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Abstract The phytase (PPHY) of Pichia anomala has
the requisite properties of thermostability and acidstability,
broad substrate spectrum, and protease insensitivity, which
make it a suitable candidate as a feed and food additive.
The 1,389-bp PPHY gene was amplified from P. anomala
genomic DNA, cloned in pPICZaA, and expressed extra-
cellularly in P. pastoris X33. Three copies of PPHY have
been detected integrated into the chromosomal DNA of the
recombinant P. pastoris. The size exclusion chromatography
followed by electrophoresis of the pure rPPHY confirmed
that this is a homohexameric glycoprotein of ~420 kDa
with a 24.3 % portion as N-linked glycans. The tempera-
ture and pH optima of rPPHY are 60 °C and 4.0, simi-
lar to the endogenous enzyme. The kinetic characteristics
Ky Vi Koo and K, /K, of tPPHY are 0.2 £ 0.03 mM,
78.2 £+ 1.43 nmol mg~! s7!, 65,655 + 10.92 s~!, and
3283 4 3.12 uM~! s7!, respectively. The optimization
of medium components led to a 21.8-fold improvement in
rPPHY production over the endogenous yeast. The rPPHY
titer attained in shake flasks could also be sustained in the
laboratory fermenter. The tPPHY accounts for 57.1 % of the
total secreted protein into the medium. The enzyme has been
found useful in fractionating allergenic protein glycinin from
soya protein besides dephytinization.
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Introduction

Phytic acid (myo-inositol 1,2,3,4,5,6-hexakisphosphate)
is the major storage form of organic phosphorus in plant
products, which accounts for 50-80 % of the total phos-
phorus [5]. In humans and other non-ruminants, bio-
availability of phosphorous remains very low, as ingested
phytate is largely excreted that causes both nutritional and
environmental pollution problems. Phytase (myo-inositol
hexakisphosphate phosphohydrolase) is an acid phos-
phatase capable of cleaving at least one phosphate from
phytate. For improving the dietary phosphorus availability
in monogastrics such as swine, poultry, and fish, mobiliza-
tion of phytate phosphorus by phytate-degrading enzymes
is desirable. Phytases of fungal origin are therefore added
to animal feeds in order to ameliorate phosphorus availa-
bility and assimilation, and to mitigate anti-nutrient effects
of phytates [9]. Phytases [myo-inositol hexakisphosphate
3-phosphohydrolase (EC 3.1.3.8) and myo-inositol hexaki-
sphosphate 6- phosphohydrolase (EC 3.1.3.26)] belong to
the family of histidine acid phosphatases (HAPs) and cata-
lyze stepwise hydrolysis of phytic acid to inorganic phos-
phate and myo-inositol phosphate derivatives [15]. These
enzymes are synthesized in plants, animals, and microor-
ganisms in cell-bound or extracellular form. Since phytases
from different sources vary in biochemical characteristics
like temperature and pH optima, not all are suitable for
industrial applications [9]. The available phytases are often
unsuitable for practical use because of the constraints of
thermostability and proteolytic cleavage. Phytases must
sustain the heat denaturation of feed pelleting processes
and proteolytic cleavage of the ingested phytase in stom-
ach and small intestine by pepsin and trypsin. The cleavage
of phytase results in the need for a relatively high level of
phytase supplementation to animal feeds [24]. A versatile
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phytase that overcomes these limitations would be more
suitable for application as a food and feed additive.

Phytase from P. anomala (PPHY) is one of the well-
characterized phytases. It is a cell-bound thermo-acid-sta-
ble phytase with broad substrate specificity [29] and thus
is a suitable candidate for supplementation of poultry and
fish feeds [30] and dephytinization of soymilk [10]. Despite
extensive efforts, adequate levels of phytase production
by P. anomala could not be attained by process optimiza-
tion [11, 28]. Pichia pastoris has been a host of choice for
heterologous expression of various proteins of eukaryotic
origin [18] and therefore the PPHY gene has been success-
fully cloned and expressed extracellularly in P. pastoris for
the first time in this investigation. A medium has been for-
mulated that supports the production of high enzyme titers
in shake flasks. The number of copies of the phytase inte-
grated into P. pastoris genome has been determined and the
recombinant phytase has been purified to homogeneity and
characterized. The utility of phytase in the fractionation of
allergenic glycinin from soy protein and dephytinization
has been demonstrated.

Lab culture collection

Invitrogen, USA
Invitrogen, USA

Medium for expression Source

cMMme
YMTS

Manipulation and maintenance of the—
expression vector

Source of phytase ORF
Mut* Expression host"

Materials and methods
Strains, media, and oligonucleotides used
The strains, media, and culture conditions, and primer

sequences used in this investigation are listed in Tables 1
and 2, respectively.

37°C
30 °C
30°C

Checking the suitability of the PPHY gene for expression
in P. pastoris

Growth medium Growth temperature Use

LB? LSLBP
MYPG®
YPDS, YPDS!

Before starting PPHY expression studies in eukaryotic
host P. pastoris, phytase ORF (GenBank: FN641803.1) of
P. anomala was analyzed for codon bias. The percentage
usage of different codons for a particular amino acid was
calculated and compared with that of a codon usage in the
highly expressed proteins in P. pastoris [2].

Construction of rPPHY-pPICZaA

relAl gyrA96 deoR nupG
O80dlacZAMI5 A (lacZYA-argF)
U169, hsdR17 (rK— mK+), A—

A two-step cloning strategy was used to clone the PPHY
gene. Genomic DNA from P. anomala MTCC4133 was
isolated according to Ledeboer et al. [14]. The phytase
ORF was amplified using gene-specific primers (Phy F/
and Phy R’). The 1,389-bp PCR product flanked with
EcoRI and Xbal restriction sites was cloned into pGEM-
T Easy vector (Promega, Madison, WI, USA), and the
recombinants (E. coli DH5a carrying rPPHY-pGEMT)
were selected by blue-white selection on Luria—Bertani
(LB) agar supplemented with 100 wg ml~! ampicillin and

(F-endAl ginV44 thi-1recAl

Genotype
Mut™

" Mut* designates methanol utilization plus phenotype and refers to the wild-type ability of strains to metabolize methanol as the sole carbon source

Table 1 Strains, media, and culture conditions

b Low-salt Luria—Bertani medium (pH7.5)

¢ Malt-yeast—peptone—dextrose medium (pH 6)

¢ Yeast extract—peptone—dextrose medium (pH 6.0)

" Yeast extract—peptone—dextrose—sorbitol medium (pH 7.5)
¢ Yeast extract—-methano—Tween-80 medium (pH 6.0)

Organism

Escherichia coli DH5a

Pichia anomala MTCC 4133 -

P. pastoris X33

? Luria-Bertani medium (pH 7.0)
4 Cane molasses medium (pH5.5)

@ Springer



J Ind Microbiol Biotechnol (2014) 41:977-987

979

Table 2 Primers used in this investigation

Primers Sequence (5" — 3) Restriction site T, (°C) Annealing temp (°C)
Gene amplification primer

Phy F/ CCCGAATTCATGGTCGCTATACAAAAAGCTCTCGTTC EcoRI 65 60

Phy R’ CCCTCTAGAAATCTCGTAATTCGCTCGGCGGTGGCATTGTACTG Xbal 71
Sequencing primers

T7 TAATACGACTCACTATAGGG - 47 36

SP6 TATTTAGGTGACACTATAG - 41
Primers for probe amplification

AOX F GCAAATGGCATTCTGACATCC - 62 55

AOXR’ GACTGGTTCCAATTGACAAGC - 60

(of rPPHY-pPICZaA (Fig. 1) were screened by colony PCR
g;@f pr and confirmed by double digestion.
v Shice 0‘0_,,0 Transformation and screening of rPPHY secreting P.
v& pastoris integrants
“

rPPHY-pPICZoA
5.0 Kb

Fig. 1 Pictorial presentation of recombinant vector rPPHY-pPICZaA

0.1 mM isopropyl--D-thiogalactopyranoside (IPTG) and
40 wg ml~! X-gal. The insert was reconfirmed by colony
PCR and double digestion. rPPHY-pGEMT plasmid was
isolated using plasmid isolation kit (Macherey-Nagel,
Diiren, Germany) and double digested using EcoRI and
Xbal to release the phytase fallout. The fallout was sub-
cloned into pPICZaA (Invitrogen, Carlsbad, CA, USA),
and linearized using EcoRI and Xbal. The linearized
pPICZaA was dephosphorylated with CIAP (Calf Intestinal
alkaline phosphatase, NEB, USA). Double-digested PPHY
and pPICZaA were subjected to ligation using T4 DNA
ligase (NEB, USA), and the ligated product was trans-
formed into E.coli DH5a. Zeocin-resistant transformants
were selected on low-salt Luria—Bertani (LSLB) medium
supplemented with 25 g ml~'of Zeocin (InvivoGen,
San Diego, CA, USA). Positive transformants harboring

Electrocompetent P. pastoris cells were prepared accord-
ing to Cregg et al. [4]. An amount of 10 pg of Pmel lin-
earized single-copy vector was used to transform P. pas-
toris electrocompetent cells. Electroporation was done
according to Pichia expression kit manual (Invitrogen,
Carlsbad, CA, USA). Yeast colony PCR was used to iden-
tify positive clones harboring phytase ORF. Spheroplast-
ing of the P. pastoris was done before proceeding to col-
ony PCR by swirling single yeast colony in 30 wl buffer
containing 1 U of lyticase (Sigma). After spheroplasting,
5 wl of the suspension was used as a template in PCR mix.
Yeast colonies harboring PPHY ORF were plated on Yeast
extract-Peptone-Dextrose-Sorbitol (YPDS) agar containing
100 g ml~! Zeocin. Integrants resistant to 100 pwg ml~!
Zeocin were grown on higher concentrations (500 and
1,000 g ml~!) of Zeocin. P. pastoris clones resistant to
1,000 pg ml™' Zeocin concentration were screened for
rPPHY production. These clones were first grown in Yeast
extract-Peptone-Dextrose (YPD) broth and then in Yeast
extract-Peptone (YP) medium containing 0.5 % (v/v)
methanol. The production of rPPHY by these clones was
checked by quantitative phytase assay.

Quantitative phytase assay

Extracellular and cell-bound phytase activity in the recom-
binant P. pastoris clones were assayed by determining the
amount of phosphate liberated from hydrolysis of calcium
phytate. For preparing protein extract, P. pastoris cells were
homogenized in a French press (Constant systems, UK) at
20 Kpsi and then the filtrate containing intracellular pro-
teins was used to assay intracellular rPPHY and the cell-
free culture filtrate was used to assay extracellular rPPHY.

@ Springer



980

J Ind Microbiol Biotechnol (2014) 41:977-987

The reaction mixture containing 0.1 ml appropriately
diluted enzyme, 0.4 ml acetate buffer (50 mM, pH 4.0), and
0.5 ml 4 mM calcium phytate was incubated at 60 °C for
15 min. For color development, 2 ml of acetone-ammonium
molybdate solution (100 % acetone, 5 N H,SO,, 100 mM
ammonium molybdate in a 2:1:1 ratio) were added to the
reaction mixture, followed by 0.1 ml of 0.1 M citric acid
to stop the reaction. The phosphate released was deter-
mined according to Heinonen and Lahti [6]. One unit (U)
of phytase is defined as the amount of enzyme that liberates
1 nmol of inorganic phosphate ml~' s~ under the defined
assay conditions.

Gene copy number in the recombinant P. pastoris

The copy number of the PPHY gene in recombinant P. pas-
toris was determined by Southern hybridization. Genomic
DNA was isolated from P. anomala, rPPHY harboring P.
pastoris clone, and host P. pastoris using genomic DNA
isolation kit (Zymo Research). Genomic DNA was quanti-
fied in a BioSpectrophotometer (Eppendorf). DNA (2 pg)
from each source was digested overnight with Nde I (NEB)
that does not cut within the PPHY ORF. The fragments
were separated electrophoretically on 0.8 % agarose gels
(Sigma, USA) at 10 V for 18 h and transferred onto a posi-
tively charged nylon membrane (Sigma, USA) by capillary
transfer using the Southern transfer protocol [20]. Hybrid-
ization was carried out with a ~500-bp probe, which was
amplified using pPICZaA as template with AOX F' and
AOX R’ primers (Table 2). The AOX probe was biotinylated
using Biotin Decalabel DNA Labeling Kit (Fermentas).
Biotinylated probes were detected with streptavidin cou-
pled to alkaline phosphatase. The detection was performed
by colorimetry using the Biotin Chromogenic Detection
Kit (Fermentas) that uses BCIP/NBT (5-Bromo-4-chloro-
3-indolyl phosphate/Nitro blue tetrazolium) substrate sys-
tems. The developed blot was digitized and stored at 4 °C.

Statistical optimization of rPPHY production

The critical cultural variables for attaining maximum
phytase production were first identified by Plackett—Burman
(PB) design [17]. The medium composition that resulted in
the secretion of the highest enzyme titer after PB screening
was considered as the basal medium, and used for optimiza-
tion by response surface methodology (RSM) using central
composite design (CCD). The levels of three independent
variables [yeast extract (A), Tween-80 (B) and methanol
(C)] were selected for further optimization by RSM. The
statistical software package Design-Expert 6.0 (StatEase,
Inc., Minneapolis, MN, USA) was used for analyzing the
experimental design and data. Each factor in the design
was studied at five different levels (—a, —1, 0, +1, +a)
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Table 3 Range of variables chosen for RSM

Variable (%) o —1 0 +1 —a
A: Yeast extract 0.25 0.5 1.0 1.5 1.75
B: Tween-80 0.1 0.2 0.3 04 0.5
C: Methanol 1.0 2.0 3.0 4.0 5.0

(Table 3). A set of 20 experiments was carried out. All vari-
ables were taken at a central coded value considered as zero.
Upon completion of the experiments, the average maxi-
mum phytase production was considered as the dependent
variable or response (Y). A second-order polynomial equa-
tion was then fitted to the data by a multiple regression
procedure. This resulted in an empirical model that related
the response measured to the independent variables of the
experiment.

For a three-factor system, the model equation is as given
below:

Y = B0+ B1A + B2B + B3C + B11A>
+ B22B% + B33C? + B12AB + B23BC + B13AC

where Y, predicted response; 0, intercept; 81, 82, B3, lin-
ear coefficients, g11, 822, B33, squared coefficients; S12,
B23, B13, interaction coefficients. To obtain the optimum
concentration of the medium components, Design-Expert
software was used to generate response surface curves using
the above model. The model was validated by the solutions
suggested by the software. The recombinant phytase pro-
duction was also carried out in a 7-1 laboratory fermenter
(Applicon, The Netherlands) with 3-1 working volume.
The fermenter was operated at 30 °C and 250 rpm (rota-
tion per minute) with 1 vvm aeration and without maintain-
ing pH. To induce rPPHY production, methanol 3 % (v/v)
was added aseptically into the fermenter via injection port
every 24 h. The samples were drawn at the desired intervals
aseptically and the culture filtrates were used in the phytase
assays and determining soluble protein and yeast biomass.

Purification of rPPHY

The culture supernatant containing rPPHY was concentrated
by lyophilization using a freeze dryer (FD-1) and freezing
bath (EYELA, Japan). The lyophilized rPPHY was reconsti-
tuted in a minimum volume of sodium acetate buffer (50 mM
pH 4.0). Anion exchange column chromatography was per-
formed using DEAE Sepharose CL-6B (Sigma) matrix. A
linear gradient of 0.1-1 M NaCl in 50 mM Na-acetate buffer
(pH 4.0) was used for eluting the bound rPPHY. The enzyme
was further purified using size exclusion chromatography
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(SEC) on Sephacryl S-200 high-resolution column (16/60).
Cytochrome C (12.4 kDa), carbonic anhydrase (29 kDa),
bovine serum albumin (66 kDa), yeast alcohol dehydroge-
nase (150 kDa), sweet potato B-amylase (200 kDa), and fer-
ritin (Mr 450 kDa) were used as molecular weight standards.
Further analysis was performed by subjecting rPPHY to
electrophoresis under denaturing conditions on gels contain-
ing 12 % (w/v) polyacrylamide.

Zymogram development

The pure rPPHY was run on 8 % native-PAGE and the gel
was washed with 100 mM sodium acetate buffer (pH 4.0)
and kept at 4 °C immersed in the same buffer for 30 min.
After 2 h of immersion, the buffer was replaced with 1 %
sodium phytate solution prepared in 100 mM sodium
acetate buffer (pH 4.0) and kept at 60 °C for 2 h allowing
rPPHY to act upon the substrate. A 10 % CaCl, solution
was poured on the gel to resolve the zone of hydrolysis.

Glycoprotein staining and deglycosylation of the rPPHY

Periodic acid-Schiff (PAS) staining was carried out to
assess the glycosylation level of rPPHY where oligo-
saccharide moieties were oxidized by periodic acid and
stained with Schiff’s reagent [13]. To further confirm gly-
cosylation status of rPPHY, N-linked glycan portion was
removed using 0.5 IU of endoglycosylase H (EndoH, NEB)
for 1 h at 37 °C. Non-deglycosylated and deglycosylated
phytases were run on SDS-PAGE to see the difference in
running pattern on the gel.

Biochemical characterization of rPPHY

Purified rPPHY was used for its biochemical characteriza-
tion. The effect of pH on enzyme activity was studied by
carrying out enzyme assay in buffers of different pH. Gly-
cine—HCI buffer (pH 2.0, 3.0), sodium acetate buffer (pH
4.0, 5.0, 6.0), Tris maleate buffer (pH 7.0, 8.0) and glycine—
NaOH buffer (pH 9.0-12.8) were used in determining the
optimum pH. Similarly, optimum reaction temperature was
determined by assaying rPPHY activity at various tempera-
tures (30-90 °C) at optimum pH. Kinetic constants V.,
K., and K, were determined at optimum temperature and
pH by measuring rPPHY activity at different concentrations
of calcium phytate and drawing Lineweaver—Burke plot.

Application of recombinant rPPHY: separation
of allergenic glycinin from soy protein and its
dephytinization

In six sets of reactions, 10 U of rPPHy was added to 10 mg
soy protein suspended in 100 mM acetate buffer (pH 5.0)

in 1 ml of reaction volume. The reaction mixture was incu-
bated at 60 °C for 3 h in a water bath. One set was removed
every 30 min for determining the released inorganic phos-
phate and protein analysis. The precipitated proteins were
sedimented by centrifugation at 10,000x g for 10 min, and
the supernatant and pellet fractions were analyzed by SDS-
PAGE for the presence of different soy proteins. Liberated
phosphorous was estimated according to Heinonen and
Lahti [6].

All experiments were conducted in triplicate and the
average values are presented with standard deviation.

Results and discussion

The codon optimization has been reported to result in
the improved co-translational folding and production of
recombinant protein in P. pastoris [2] and therefore codons
of the PPHY gene were checked before proceeding to the
expression of PPHY in P. pastoris. Upon comparison of
PPHY codons with that of highly expressed genes in P.
pastoris, it was found that PPHY has a positive bias for the
P. pastoris system. Most of the amino acids in PPHY are
coded by the triplet codons, which are also preferentially
used in P. pastoris (Suppl. Table 1) and thus the PPHY
gene appeared to be a promising candidate for expression
in P. pastoris.

Pichia pastoris was transformed with rPPHY-pPICZaA
and Zeocin-resistant transformants were picked for further
studies. As higher production of recombinant proteins by
recombinants resistant to high concentration of Zeocin has
been established earlier [1, 33], transformants were sub-
sequently grown on increasing concentrations of Zeocin
(100-1,000 g ml~"). Fifteen transformants were able to
survive up to 1,000 pwg ml~! Zeocin. These clones resist-
ant to high Zeocin concentration were further checked for
rPPHY accumulation levels. Quantitative phytase assay and
zymogram development confirmed that clone 13 produced
the highest extracellular rPPHY titer (30 U ml~') and thus
was selected for further studies. It was found that the clone
13 did not accumulate rPPHY in the cell-bound form. All
rPPHY was present only in culture broth that suggests effi-
cient functioning of a-secretion signal.

Southern hybridization confirmed that three copies
of the rPPHY gene were integrated into genome of clone
13. In this investigation, the vector size plus insert size is
approximately 4.9 kb. A band of ~25 kb was detected with
the genomic DNA of the clone 13 and ~10 kb with the
genomic DNA of the host. Thus, a ~15-kb shift in the band
location was observed in comparison to the host, which is
equivalent to the presence of three tandem copies of YPPHY
at AOXI locus (Fig. 2). The presence of one copy of gene
of interest at AOXI locus leads to upward shift of the band
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~10 kb

~2kb

Fig. 2 Determination of rPPHY copy number by Southern blot-
ting. Lane I molecular weight marker. Lanes 3 and 4 Ndel-digested
genomic DNA of P. pastoris X33. Lanes 6 and 7 Ndel-digested
genomic DNA of recombinant P. pastoris harboring rPPHY. Lane 9
Ndel-digested genomic DNA of P. anomala (negative control). Lane
11 AOX F' and AOX R’-amplified PCR product (positive control)

equivalent to vector size plus insert size [8] and thus the
insertion of three copies of the rPPHY at the AOX I locus in
P. pastoris was confirmed.

An optimized combination of fermentation variables is
known to improve recombinant protein production in P,
pastoris [31]. The effect of methanol concentration, time
of induction, presence of co-substrate sorbitol, PEG-8000,
yeast extract, oleic acid, and pH of the medium on rPPHY
production was assessed using Plackett-Burman (PB)
design. An F value of 24.08 and the values of ‘Prob > F’
less than 0.05 indicated that the model terms are acceptable
(Suppl. Table 2a). The dummy variables included had no
impact on rPPHY production, implying that the model is
significant. The factors that affect rPPHY production (yeast
extract, Tween-80, time of induction, and concentration
of methanol) have been identified. A lower level of yeast
extract and a high level of methanol supported rPPHY pro-
duction (Fig. 3a). Both lower and higher concentrations of
methanol have been reported to affect recombinant protein
production due to the limitation of carbon source for growth
of the yeast and toxicity, respectively [4], and therefore it is
necessary to determine optimal levels for maximum prod-
uct formation. The production of rPPHY was supported by
high levels of Tween-80 and longer induction interval. The
inclusion of oleic acid in the medium has been shown to
increase protein expression under alcohol oxidase promoter
[12, 16]. In contrast, oleic acid exerted a negative effect on

@ Springer

1

w

Q
L

Effect on enzyme production
=}

&~ Variables

376.132
323412
270.692

217971
165.251

rPPHY (U/mL)

5.00
1.75

Methanol (%) 2.00

1.00 0.25

Fig. 3 Media optimization to maximize rPPHY production. a Pareto
graph showing effect of different media components on rPPHY pro-
duction (higher concentration of methanol, increased induction time
intervals, and Tween-80 exerts a positive effect on rPPHY production,
while the presence of co-substrate sorbitol during induction, higher
concentration of yeast extract, and oleic acid exerted a negative
effect. Polyethylene glycol had no observable effect on rPPHY pro-
duction. b Response surface graph showing the effect of interaction
of yeast extract with methanol on rPPHY production

rPPHY production, while other factors had no observable
effect (Fig. 3a). The concentrations of methanol, Tween-80,
and yeast extract were optimized by response surface meth-
odology (RSM), where interactions between these param-
eters were analyzed. The F value of the model was 59.70
and the ‘Prob > F” value was <0.0001, indicating that the
model is highly significant. The coefficients of all linear
model terms A, B, and C and squared model terms A2, B,
and C? are significant. The interaction of A with C is also a
significant model term (Suppl. Table 2b). The coefficient of
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Fig. 4 Production of rPPHY. a a
The production of rPPHY in a =)
7-1 laboratory fermenter: open D) 1000 - 400 40 r 65
circles denote dry cell weight g 7.
(g 17Y, filled circles tPPHY : 350 - 35 L 60
production (U m1™"), filled S 8001 ~ \i ~
squares ODyy, filled triangles = = 300 55 %ﬂ
total protein (mg 1. Down *E E Vi L 30 :’
pointing arrow indicates time of 9 600 - e 'EI)
addition of methanol. b Produc- <} > 250 A grs -3
tion profile of rPPHY in 0.25-1 8 asn} - 25 do =
shake flasks under optimized £ & 200 - oL 45 °
conditions. Filled circles lPPHY & 400 q '~ 3
(U mI™Y), filled squares ODgyp, o x 20
filled up pointing triangles E‘ + 150 - 40
total protein (mg 17!) and filled g 200
down pointing triangles dry cell ﬁ 100 - 15 L 35
weight (DCW) (g171)
4 0 - 50 T T T T T T T T T 10 - 30
24 3 48 60 72 84 96 108 120
Time after induction (h)
b
2, 50 { 500 1000
l g
l - 900 E’
10 - 40 - - 400 2
- = L0 F
= g E
) g =) g
=~ 84 2 30 300 S [700 8
2 a ;>-( £
0 © T |0 S
_ B £
%} 6 + 20 F200 = | 500 g
=
=7
{ - 400 =
4 1 10 100 s
300 &
2 - 0 T T T T T T T T ] - 200 +
12 24 36 48 60 72 84 96 108 120

Table 4 Improvement in rPPHY production due to optimization

Organism Phytase production Fold improvement
(Uml™
P. anomala 17.0 1.0
P. pastoris Clone 13 30.0 1.8
(unoptimized)
P. pastoris Clone 13 371.0 21.8

(optimized)

determination (R?) was 0.9817 for rPPHY production. The
predicted R? (0.8536) and adjusted R? (0.9653) are in rea-
sonable agreement with each other (Suppl. Table 3a). The
adjusted R* corrects the R* value for the sample size and
for the number of terms in the model. Adequate precision

Time after induction (h)

is a measure of the signal-to-noise ratio and a value greater
than 4.0 is desirable. The adequate precision value of 21.34
indicated an adequate signal and suggested that the model
can be used to navigate the design space. The following
model equation explains the model:

(Y) =+368.97+ 2391 %« A+ 2892« B —59.59 %« C

—101.28 x A2 — 31.99 % B> — 98.81 % C?
—17.62%xA% B+22.13%*A*C —938xB*xC

where Y represents the response, i.e., phytase production,
and A, B, C, A%, B%, C%, AB, AC, and BC are the variables.
Maximum rPPHY production was attained at 3 % (v/v)
methanol when added at every 24-h interval, while keep-
ing Tween-80 and yeast extract at 0.3 % (v/v) and 1 %
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Table 5 Summary of purification of rPPHY

Purification steps Total activity (U)  Total protein (mg)  Specific activity (U mg~' protein)  Yield (%) Fold purification
Culture filtrate 32,396.34 68.34 474.33 100.00 1.00
Lyophilized concentrate 30,256.73 41.30 732.61 93.40 1.55
Anion exchange chromatography 9,586.00 12.40 773.10 29.60 1.63
Gel-filtration chromatography 8,721.00 10.50 830.60 27.00 1.80
a b
1
175KDa
130kDa | 99kDa
95 kDa |
70kDa | 66 kDa
62kDa
S1kDa 45 kDa
42kDa
31kDa|
29kDa
215 kma-
kD2 14.4 kD2 M_—
‘ L G S - -
C
2.8 7
2.6
g 2.4 1
20
O 224
z
g 20
3
S 18
o
% 1.6
5‘6 1.4
1.2 1
1.0 T T T T T 1
0.5 1.0 1.5 2.0 2.5 3.0 3.5
VelVo

Fig. 5 Purification of rPPHY to homogeneity. a PAGE analysis of
rPPHY. Lane M molecular weight marker. Lane I purified rPPHY.
Lane 2 PAS stained rPPHY. Lane 3 zone of hydrolysis due to hydro-
Iytic action of rPPHY. b Removal of N-linked glycan portion from
rPPHY. SDS-PAGE analysis of glycosylated and deglycosylated
rPPHY. Lane M molecular weight markers. Lane 1 EndoH. Lane 2
rPPHY after deglycosylation with EndoH. Lane 3 tPPHY before
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treatment with EndoH. ¢ Plot of V. /V, against semi-log of molecu-
lar weight of proteins on Sephacryl S-200 high-resolution column
(16/60) for a-Lactoalbumi (12.4 kDa), carbonic anhydrase (30 kDa),
bovine serum albumin (66 kDa), yeast alcohol dehydrogenase
(150 kDa), sweet potato p-amylase (200 kDa), rPPHY (~420 kDa),
and ferritin (Mr 450 kDa)
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(wlv), respectively. A positive interaction was observed
only between yeast extract and methanol (Fig. 3). When
the model was validated in shake flasks, the experimental

Table 6 Comparison of properties of rPPHY with endogenous cell
bound phytase

and predicted values were very close and thus proved the
validity of the model (Suppl. Table 3b). Final enzyme pro-
duction profile in shake flasks is presented in Fig. 4a. The
enzyme production is sustainable in 7 1 of laboratory fer-
menter (Fig. 4b). The medium containing 1 % yeast extract
(W/v), 0.3 % Tween-80 (v/v), and 3 % methanol (v/v) sup-
ported highest rPPHY production. Optimization of fermen-

Property rPPHY Endogenous phytase [29]
tation parameters led to a 21.8-fold improvement in rPPHY
PH optimum 4.0 4.0 production as compared to that of the endogenous yeast
Tegg)erature optimum 60 60 (Table 4). Enhancement in the production of recombinant
( ) ) homo 10k . proteins had been achieved by optimizing variables like
Nz:;\;er)m w (homohex-  ~ Da - Da methanol concentration, addition of co-substrates such as
Subunit mw 70 kDa 55 kDa ;Zrbltol during induction phase, Tweens, and oleic acid [32,
Calculated mw ~50.82 kDa ~51.74 kDa ]'fh ficati £ 'PPHY f 1Lf It
ri ion r rom -fr r
V. (molmg's) 7813+£143 10567+ 2.84 © purification © om ceti-iree cumure
K (mM) 02 4+ 0.03 02 4+ 0.02 supernatant led to a 1.8-fold purification with 27 %
K"’ Y 6.5 655 i 1092 N.D ' yield (Table 5). The purity of the rPPHY was confirmed
S 5 . . . . . .
o 4 by SDS-PAGE analysis and the identity of this protein
K. /K, (WM ™'s7") 32828 +3.12 ND : :
was confirmed by zymogram analysis on native PAGE as
mw molecular weight, ND not determined indicated by clear zone of phytate hydrolysis (Fig. 5a).
Fig. 6 Fractionation of a
B-conglycinin and glycinin. a T 3 4
SDS-PAGE profile of separated 175KDa o = , ;
glycinin and B-conglycinin 130 kDa o’ subunit
by the action of rPPHY. Lane 95 kDa B‘ Conslyeinin
M molecular weight markers. 70kDa R o subunit onglycimi
Lanes 1-2 B-conglycinin frac- 62kDa j .
tion. Lane T total soy protein. 51kDa w——<—— [} subunit
Lanes 3, 4 glycinin fraction. b 42kDa
Dephytinization of soy protein idi i
phy y P 29kDa ]-A(:ldlc subunit
22kDa Glycinin
:I» Basic subunit
14kDa
10.5kDa
b 4500
£
£ 4000 |
N
="
3500 1
S
o 3000 1
E}
<= 2500 A
=
B 2000 1
&
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S 1500
+ 1000 -
500 . . . . . .
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Time (h)
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The molecular mass of the purified rPPHY determined
by SDS-PAGE and gel filtration are ~70 (Fig. 5b) and
~420 kDa, respectively (Fig. 5c), suggesting that this
is a homohexamer. Phytase of A. niger had also been
reported to be oligomeric in nature (pentamer of 353 kDa
with a monomer of 66 kDa) [26]. Upon deglycosylation,
rPPHY was reduced from ~70 to ~53 kDa (Fig. 5b),
which is close to its theoretical molecular weight as
reported in the Debaryomyces castellii CBS 2923 [19].
This confirms that rPPHY is a glycoprotein with 24.3 %
N-linked carbohydrate. Glycoprotein nature of rPPHY
was further confirmed by oxidizing carbohydrate with
periodic acid followed by staining with Schiff’s rea-
gent that turned the band pink (Fig. 5a). This staining
method was used for confirming glycoprotein nature of
the phytase of Sporotrichum thermophile [23]. Glyco-
sylation is considered to be essential for the secretion of
proteins. According to Verivouri et al. [27], glycosyla-
tion is required for thermal and pH stability of secreted
cellulases and for protection against proteolysis. Partial
or complete removal of carbohydrate rendered cellulases
less heat- and pH stable.

A comparison of biochemical properties of rPPHY
with endogenous phytase is given in Table 6. The recom-
binant phytase exhibited optimum activity at 60 °C and
pH 4.0 like the endogenous phytase [29]. The K, of
rPPHY is 0.2 mM = 0.03 (for calcium phytate), which
is also similar to K, of the endogenous phytase, indicat-
ing that both the enzymes have equal affinity for phytate.
The V,, of rPPHY is 78.2 4+ 1.43 nmol mg! s,
while it is 105.67 & 2.84 nmol mg~' s~! for the endog-
enous phytase. Turnover number (K_,) and catalytic effi-
ciency (K,/K,) of rPPHY are 65,655 s~' & 10.92 and
328.28 4+ 3.12 uM~! 57!, respectively.

Soy protein contains around 1.47 % phytate [25]. The
phytate content may affect solubility, fractionation, and
the related function of soy protein components in vari-
ous soy foods [3]. Soybean has been categorized as one
of the ‘big 8’ allergens [22]. Most of the allergic reactions
in the soy proteins are caused by two of its components,
glycinin and B-conglycinin, which are oligomeric proteins
[7]. In this investigation, the treatment of soy protein with
rPPHY for 3 h led to the separation of glycinin (Fig. 6a)
and liberation of phytate-bound phosphorous (Fig. 6b).
Upon treatment with rPPHY, glycinin was precipitated
due to the hydrolysis and removal of phytate. The removal
of phytate reduced the solubility of glycinin that led to its
precipitation, while B-conglycinin fraction remained solu-
ble in the supernatant due to its glycoprotein nature [21].
This finding may pave the way for the use of PPHY in
producing improved quality as well as special foods for
people who are allergic to the specific components of soy
protein.

@ Springer

Conclusions

The cloning and expression of the phytase of P. anomala
in P. pastoris extracellularly is being reported for the first
time. The recombinant clone contains three copies of the
PPHY gene integrated into the genome. By optimiza-
tion of medium components, 21.8-fold enhancement in
enzyme production was achieved over the endogenous
yeast. The rPPHY is a homohexameric glycoprotein with
24.3 % N-linked carbohydrate, which is useful in separat-
ing glycinin from the soy protein besides dephytinization.
Our efforts are underway to bring down the cost of enzyme
production using cheaper industrial by-products such as
molasses and corn steep liquor in the fermentation medium,
and selection of mode and scale-up of fermentation.
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