00, 0.99, 0.73, 0.74, 0.25, 0.08, 0.05, 0.02, 0, 0
and 0 at pH 2.0, 2.5, 3.0, 3.5,4.0,4.5,5.0,5.5, 6.0, 6.5,
7.0, 7.5, 8.0, 9.0, 10.0, 11.0, 12.0 and 13.0, respec-
tively. To test the thermostability, the activity of the
fusion phytase was measured after incubation at
various temperatures for 10 min. The relative activity
of the enzyme remains at the levels of 1.00, 0.63, 0.63,
0.57, 0.56 and 0.51 at 37, 75, 80, 85, 90 and 95 °C,
respectively. In conclusion, 51% to 63% of its origi-
nal activity remained after incubation at 75 to 95 °C
for 10 min, as shown in Fig.6¢c. The properties of
phyA™ acid phytase and phyCs neutral phytase were
measured as we reported previously (Chen et al.,
2003; 2005; Zou et al., 2006).

—o— phyA"-phyCs fusion phytase

(a) (b)
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Fermentation

The high cell-density culturing was performed
by feeding 50% (v/v) glycerol (12 ml/h for 12 h) after
the initial amount of glycerol had been exhausted, as
evidenced by the sudden increase in the level of dis-
solved oxygen. As shown in Fig.7b, for the glycerol
batch phase the ODgyy was 129.844.25. The ODgo
reached 143.3£2.8 after the 24 h fed-batch induction
cultivation. Maximum activity occurred within 84 h
of post-induction and SDS-PAGE analysis indicated
that phytase comprised the major protein present in
the broth (Fig.7a). The enzyme secreted into the me-
dium was approximately (159.1+2.92) U/ml, with the
cell density reaching approximately ODgo=178.4+
2.08.

—&— phyA" phytase

(c)

Temperature (°C)

6 g 10 12
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Fig.6 Effects of temperature (a), pH (b) and temperature stability (c) on phytase activity. To test the thermosta-
bility, the enzyme was pre-incubated at various temperatures for 10 min, and residual activity was measured at 37
°C. The data were presented as relative activity at each pH and temperature (n=3)

200.0 kDa

116.0 kDa
97.2 kDa

66.4 kDa

Fusion phytase

44.0 kDa

(a)

= 200 ¢ E0D 200
g Recombinant phytase activity -ii-
= 160 FH A A, e 1160
2 w3 BN I 5 O 4 R\
h i e Hob

% 120 | I - R - 120 ¢
= : : ! ; I . : Q
a . - 3 ;: % e B S
OSOTELER BN N BN BN R
£ : b R - 2 R
£ R I I 8 5 I
S 40 r e R B : : : R 40
3 i - i B - :
3 . B R “BOLR

o Lk ! : : ; AN

0 24 48 60 72 84 96

Induction time (h)

(b)

Fig.7 Fusion phytase production in fermentation. (a) SDS-PAGE analysis. One pl of fermentation product was
loaded. Concentrations of protein were 0.585, 0.738, 0.949, 1.326 and 1.335 pg/pl (from Lane 1 to Lane 5). Lane M:
Higher molecular weight protein marker from TaKaRa as the same as that in Fig.5c¢; Lane 0: Culture supernatant
before induction; Lanes 1~5: Culture supernatant after induction for 24, 48, 72, 84 and 96 h, respectively; (b) The
correlation of culture concentration and activity of fusion phytase with induction time. The data were presented as

mean+SD (n=3)
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DISCUSSION

The most striking success in the study was in
proving the feasibility of expanding the pH profile of
phytase to enhance its catalytic efficiency in the di-
gestive tract. As shown in Fig.6a, the phyd™ acid
phytase exhibited an optimum pH at 2.5 or 5.5, but it
lost most of its activity when the pH was below 2.0 or
above 6.5. The phyCs neutral phytase exhibited an
optimum pH at 7.5 but it lost most of its activity be-
low pH 4.0 or above 10.0. The optimum pH of the
fusion phytase was at 5.5 to 6.0 and over 70% of
relative activity of the enzyme remained in the range
of pH 2.0 to 7.0 including three peaks at pH 2.0 to 2.5,
pH 5.5 to 6.0 and pH 7.0. Only 1%, 40% and 8%
relative activity of the phy4™ phytase remained at pH
2.0, 6.5 and 7.0, respectively. The wild-type phyA
phytase showed optimum pH at 4.6 and lost most of
its activity at pH 2.0 and 6.5 (Chen ef al., 2003). But
79%, 71% and 84% of relative activity of the fusion
phytase remained at pH 2.0, 6.5 and 7.0, respectively,
higher than that of phyA™ and wild-type phyA. Be-
tween pH 2.0 and 4.5, 70% to 92% of relative activity
of the fusion phytase remained, which was higher
than that of phyCs (0% to 25% of relative activity).
Therefore the two phytases may have an interactive
effect which we explored by crystal structure com-
parison (data not shown). However, the fusion phy-
tase activity declined suddenly at pH 7.5, which was
unexpectedly different from that of phyCs. Thus the
fusion phytase could be not only suitable for the acid
but also for the neutral digestive tracts of animals.
Characterization of the recombinant fusion phytase
revealed its higher relative activity and broader pH
optimum, which was considered to be important for
the application.

The fusion phytase had the same optimum tem-
perature at 55 °C as the wild-type phyA phytase, but
its residual activities at 16 °C and 37 °C were higher
than those of phyA™ acid phytase and p/hyCs neutral
phytase (Chen et al., 2003; 2005; Zou et al., 2006). As
shown in Fig.6a, the phyA™ and phyCs phytases re-
vealed optimum temperatures of 60 and 70 °C, re-
spectively. Thermostability is a particularly important
issue since feed pelleting is commonly performed at
temperatures between 65 °C and 95 °C. About 51% to
63% of the original activity of fusion phytase re-
mained after incubation at 75 °C to 95 °C for 10 min

without a protective agent, which was more thermo-
stable than phyA™ phytase (Fig.6¢) and phy4 mutant
which retained 20% activity after being heated at 80
°C for 10 min (Zhang et al., 2007).

The expressed phyA”™, phyCs and fusion
phyA™-phyCs phytases showed a broad and diffuse
band in SDS-PAGE due to the heavy glycosylation
(Fig.5) as described by Markus et a/.(1999) and Zou
et al.(2006). After deglycosylation by EndoHs, the
phyA™, phyCs and fusion phyA™-phyCs phytases had
an apparent molecular size of 51, 42 and 95 kDa,
respectively. The glycosylation may have a number of
effects on the properties of an enzyme, and it may
have a positive effect on the thermostability (Yoshi-
masu et al., 2004; Han and Lei, 1999). As we previ-
ously reported, the glycosylation of P. pastoris phy-
tase appeared to have increased with induction time
and the glycosylated phytase resulted in the en-
hancement of thermostability (Zou et al., 2006), so
we deduced that deglycosylation may lead to the
decrease of fusion phytase thermostability. The puri-
fied phytase showed streaking in SDS-PAGE, but
after deglycosylation the streaking was eliminated as
shown in Fig.5.

Vuolanto et al.(2001) reported recombinant
phyC neutral phytase activity of 48 U/ml with Bacil-
lus subtilis expression system at a 2-L fermentor us-
ing a fed-batch protocol, which was lower than the
phyCs phytase activity of 54 U/ml expressed in P.
pastoris (data not shown). The modified phyA-sh acid
phytase activity expressed in P. pastoris only reached
125 U/ml at a 5-L fermentor reported by Xiong et al.
(2005). In this paper, after an induction period of 84 h,
the fusion phytase activity reached (159.1+£2.92) U/ml
at a 5-L fermentor using a fed-batch protocol. This is
the first report of a fusion phytase gene in P. pastoris
which has been shown to be suitable for high-level
expression of various heterologous proteins, either
intracellular or secretory. Under fermentation condi-
tions P. pastoris has been shown to be able to grow to
high cell densities capable of giving high levels of
expressed protein with levels greater than 10 g/L
reported (Cregg and Higginns, 1995; Romanos, 1995;
André et al., 2006). So there is a huge potential for the
fermentation of fusion phytase if optimizing the cul-
tivation conditions. According to our calculation, the
cost of the BMMY (buffered methanol-complex me-
dium), BSM (basal salts medium) and WBSG media
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was 7.5, 2.5 and 0.5 Yuan/L, respectively. Hence
compared with the expensive BMMY and BSM
(Xiong et al., 2005) media, WBSG is an economical
medium for the growth of P. pastoris and phytase
expression.

In conclusion, the phyA™-phyCs gene was suc-
cessfully expressed as an active and extracellular
phytase in P. pastoris. The fusion phytase shows an
extended pH profile and favourable thermostability
suitable for production and application.
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