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Abstract

The Escherichia coliphytase genappAwas highly expressed in the methylotrophic yeRtia pastorisunder the control of the
AOX1promoter. Replacement of culture medium with fresh medium in order to remove repressing glycerol and metabolic wastes prior
to methanol induction significantly improved phytase expression. The phytase activity level was enhanced from 118 to 204 U/ml at the
flask scale and 1880-4946 U/ml for high cell-density fermentation, respectively, by appropriately modifying the medium composition and
fermentation strategy. Most of the protein in the culture supernatant was recombinant phytase, the enzyme characteristics of which were
similar to nativeE. coli phytase.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction [13,14], Emericella nidulans Talaromyces thermophilus
[15], Aspergillus terreusMyceliophthora thermophil§16]
Phytic acid (myoinositol hexakisphosphate), the major were cloned and expressed. Among these phytase genes, the
storage form of phosphorous in plant segds3], is regarded E. coli phytase geneappA has been reported to demon-
as an antinutrient factor since it forms insoluble complexes strate the greatest specific activity compared to those from
with proteins and a variety of nutritionally important metal other microorganismglL7,18]
ions such as calcium, zinc, magnesium, and iron, and de- The appA gene has been successfully expressedt.in
creasing the bioavailability of phouro(4,5]. Monogastric ~ coli [19,20], Pichia pastoris[12,21Jand Streptomyces livi-
animals are unable to utilize phytic acids due to the low lev- dans[21]. For several years now, the methylotrophic yeast
els of phytase activity in their digestive tracts and inorganic P. pastorishas been successfully developed for the het-
phosphate is commonly added into the feed for the purposeserologous expression of foreign proteif22—24] Alcohol
of phosphorous supplementatif@). Phytasesrfiycinositol oxidase (AOX1), involved in the first step of methanol
hexakisphosphate 3- or 6-phosphohydrolases; EC 3.1.3.8 ommetabolism, is strongly induced by methaf@l. A protein
EC 3.1.3.26) are typically found in plants, certain animal of interest cloned under the control of tA©X1promoter is
tissues and many microorganisnig-11]. Supplemental  highly expressed when methanol is used as the sole carbon
microbial phytase present in corn- or soybean-based feedsource and is repressed by most other carbon so(B¢es
for pigs or poultry has been demonstrated to effectively im- In 2003, Stahl et al[21] reported thabppAwas expressed
prove phosphorous utilization and reduce fecal phosphorousin S. lividansat 950 U/ml. Such a level was not sufficient
excretion of such animalf§]. In order to obtain phytases for commercial production for feed additive applications.
with a high activity or thermostability, phytase genes from In this paper, we demonstrate that the productio& ofoli
Escherichia coli[9,12], Bacillus sp.[11], Aspergillus niger phytase irP. pastoriswas greatly improved by adjusting the
culture medium composition and by altering the fermenta-
* Corresponding author. Tel:886 2 23634796; fax:-886 2 27037341, tion process. The biochemical properties of the recombinant
E-mail address:cthuang@ntu.edu.tw (C.-T. Huang). phytase were also determined.
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2. Materials and methods
2.1. Strains and plasmids

The appA gene was amplified by PCR using an
appAcontaining vector as the templaf25]. An upstream
primer 3-GCGAATTCCAGAGTGAGCCGGAGCTG and a
downstream primer’'sGCTCTAGATACGCATTAGACAG-
TTCTTCGTT were used, whil&ecoRl and Xba restric-
tion sites (underlined) were designed for flanking the PCR
product at the 5 and 3-terminus, respectively. The PCR
fragment was cloned into thecaR1/Xba site of pPIC&A
(Invitrogen, Carlsbad, CA, USA) in order to produce the ex-
pression plasmid pPIGA:appA. The phytase expression
plasmid was transformed int®. coli DH5« (GIBCOBRL,
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This batch culture was maintained until the glycerol in the
medium had been completely exhausted as indicated by a
sudden increase in the level of dissolved oxygen. Cells were
then collected by centrifugation and resuspended in 21 of
fresh mBMMHY containing 0.5% (v/v) methanol and then
returned to into the fermentor for phytase induction. Dur-
ing the induction period, methanol feeding (100% methanol
with 12ml/l PTM; trace salts, Invitrogen) was controlled
and the methanol concentration was maintained at 0.5% us-
ing the MC-168 controller (PTI Instruments, Inc., Lincoln,
NE, USA). Samples were taken periodically throughout this
phase for phytase and protein analyses. For high cell-density
fermentationP. pastorisKM71-61 was cultured in a volume

of 21 FBSH (pH 5.0) supplemented with PiMrace salts
and 4% glycerol. Prior to the exhaustion of glycerol, a so-

Grand Island, NY, USA) and selected under the pressure oflution of 50% (v/v) glycerol containing 12 ml/| PTiMtrace

25pg/ml zeocin (Invitrogen). The plasmid was purified and
linearized byPme for transformation into the expression
hostP. pastorisKM71 (his4, aox1::ARG4, argdMut®; In-
vitrogen). One transformant, KM71-61 was found to feature

slats was fed for 20 h at a rate of 25 ml/h. Subsequently, the
cells were harvested and resuspended in 2| of fresh FBSH or
mBMMHY for phytase induction. The methanol concentra-
tion was also maintained at 0.5% by means of the MC-168

the most pronounced phytase activity and was used as thecontroller during this period.

phytase-producing strain for this study.
2.2. Media and culture conditions

E. coli strains were cultured in Luria-Bertani (LB)
medium (Difco, Detroit, MI, USA) or low-salt LB when
using zeocin as the selection antibiotic. Different media
used forP. pastoriscultivation are listed infable 1 TheP.
pastorisstrain KM71-61 was cultured in a 500 ml Hinton
flask containing 100 ml standard rich medium BMGY or
modified medium mBMGHY, respectively, supplemented
with 1% (v/v) glycerol as a carbon source. Cells were
grown at 30°C and shaken at 250 rpm until an g4g value

2.4. Enzyme assay

Phytase activity was determined according to the 1999
report of the technique of Bae et §6] with minor mod-
ification. Briefly, 75ul of enzyme solution was incubated
with 300l substrate solution (1.5mM sodium phytate in
0.1 M sodium acetate buffer, pH 5.0) at 37 for 20 min.
The reaction was stopped by adding a volume of ;3I76f
5% (w/v) trichloroacetic acid. The released inorganic phos-
phate was analyzed by adding 3750f a coloring reagent
(freshly prepared by mixing four volumes of 1.5% (w/v)
ammonium molybdate in a 5.5% (v/v) sulfuric-acid solution

of approximately 20 had been reached, then harvested byand one volume of a 2.7% (w/v) ferrous sulfate solution)

centrifugation at 3000« g and 4 C for a period of 5min,
followed by removal of the supernatant. After washing the
biomass with potassium phosphate buffer (100 mM, pH 6.0),

and the solution’s absorbance at 700 nm was measured by
means of a Versamax microplate reader (Molecular Devices,
Sunnyvale, CA, USA). One unit of phytase activity was de-

the pellet was resuspended in 100ml standard inductionfined as the amount of activity that releasqsmol of phos-

medium BMMY, modified induction medium mBMMHY,
or minimal media FBSH in separate 500 ml Hinton flasks

phate per min at 37C. The protein concentration of the
medium was determined by means of a BCA protein-assay

as the protocol dictated. Methanol (0.5%, v/v) was added kit (Pierce Biotechnology, Inc., Rockford, IL, USA) using

to the Hinton flask every 24 h in order to induce phytase
production during the induction period.

2.3. Fermentation

P. pastoriskM71-61 was cultured in a 500 ml Hinton
flask containing 100ml BMGY at 30C until an ODQyoo
value of around 20 had been reached, following which 10 ml
of the seed culture was added into a 51 jar fermentor (B.
Braun Biotech International, Germany) containing 2 | of mB-
MGHY supplemented with 4% (v/v) glycerol. The temper-
ature and pH during fermentation were maintained &tC30

bovine serine albumin as a standard.
2.5. Electrophoresis and phytase zymogram analysis

SDS-PAGE and native-PAGE were performed on slab
gels containing 10% (w/v) polyacrylamide. For phytase zy-
mogram analysis, the denaturing temperature selected was
70°C rather than 100C to prevent enzyme inactivation.
The SDS-PAGE gel was soaked in a 0.1 M sodium-acetate
buffer (pH 5.0) containing 1% (v/v) Triton X-100 for a pe-
riod of 1 h at room temperature and then movingittoa0.1 M
sodium-acetate buffer solution (pH 5.0). Phytase activity was

and 6.0, respectively. The stirring speed was set to 800 rpmdetected by incubating the gel in a 4 mM sodium-phytate so-

with airflow being maintained at approximately 2—-3vvm.

lution in 0.1 M sodium-acetate buffer for a period of 20 min.
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Table 1

Media for P. pastoriscultivation

Media Composition

BMGY 1% Glycerof, 1% yeast extract (YE), 2% peptone, 0.34% yeast nitrogen base w/o amino acids and ammonium sulfate (YNB), 1%

(NH4)2SO; (W/v) and 4 x 10-5% biotin in pH6.0 100 mM potassium phosphate buffer
BMMY 0.5% Methanol, 1% YE, 2% peptone, 0.34% YNB, 1% (NpSO; (W/v) and 4 x 107°% biotin in 100 mM potassium phosphate buffer
mBMGHY 1% Glycerol, 1% YE, 1% (N)>SO4 (W/v) and 4 x 1075% biotin, 0.004% histidine in 100 mM potassium phosphate buffer
mBMMHY  0.5% methanol, 0.1% YE, 1% (NP>SQ; (w/v) and 4 x 10-°% biotin, 0.004% histidine in 100 mM potassium phosphate buffer
FBSH 26.7ml/l POy (85% stock), 0.93 g/l CaS0 18.2g/l K,SOy, 14.9g/l MgSQ-7H,0, 4.13 g/l KOH and adjusted to pH 5.0 by NEH.
Add 0.004% histidine and 0.435ml of PTM1 trace metal solution (6 g/l CuS®»O, 0.08 g/l Kl, 3 g/l MgSQ-H,0, 0.2 g/l NaMoOy,
0.02 g/l HsBO3, 0.5g/l CoC}, 209/l ZnCh, 659/l FeSQ-7H,0, 0.2 g/l biotin and 5ml KSOy)

2The concentration of carbon source may be varied.

Subsequent to two washings with water, the phytase bandsFig. 1 When grown in BMGY for 24h and induced by
were detected by immersing the gel in a coloring reagent the addition of 0.5% methanol every 24 h without medium
(freshly prepared by mixing 18 ml of 2.5N HCI, 18 ml of replacement, no phytase activity was detected for the first

2.6% (w/v) ammonium molybdate, 13 ml of dB and 1 ml 48h. By contrast, phytase activity was detected immedi-

of a 0.126% (w/v) malachite-green solution) for a period of ately, and its relative level increased with time, when the

1-2 h until the relevant visible green band(s) appeared. existing culture medium was replaced by fresh BMMY
prior to induction.

2.6. Deglycosylation of the enzyme We noticed that the protein concentration had barely

changed during either the cell-growth in BMGY or the in-
Recombinant phytase was treated with 0.5 IU of endogly- duction periods in BMMY, indicating that peptone, YNB
cosylase H (Endo H New England Biolabs, Beverly, MA,  and YE might be in excess in the medium during these peri-
USA) for 1 h at 37C according to the manufacturer’'s in- ods. In order to utilize the culture medium more efficiently,
structions. For samples used for zymogram analysis, the de-we modified the medium composition by reducing the con-
naturing process that was conducted prior to the Engdo H centrations of peptone, YNB and YE. Cells cultured in
treatment was eliminated. mMBMGHY medium, as modified from BMGY medium by
replacement of peptone and YNB with histidine, showed lit-
tle difference in viable-cell concentration and g@Ppwhen

3. Results compared to those cultured in BMGY (data not shown).
) For media used for induction, we noted no significant dif-
3.1. Flask level expression ference in relative phytase activity for situations when cells

) . were induced with BMMY or FBSH, reaching levels of 118

The phytase production of ttie pastorisKkM71-61 con-  and 123 U/ml respectively after 96 h induction. The phy-
struct grown in different media in flasks is illustrated in (55e production was increased when a modified mBMMHY
medium was used. The mBMMHY medium was modified

250 from BMMY medium by replacing peptone and YNB with
e By wlo reptace histidine and the YE concentration was reduced from 1 to
= 200{ ---v—- BMGY to mBMMHY P 0.1%. The phytase activity in mBMMHY was 204 U/ml
£ TV BMGYIoFBSH g after an induction period of 96 h, virtually twice the level
E 150+ that it achieved when induction was conducted in BMMY
% or FBSH.
§ 100 1
% 5 3.2. Phytase production at high cell-density
o
The high cell-density culturing was performed by feed-
0y ing 500ml of 50% glycerol (25ml/h) after the initial
120 amount of glycerol had been exhausted as evidenced by
Induction time (h) the abrupt increase in the level of dissolved oxygen. For
_ _ _ _ _ _ this glycerol-fed batch culture, the viable-cell concen-
Fig. 1. Effect of induction media on phytase activi®.pastorisKM71-61 tration and the OBpo were 2.59+ 0.21 x 10 cfu/ml

was grown in 100 ml BMGY for 24 h and 0.5% methanol was added for .
induction. Solid circle represents the induction without medium replace- and 321+ 13, resPeCtNely‘ After the glycerol-fed batch

ment; open circle, open triangle and solid triangle represent the induction Cultivation, cells were centrifuged and resuspended in
with medium replacement by BMMY, FBSH and mBMMHY, respectively. fresh FBSH or mBMMHY and returned to the fermentor.
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6000 7 media. Both phytase and protein production increased with
° £ time regardless of the medium used for culturing. Cells
= 50001 o = ° 2 induced in FBSH produced 3.7 g of protein/l of culture
=} 4000 _ r5 :.:)’ supernatant with a phytase activity level at 1880 U/mi
-‘E o L4 B following induction for a period of 192 h. The protein con-
£ 3000+ " 2 centration of cells induced in mMBMMHY medium reached
o : ] M3 § 6.4g/l of culture supernatant and the phytase activity
g 2000 © P was noted to be 4946 U/ml after an induction period of
T 10001 . g 192h.
o
06 24 48 72 96 130 1a4 168 192 0 3.3. Electrophoresis and phytase zymogram analysis

Induction time (h) . . . .
The glycosylation ofP. pastorisphytase was visualized
Fig. 2. Protein and phytase productionRfpastoriskM71-61 in the high by SDS-PAGE analysis and three major bands were found
cell-density fermentation. Solid and open circles represent the protein gt 56 6, 60.3 and 64.4 kD#&ig. 3A). The intensity of these

concentrations in response to the induction with medium replacement ; e : - TR
by FBSH or mBMMHY, respectively. Black and gray bars represent the bands increased with induction time, indicating that the level

phytase activities in response to the induction with medium replacement of recombinant phytase production was proportional to the
by FBSH or mBMMHY, respectively. induction level. According to the results of non-denaturing

PAGE analysis suggested that the native phytase exists as a
Methanol was fed to the medium in order to maintain the dimer ig. 3B). Subsequent to deglycosylation by treatment
methanol concentration at 0.5% using the methanol con-with Endo H, only a single 45kDa band was visualized,
troller. Fig. 2 reveals the phytase and total extracellular this being the predicted molecular mass of a native phytase
protein production byP. pastoris KM71-61 in different gene Fig. 4).

79r
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Fig. 3. PAGE analysis of the recombinant phytase. (A) SDS-PAGE of culture supernatant at different induction time. Lanqul-e8culture supernatant
after 24-192 h induction was loaded. Lane M, Pre-stained protein marker. (B) Native PAGE of the phytase separated with 10% non-denaturing gel. Lane
HM, high molecular weight protein marker. Phy: phytase.
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Fig. 4. SDS-PAGE (A) and zymogram (B) analysis for phytase activity of the recombinant phytase before (Lane: 2, 4) and after (Lane: 1, 3) deglycosylati
by Endo H.

4. Discussion by the results of the SDS-PAGE assay. According to
appA gene-sequence analyses, there exist three predicted

P. pastorishas received tremendous attention for the ex- N-glycosylation site§12,29] The molecular weight of re-

pression of eukaryotic proteins since it has become com-combinant phytase subsequent to deglycosylation by Endo

mercially available. The advantages Bf pastorisas an H; appeared to be similar to that of the native form of

expression host include a strongly inducible promoter and phytase[12,29] Some minor bands did appear for phytase

post-translational modification activity. In 1999, Rodriguez subsequent to the longer induction time, suggesting that

et al.[12] reported that the expressionef coli appA2gene some proteolytic enzymes may be producedPbpastoris

in P. pastorisand that the maximum phytase activity after during the induction period. This observation is similar to

an induction period of 72 h was 114 U/mL. In our study, we chitinase expression bly. pastoris[30]. In this study, we

have successfully expressed #mpAgene inP. pastorisand have demonstrated that the productivityEf coli phytase

produced phytase at fermentor-scale. The level of phytasein P. pastorisfermentation peaked at 4946 U/ml. This high

activity was tremendously enhanced in a high cell-density yield would thus suggest that phytase production Ry

fermentation as a consequence of our modifying the medium pastoriswas both economical and feasible.

composition and the fermentation strategy. We also found

that culture-medium replacement was crucial to achieving

high levels of phytase production. This might be attributed to

the complete removal of glycerol or metabolic wastes. Some ) ) ) ) )

earlier studies have demonstrated that the gradual addition  Financial support for this work from the National Science

of methanol prior to the glycerol depletion in the culture Council of the ROC (Grant No. NSC91-2317-B-001-025) is

medium might have facilitated the de-repression ofx@X1 greatly appreciated.

promoterf24,27] Use of a methanol monitor/controller also
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