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Environmental pollution by phosphorus from animal waste is a major problem in agriculture because
simple-stomached animals, such as swine, poultry, and fish, cannot digest phosphorus (as phytate) present in
plant feeds. To alleviate this problem, a phytase from Aspergillus niger PhyA is widely used as a feed additive
to hydrolyze phytate-phosphorus. However, it has the lowest relative activity at the pH of the stomach (3.5),
where the hydrolysis occurs. Our objective was to shift the pH optima of PhyA to match the stomach condition
by substituting amino acids in the substrate-binding site with different charges and polarities. Based on the
crystal structure of PhyA, we prepared 21 single or multiple mutants at Q50, K91, K94, E228, D262, K300, and
K301 and expressed them in Pichia pastoris yeast. The wild-type (WT) PhyA showed the unique bihump,
two-pH-optima profile, whereas 17 mutants lost one pH optimum or shifted the pH optimum from pH 5.5 to
the more acidic side. The mutant E228K exhibited the best overall changes, with a shift of pH optimum to 3.8
and 266% greater (P < 0.05) hydrolysis of soy phytate at pH 3.5 than the WT enzyme. The improved efficacy
of the enzyme was confirmed in an animal feed trial and was characterized by biochemical analysis of the
purified mutant enzymes. In conclusion, it is feasible to improve the function of PhyA phytase under stomach
pH conditions by rational protein engineering.

Phytases are phosphohydrolytic enzymes that initiate the
stepwise removal of phosphate from phytate (myo-inositol
hexakisphosphate), the major form of phosphorus in plant
foods or feeds (28). Simple-stomached animals, such as swine,
poultry, fish, and preruminant calves, do not have phytases in
their gastrointestinal tracts and cannot digest phytate-phos-
phorus. Consequently, there are three major problems (1, 7,
41). First, the unutilized feed phosphorus ends up in manure,
causing serious environmental pollution in areas of intensive
animal husbandry. Second, it is necessary to supplement inor-
ganic phosphorus in diets for swine, poultry, and fish to meet
their nutrient requirement for phosphorus. This represents a
significant expense in animal feeding. Third, inorganic phos-
phorus is nonrenewable, and the easily accessible inorganic
phosphorus on earth may be exhausted in 80 years at the
current rate of extraction (1). In addition, phytate can chelate
trace elements, such as iron and zinc, causing widespread de-
ficiencies of these nutrients in populations whose staple foods
are legume based (18, 26).

Low-phytate plants (33) and phytase-transgenic plants (15,
40) or animals (7) have been developed to cope with the
nutritional and environmental problems associated with
phytate-phosphorus. Although these approaches represent re-
markable scientific advances, they are limited in practical ap-
plication. In contrast, microbial phytases have become a widely

accepted and highly effective tool for animal industry to im-
prove feed phytate-phosphorus bioavailability to animals and
to comply with environmental laws restricting phosphorus ex-
cretion in animal waste. Numerous animal experiments have
shown that adding phytase to feed at 500 to 1,000 units kg�1

may replace inorganic-phosphorus supplements for pigs and
poultry and reduce their phosphorus excretion by approxi-
mately 50% (2, 13, 14).

Aspergillus niger PhyA is the first commercialized phytase,
and it occupies a good share of the world market with a $500
million potential (1). Although the enzyme has good catalytic
efficacy (14), its unique pH profile precludes it from full func-
tion in the stomachs of animals, where dietary phytate-phos-
phorus is hydrolyzed (38). Specifically, it has two pH optima, 5
to 5.5 (100%) and 2.5 (60%), and a trough in activity at pH 3.5
(22, 38). The stomach pH in many species is around 3.5 (42),
which happens to be the lowest activity point in the pH profile
of PhyA (22). Thus, a relatively high level of phytase supple-
mentation is required in animal diets for adequate hydrolysis
of phytate-phosphorus (13, 14).

Limited success has been achieved in altering the pH profiles
of xylanase, �-amylase, glucoamylase, glycosidase, subtilisin,
pepsin, and chymotrypsin by protein engineering (4, 5, 6, 9, 19,
23, 32, 37). Approaches used include replacing the amino acid
residues in or near the active site, changing the pKa value of
the catalytic amino acid residue acting as a general base cata-
lyst (4, 5, 6, 9, 19, 23, 37), and modifying the enzyme surface
charge (32, 36). However, all of these efforts have been almost
exclusively focused on improvement of the in vitro functions of
the enzymes. The feasibility of shifting the optimal pH of
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phytase or any given enzyme to match the stomach conditions
has not been determined. Strategically, the effect of modifica-
tion of amino acid residues involved in substrate binding on the
enzyme’s pH profile has not been well studied. Based on the
kinetics and structure of PhyA and other phytases (10, 11, 16,
24, 25), amino acid residues in the �-domain (K91, K94, E228,
D262, K300, and K301) are involved in substrate binding (11,
21). As the pH profile of a given enzyme is generally deter-
mined by the ionization of the catalytic groups and is affected
by various interactions involved in their microenvironments of
enzyme and substrate, the unique activity drop of PhyA at pH
3.5 may be due to the interaction of these acidic and basic
amino acids comprising the substrate specificity site (22).
While the clustering of K91, K94, K300, K301, and other basic
amino acids (R81, H82, R85, K165, and H361) (11, 21) around
the active site of PhyA presumably creates a relatively favor-
able electrostatic environment for binding the highly negatively
charged substrate phytate, it remains to be determined how
alterations of biochemical properties in each of these amino
acid positions actually affect the pH-activity profile and sub-
strate affinity of PhyA. In addition, Q50 is located in the active
site and has been shown to affect pH-activity profiles in other
phytases (35). Therefore, the objective of the present study was
to determine the impact of changing these seven selected
amino acid residues into substitutes with different charges,
polarities, and/or side chain lengths on the pH-activity profile
of PhyA.

MATERIALS AND METHODS

Construction of phyA mutants. Plasmid pYPP1, containing the A. niger
NRRL3135 phyA gene cloned into a Saccharomyces cerevisiae expression vector,
pYES2, was employed to generate the mutations (8). A total of 9 single and 12
multiple mutants at positions Q50, K91, K94, E228, D262, K300, and K301 (Fig. 1)
were prepared by introducing different charges, polarities, or side chain lengths
(Table 1). Oligonucleotides were synthesized to generate site-specific mutations at
substrate binding sites described earlier (22). The phyA mutants in pYPP1 were
constructed using the Gene Editor In Vitro Site-Directed Mutagenesis System
(Promega, Madison, WI) (22). The coding region of the pYPP1 mutant construct
was amplified by PCR using two primers (upstream, 5�CGG AAT TCC TGG CAG
TCC CCG3�; downstream, 5�GCT CTA GAC TAA GCA AAA CAC TCC3�) and
inserted into a constitutive expressing vector, pGAPZ�A (Invitrogen, San Diego,
CA), at EcoRI and XbaI sites. The gene was led by a signal peptide �-factor and was
under the control of the GAP promoter. The desired mutations in the selected
transformants were confirmed by DNA sequencing.

Transformation, phytase expression, and protein purification. The pGAP
vector containing the phyA mutant gene (10 �g) was linearized by the restriction
enzyme BamHI and transformed into Pichia pastoris X33 by electroporation
using an ECM 600 Electro Cell Manipulator (Gentronics, Inc., BTX Instrument
Division, San Diego, CA). The transformed cells were plated in YPD agar (1%
yeast extract, 2% peptone, and 2% dextrose) plus zeocin (100 �g ml�1) and
incubated at 30°C for 3 days. Single colonies of the transformants were inocu-
lated into YPD media and incubated at 30°C for 2 days for phytase expression.
Phytase activity in the culture supernatant was measured to select the best
transformants with high phytase expression. The expressed enzymes in the me-
dium supernatant were sequentially purified by ultrafiltration (molecular weight
cutoff, 30,000) and DEAE-cellulose column (10 mM Tris-HCl buffer, pH 7.4,
with an NaCl linear gradient) and Sephadex G-100 gel exclusion column (50 mM
Tris-HCl buffer containing 0.15 M NaCl, pH 7.4) chromatography (8). The
purified phytase was eluted as a single peak and used for further analysis.

Phytase activity, protein, and pH profile assays. Phytase activity was measured
using sodium phytate as the substrate. One phytase unit was defined as the

FIG. 1. (A) The region of the mutated amino acids (dotted circle) in the three-dimensional structure of A. niger PhyA. (B) The seven mutated
amino acids (Q50, K91, K94, E228, D262, K300, and K301) and related amino acids in the circled region of panel A. The structure is based on
Kostrewa et al. (10). The �-helices are shown in red and the �-sheets in blue in panel A; dotted lines represent hydrogen bonds in panel B.
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amount of activity that released 1 �mol of inorganic phosphorus from sodium
phytate per minute at pH 5.5 and 37°C. The enzyme was diluted in 0.2 M citrate
buffer, pH 5.5, and an equal volume of substrate solution containing 1% sodium
phytate (Sigma) was added. After incubation of the sample for 15 min at 37°C,
the reaction was stopped by addition of an equal volume of 15% trichloroacetic
acid. The released inorganic phosphorus was determined as previously described
(30). The total protein concentration in the samples was determined by the
method of Lowry et al. (17). Samples of the purified proteins were subjected to
10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis using a Mini-
Protean II cell (Bio-Rad Laboratories, Hercules, CA) (12) and Western blot
analysis (8).

The initial pH profiles of the expressed phytases were determined using the
following buffers (at pH 0.5 intervals): 0.2 M glycine-HCl for pH 2 to 3.5, 0.2 M
citrate for pH 4 to 6.5, and 0.2 M Tris-HCl for pH 7 to 8.5. The exact optimal pH
and the pH profile of the overall best mutant phytase were compared with those
of the wild-type (WT) PhyA using 0.2 M glycine-HCl for pH 2.0, 2.5, 3.0, 3.2, 3.4,
3.5, 3.6, 3.8, and 4.0 and 0.2 M citrate for pH 3.5, 3.6, 3.8, 4.0, 4.2, 4.5, 5.0, 5.5,
6.0, and 6.5. Purified enzymes were diluted with each buffer of different pH to
give an activity of 0.1 U ml�1 and mixed with 1% sodium phytase dissolved in the
same buffer at an equal volume (0.5 ml each) to start the hydrolysis reaction. The
released inorganic P and the relative phytase activity were determined as de-
scribed above.

Kinetics and phytate hydrolysis profile. The Michaelis-Menten parameters,
Vmax and Km, were determined by incubation of the phytase enzyme (100 mU at
pH 5.5 and 3.5, respectively) with sodium phytate substrate at 37°C in 0.2 M
glycine-HCl buffer, pH 3.5, and in 0.2 M citrate buffer, pH 5.5. A total of 10
different substrate concentrations ranging from 0.1 to 10 Km were used, and the
reactions were sampled at 0, 1, 2, 3, 5, and 10 min. Initial velocities were
calculated from linear regions of the hydrolysis curve and plotted against the
inorganic-phosphate concentration. Linear transformation was achieved using
Lineweaver-Burk plots to estimate Vmax and Km parameters (3, 39). The hydro-
lysis profiles of sodium phytate by the phytase samples were analyzed by high-
performance liquid chromatography (HPLC) (Dionex Liquid Chromatograph
System DX600; Dionex Corp., Sunnyvale, CA). Phytase was incubated at 37°C in
an assay mixture containing 0.2 M citrate buffer (pH 5.5) or glycine-HCl buffer
(pH 3.5) and 10 mM sodium phytate. The reaction was stopped after 2, 5, 10, 15,
20, 30, 40, 50, 60, 75, and 90 min by adding an equal volume of 15% trichloro-
acetic acid solution, and 25 �l of 1:10-diluted samples or standards was analyzed

using an AS11 ion-exchange column (Dionex Corp., Sunnyvale, CA) and a flow
rate of 1 ml min�1 with a gradient of 26 to 70 mM NaOH and detected by a
conductivity detector (Dionex ED50).

Hydrolysis of phytate-phosphorus in soybean meal. The effectiveness in re-
leasing phytate phosphorus from soybean meal was measured by incubating the
feed sample with phytase (a 250-U kg�1 sample) in 0.2 M citrate buffer, pH 5.5,
and in 0.2 M glycine-HCl, pH 3.5 and 2.5, respectively, at 37°C for 1 h. One gram
of soybean meal was dissolved in 9 ml buffer and incubated at 37°C for 20 min
with shaking. Then, 1 ml of prewarmed diluted enzyme was added to start the
hydrolysis reaction. After 1 h of incubation at 37°C with shaking, the reaction was
stopped by the addition of an equal volume of 15% trichloroacetic acid. The
released inorganic phosphorus was determined as previously described (31).

Animal feed trial. The Institutional Animal Care and Use Committee of
Cornell University approved the protocol for the animal experiments. After
being fed a low-phosphorus corn-soybean meal basal diet (34), 16 weanling pigs
(28 days old) were fed the same basal diet supplemented with E228K (n � 8) or
WT PhyA phytase (n � 8) at 250 U kg of feed�1 for 35 days. The growth
performance, plasma inorganic-phosphorus concentrations, and plasma alkaline
phosphatase activities of individual pigs were determined weekly as previously
described (34).

Statistical analysis. Data were analyzed by SAS (release 6.04; SAS Institute,
Cary, NC), and the Bonferroni t test was used to compare mean differences.
Significance was set at a P value of �0.05.

FIG. 2. Comparisons of pH profiles of the WT, the single mutant
E228K, and the triple mutant E228K-K300R-K301E. In both panels,
values are expressed as the mean specific activity 	 standard error
(n � 3) (for panel B, standard errors were too small to be seen) of the
purified enzymes at each pH, and phytase activity was determined
using sodium phytate dissolved in the designated assay buffer. (A) pH
2.0 to 3.5, 0.2 M glycine-HCl; pH 4.0 to 6.5, 0.2 M citrate; and pH 7.0
to 8.0, 0.2 M Tris-HCl. (B) pH 2.0 to 4.0, 0.2 M glycine-HCl; pH 3.5 to
6.5, 0.2 M citrate. Overlapping pH points between the two buffer
systems and smaller intervals were used to compare the buffer effect
and the exact optimal pH of the testing phytases.

TABLE 1. pH optima and activity ratios of PhyA mutants
at different pH pairs

Mutant
Optimal pHa Ratio of activityb

First Second pH 3.5/5.5 pH 3.5/2.5

WT 5–5.5 2.5 (67) 0.38 	 0.01 0.55 	 0.03
Q50L 5.0 0.68 	 0.01* 1.51 	 0.03*
Q50P 5.5 3.0 (61) 0.50 	 0.01* 0.94 	 0.02*
K91A 5–5.5 2.5 (60) 0.33 	 0.00* 0.55 	 0.00
K91E 5–5.5 0.46 	 0.03* 1.76 	 0.11*
K94E 5–5.5 2.0 (69) 0.34 	 0.01* 0.56 	 0.01
E228Q 5–5.5 2.5 (66) 0.34 	 0.01* 0.52 	 0.02
E228K 3.8 3.0 (83) 1.72 	 0.01* 1.08 	 0.01*
D262H 5.0 0.87 	 0.02* 1.51 	 0.03*
K301E 2.5 4–4.5 (93) 1.40 	 0.01* 0.75 	 0.02*
E228K-K300D 5.5 0.52 	 0.01* 1.07 	 0.03*
E228K-K300T NA NA NA
E228K-K300R 4.0 3.0 (81) 1.44 	 0.23* 0.91 	 0.14*
E228K-K300R-K301E 4.0 4.00 	 0.05* 1.11 	 0.02*
E228K-K300T-K301E 3.0–4.0 2.25 	 0.03* 1.06 	 0.05*
E228K-K300D-K301E 4.0 3.0 (95) 2.28 	 0.03* 0.93 	 0.03*
K94E-E228K 4.5 3.0 (78) 0.69 	 0.04* 0.79 	 0.04*
K94E-E228K-K301E 2.5–4.5 1.38 	 0.07* 0.81 	 0.04*
K94E-K300E-K301E 3.0–4.0 12.68 	 0.14* 1.07 	 0.01*
K300E-K301E 3–4.5 6.62 	 0.11* 1.11 	 0.03*
K91A-E228Q-K300E 4.5–5 0.70 	 0.05* 1.53 	 0.11*
K94A-E228A-D262A-

K300D
5.5 0.55 	 0.02* 0.94 	 0.04*

aRelative activity at the second optimal pH, as at the first optimal pH, is expressed
as a percentage in parentheses.

b The ratios of phytase activity at different pH pairs are expressed as mean 	
standard error (n � 3 to 6). The buffer conditions were as follows: pH 5.5, 0.2 M
citrate; pH 3.5, 0.2 M glycine-HCl; pH 2.5, 0.2 M glycine-HCl. An asterisk
indicates a difference (P � 0.05) from the WT. NA, not applicable.
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RESULTS
Shifts of pH optima and profile in PhyA mutants. Transfor-

mants of all mutants except the double mutant E228K-K300T
expressed extracellular phytase activity in the medium super-
natants. The impacts of all mutations on the pH optima and
the relative activity ratios at pH 3.5 versus at pH 5.5 or pH 2.5
(the two pH optima of the WT enzyme) are summarized in
Table 1. The WT PhyA showed the unique bihump two-pH-
optima profile, whereas 12 mutants lost one pH optimum and
14 mutants had the pH optimum shifted from pH 5.5 to the
more acidic side. Compared with the WT enzyme, 15 mutants
exhibited higher (P � 0.05) activities at pH 3.5 than at pH 5.5
or 2.5.

The initial pH profile assay indicated that E228K showed the
best overall catalytic improvement among all single mutants
(Fig. 2A). The optimal pH was shifted to 4, and the activity
trough at pH 3.5 was essentially eliminated. This resulted in a
1.7-fold-higher phytase activity at pH 3.5 than the WT, which
is about 38% of the activity found at pH 5.5. The mutant had
similar activities at pH 3.5 and 2.5, while the WT had only 55%
activity at pH 3.5 compared to the activity level at pH 2.5.
Further pH profile analysis, with smaller intervals adjacent to
critical points and overlapping ranges between two different
buffers, showed pH 3.8 and 5 as the optimal pHs for E228K
and the WT PhyA, respectively (Fig. 2B). When the glycine-
HCl buffer was used, E228K displayed higher specific activity
than the WT PhyA between pH 3.0 and 4.0. The opposite was
true when the citrate buffer was used between pH 3.5 and 6.5.
Among the multiple mutants, TK10 (E228K-K300R-K301E)
showed the most favorable shift of optimal pH to 3 to 4 and a
large increase in the phytase activity ratio at pH 3.5 over pH 5.5
to 4.00 	 0.05, with slightly more activity at pH 3.5 than at 2.5
(ratio, 1.11 	 0.02) (Fig. 2A and Table 1). Two other mutants
(K94E-K300E-K301E and K300E-K301E) showed greater im-
provement in relative activity at pH 3.5 (Table 1) but had low

specific activity or yield (data not shown). The molecular size,
glycosylation, reactivity to polyclonal antibody against the pu-
rified PhyA protein from A. niger, optimal temperature, and
heat stability of these two and other mutants were not signif-
icantly different from those of the WT (data not shown).

In vitro and in vivo functional assays. Because soybean meal is
the major source of phytate in animal diets, we used it to compare
the hydrolysis efficacies of the native phytate substrate by mutants
E228K and TK10 with that of the WT. Given the same activity as

FIG. 3. Efficacies of phytate-phosphorus hydrolysis in soybean
meal by the single mutant E228K and the triple mutant E228K-K300R-
K301E at pH 2.5 (0.2 M glycine-HCl), 3.5 (0.2 M glycine-HCl), and 5.5
(0.2 M citrate) at 37°C compared with that of the WT. The hydrolysis
rates were calculated as the percentage of the WT phytase at pH 5.5,
and the values are means 	 standard errors (n � 3). An asterisk
indicates a difference (P � 0.05) between pH 5.5 and other pH values
within each enzyme. Different letters indicate differences (P � 0.05)
between the WT and the mutants within each pH point.

FIG. 4. Effects of supplemental E228K and WT PhyA phytases at
250 U kg�1 of a low-phosphorus corn-soybean meal diet for weanling
pigs on plasma inorganic-phosphorus concentrations (A), plasma al-
kaline phosphatase activity (B), and body weight gain (C). The values
are means 	 standard errors (n � 8 for each group). An asterisk
indicates a difference (P � 0.05) between treatment groups.

TABLE 2. Comparison of kinetics of the WT and E228K mutant
PhyA phytasesa

pH Phytase Km
(�M)

Vmax
(�mol m�1

mg�1)

kcat
(m�1)

kcat/Km
(m�1

�M�1)

5.5 WT 177.3 	 22.4 94.7 	 5.4 7,385.3 	 421.1 41.64
E228K 38.6 	 13.2* 34.5 	 3.9* 2,690.2 	 304.1* 69.71*

3.5 WT 321.9 	 37.9 33.8 	 5.4 2,638.4 	 421.1 8.20
E228K 227.8 	 18.5* 62.1 	 3.9* 4,844.3 	 304.1* 21.27*

a Enzymatic reactions (n � 3) were conducted at 37°C in 0.2 M glycine-HCl
buffer for pH 3.5 and in 0.2 M citrate buffer for pH 5.5 using various sodium
phytate concentrations (0.1 to 10 Km) and 100 mU phytase (purified) per ml
reaction mixture. An asterisk indicates a difference (P � 0.05) from the WT.
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determined at pH 5.5 using sodium phytate as the substrate,
mutant E228K released 313, 238, and 53% more (P � 0.05)
inorganic phosphorus from soy phytate at pH 2.5, 3.5, and
5.5, respectively, than the WT (Fig. 3). Meanwhile, the
TK10 mutant showed an improved (P � 0.05) efficiency
at pH 2.5 and 3.5 but decreased efficiency at pH 5.5 com-
pared to the WT. When the WT and E228K enzymes
were added to the low-phosphorus corn-soy basal diet for
weanling pigs at 250 U kg�1 and fed to these pigs for 5
weeks, the mutant (E228K) phytase resulted in 13% higher
(451 versus 509 g; P � 0.05) average daily body weight gain
and 15 to 30% higher (P � 0.05) plasma inorganic-phos-
phorus concentration at weeks 2 to 5 than the WT enzyme
(Fig. 4). Pigs fed E228K mutant phytase also had lower (P �
0.05) plasma alkaline phosphatase activities than those fed
the WT at weeks 3 to 5, indicating less bone phosphorus
resorption.

Kinetics characterization and hydrolysis profiles of the mu-
tant phytase. To elucidate the enzymatic basis for the im-
proved efficacy of E228K over the WT in soy phytate hydrolysis

and animal feed, we determined their kinetic parameters, Vmax

and Km, for the hydrolysis of sodium phytate at pH 5.5 and 3.5
(Table 2). Compared to the WT, the Km values of E228K for
sodium phytate were 79 and 30% lower (P � 0.05) at pH 5.5
and 3.5, respectively. This resulted in 70 and 160% greater
overall catalytic efficiency (kcat/Km) at these two pH levels for
E228K phytase. The HPLC analysis of the phytate hydrolysis
profile at pH 3.5 (Fig. 5) had indicated that, although both the
WT and E228K hydrolyzed sodium phytate to inositol 2-mono-
phosphate and inorganic phosphate as the final products, the
process took 120 min for the WT phytase but only 40 min for
the mutant enzyme (Fig. 5). A delayed or much slower hydro-
lysis of inositol tetraphosphate and inositol triphosphate in the
WT compared with E228K was particularly evident. There
were also improvements in phytate hydrolysis by the E228K
mutant phytase at pH 5.5 over the WT (data not shown). In
addition, the E228K mutant enzyme had higher catalytic ac-
tivity to smaller and synthetic substrates, such as p-nitrophenyl
phosphate, phospho(enol)pyruvate, and fructose-6-monophos-
phate than the WT phytase (data not shown).

FIG. 5. Time courses of phytate hydrolysis by the WT and mutant E228K PhyAs and the subsequent appearance and disappearance of the
intermediate or end products from the hydrolysis. The values are expressed as the concentration relative to the possible complete (maximal)
hydrolysis. The enzymes (2 U ml�1) were incubated with 1% sodium phytate in 0.2 M glycine-HCl buffer, pH 3.5, for the designated times, and
the hydrolytic metabolites were analyzed by HPLC. (A) Inositol hexaphosphate (IP6); (B) inositol pentaphosphate (IP5); (C) inositol tetraphos-
phate (IP4); (D) inositol triphosphate (IP3); (E) inositol diphosphate (IP2); (F) inositol monophosphate (IP1); (G) inorganic phosphate (Pi).
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DISCUSSION

The most striking success in this study was in proving the
feasibility of shifting the pH profile of a practically important
enzyme, phytase, to enhance its catalytic efficiency in the di-
gestive tract of a major food-producing species (swine).
Among the 21 mutants, E228K showed the greatest overall
improvement. The single amino acid alteration resulted in
shifting the optimal pH from 5.5 to 3.8 with a significant rise in
the relative activity at pH 3.5 compared with the WT. More
importantly, this mutant was more efficient than the WT in
releasing phytate-phosphorus from plant feed in vitro or in the
gastrointestinal tracts of pigs. Two possible mechanisms may
be used to explain these desirable changes. First, the substitu-
tion of a positively charged lysine at the 228 residue might
affect the pKa of the acid/base catalyst (D362) indirectly, re-
sulting in a shift of the optimal pH. Theoretically, introducing
positive charges near the acid/base catalyst lowers the pKa

value and shifts the optimal pH to a more acidic range (24).
Second, the substitution of a positively charged lysine for the
negatively charged glutamic acid may create a more favorable
environment for the binding of the highly negatively charged
substrate, phytate, by electrostatic attraction. Altogether, the
substrate binding affinity at the acidic pH range for this mutant
was improved markedly, as confirmed by the reduced Km of
phytate at pH 3.5. Conversely, replacing E228 with a neutral
amino acid (E228Q) negated the benefit derived from inserting
lysine in the same position. However, it was somewhat surpris-
ing that the mutant also had improved hydrolysis of soy phytate
at pH 5.5 compared to the WT. At pH 5.5, E228 might be
protonated and interact with phytate by an H bond only, while
the positively charged 228K could bind phytate by both an H
bond and electrostatic interactions. This increased substrate
affinity was reflected in the reduction in the Km values. Because
phytate concentrations in the soybean meal (0.39% or 0.35 mM
in the solution) and the swine diet (0.27% or 0.49 mM in the
stomach) were lower than the substrate concentrations of so-
dium phytate (1%; 9 mM) used in standard laboratory assays for
phytase activity, a lower Km could help the enzyme function under
those conditions. Although the average pH in the stomachs of
pigs is around 3.5 (42), part of newly ingested digesta may remain
at somewhat higher pH levels before fully mixing with gastric
fluids (29). Thus, there is an extra benefit for E228K in having a
relatively strong catalytic efficiency at pH 5.5, along with the other
favorable changes. Apparently, the greater efficacy of E228K in
animal feed was attributable to the matching of the optimal pH to
the stomach conditions, the improved substrate affinity and hy-
drolysis, and a net gain instead of a loss of efficiency in hydrolyzing
soy phytate at pH 5.5 when the overall pH profile was shifted to
the more acidic side. In addition, the higher specific activity of
E228K than the WT PhyA in glycine-HCl buffer between pH 3.0
and 4.0 would allow the variant to perform better hydrolysis of
phytate in the stomach, where the pH is around 3.5 and the gastric
acid is predominately HCl (42).

Notably, E228K had better substrate specificity for low-mo-
lecular-weight phosphatase substrates, such as inositol di-, tri,
and tetraphosphates, than the WT. Although without a struc-
tural model of the PhyA substrate (10) it is difficult for us to
explain why the mutation in E228K resulted in a particular
ability to hydrolyze these intermediate metabolites, the shorter

time (40 versus 120 min) needed for hydrolysis of phytate to
inositol monophosphate and inorganic phosphate by E228K
than by the WT certainly helped the release of phytate in the
digesta, which had limited transition time in the stomach. It is
remarkable that the mutation in E228K made it not only a
better phytase, but also a stronger acid phosphatase for several
substrates. However, this observation does not support the
notion (11) that the catalytic function of PhyA phytase de-
pends on the extent of phosphorylation of myo-inositol.

Our second important finding deals with altering of pH
versus the activity profile by mutating key residues in the sub-
strate-binding domain. Previously, we showed that the replace-
ment of negatively charged amino acids at the 300th amino
acid residue (300E-300D) resulted in the optimal pH shift from
2.5 to 3 or 3.5 (22). Likewise, replacement of Q50L, K91E, or
E262H in the present study abolished the pH 2.5 optimum.
The residues K94 and E228 may also be involved in the activity
at pH 2.5, as the replacement of K94E and E228K caused a
shift of the activity peak at pH 2.5 to 2.0 or 3. Meanwhile,
K301, the most conserved amino acid in the known phytase
proteins (22), seems to be important for the catalytic activity
and the substrate binding affinity at pH 5.5. The replacement
of lysine with glutamic acid resulted in negative changes in
both of the parameters (data not shown), probably due to the
undesirable electrostatic repulsion between the enzyme and
the substrate and between 301E and 362D (acid/base catalyst)
(data not shown). Mutations of Q50L, Q50P, and D262H nar-
rowed the pH optimum at 5 to 5.5 to a single point of pH 5 or
5.5. As mentioned above, the replacement of E228K led to a
shift of the pH optimum to 3.8 and greater activity at pH 3.5.
However, that change could be affected by combined muta-
tions at residue 300: a positively charged residue 300R ren-
dered the same pH profile as E228K, and a negatively charged
residue 300D resulted in a single optimal pH at pH 5.5. When
three single mutations, K91A, E228Q, and K300E, were com-
bined, their interaction resulted in a single optimal pH at 4.5 to
5, although each single mutant had no or little effect on the pH
profile. Accumulation of negative charges in the substrate
binding site, such as K94E, K300E, and K301E, caused a dra-
matic activity decrease at pH 5.5, and the activity drop seemed
to be proportional to the number of negative charges. In sum-
mary, the negatively charged amino acids in the substrate bind-
ing site had a negative effect on the catalytic efficiency at a pH
around 5.5, probably due to undesirable electrostatic repulsion
between the enzyme and the substrate. This supports the hy-
pothesis of Kostrewa et al. (11) about the effect of the charge
distribution within the active site on the pH profiles of A. niger
acid phosphatase and phytase. However, the effects of charges
at low pH depend on their location and interaction with neigh-
boring amino acids, because those negatively charged amino
acids are protonated and have no net charge (6). In addition,
the local environment of the charged amino acids also affects
the pKa of the acid/base catalyst, resulting in a shift in the
optimal pH. The residues (E228, K300, and K301) reside close
to the acid/base catalyst (D362); therefore, they could affect its
pKa and the pH profile of the enzyme (23).

The triple mutant E228K-K300R-K301E showed a very im-
pressive pH profile shift and more efficient hydrolysis of soy
phytate at pH 2.5 and 3.5 than the WT. However, its specific
activity was lower than that of the WT at all pH levels except
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pH 3.5. Thus, the catalytic improvement at pH 2.5 or 3.5 was
associated with a much-reduced efficiency at pH 5.5. There was
no net gain, but an actual loss of overall efficiency. This sce-
nario teaches us the need for both in vivo and in vitro func-
tional assays to evaluate genetically modified or engineered
enzymes.

In summary, our research has clearly demonstrated that
rational protein engineering can be applied to improve the
pH-activity profile of phytase for optimal function in the gas-
trointestinal tracts of animals. The desirable shift in the opti-
mal pH and the pH profile, along with an improved substrate
affinity, in the overall best mutant was produced by the substi-
tution of a positively charged lysine for the negatively charged
glutamic acid at the 228th residue (E228K). Development of
this phytase variant will enhance the field application of
phytase for improving utilization of phytate-phosphorus in an-
imal feeds, reducing the need for inorganic-phosphorus sup-
plementation and phosphorus and preserving the nonrenew-
able inorganic-phosphorus deposits. Because of the great
similarities between human and pig digestive systems and nu-
trient metabolisms (20), our results may be able to assist in the
remediation of phytate-associated mineral deficiency in hu-
mans (27).
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