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ABSTRACT 

In this study, the optimum temperature was lowered 
while the residual phytase activity after heating to 
70˚C was raised in a widely utilized phytase, Asper-
gillus niger NRRL 3135 PhyA. This was accomplished 
by site-directed mutagenesis of the cysteines that are 
involved in the formation of a single disulfide bridge 
(DB). When compared to wild type (WT), three of the 
four mutant phytases displayed a lower optimum 
temperature, 42˚C, and up to a four-fold increase in 
activity after heating. These findings have a poten-
tially broad application to be incorporated along with 
other desirable features to engineer a phytase with 
superior physical and chemical attributes for animal 
feed applications. 
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1. INTRODUCTION 

Several published studies have focused on engineering 
enhanced heat tolerance in histidine acid phytases 
(HAPhy) for use by the animal feed industry [1]. Much 
of the feed formulations now contain high levels of 
phytic acid originating from various plant components, 
and the addition of a phytase allows monogastric animals 
(swine, poultry, etc.) which lack the enzyme in their di-
gestive tract to hydrolyze the phytic acid thus enabling 
nutritional benefit from a phytate rich diet [2]. Heat tol-
erance is desirable when the feed is pelletized because 
the extrusion process requires brief exposure to elevated 
temperature. Therefore, for any phytase to be commer-
cially viable, it cannot be irreversibly denatured from 
heating even when exposed briefly. 

To identify sources of and means to achieve thermo-

stability, some of the earlier studies have included identi-
fication of new sources of microbial heat tolerant phytase 
[3-7] comprising amino acid (AA) sequences of known 
HAPhys and engineering a “consensus phytase” [8], 
adding a thermally stable protectant [9], immobilizing 
the enzyme [10], increasing the extent of glycosylation 
[11], modifying selected hydrogen bond and increasing 
ionic interaction [12], combining a number of thermosta-
bility mutations [13] and engineering of a structure-based 
chimeric HAPhy [14]. The primary objective of this re-
search was not to increase the optimum temperature of 
the enzyme, but to develop strategies that would increase 
tolerance to a brief exposure to 70˚C - 90˚C and still 
maintain maximum phytase activity in 36˚C - 40˚C tem-
perature range. 

Aspergillus niger NRRL 3135 PhyA is a widely mar-
keted phytase targeted for the animal feed industry. Like 
the other commercially available phytases, it is a his-
tidine acid phosphatase and collectively termed HAPhy. 
As filamentous ascomycetes HAPhys, A. niger PhyA has 
five well conserved disulfide bridges (DB) that have 
roles in maintaining the proper three-dimensional struc-
ture of the catalytic center so that substrates can bind to 
the substrate-binding site while its phosphomonoester 
bond can be cleaved efficiently [15]. 

The vital function of DBs in fungal HAPhys has been 
previously established [15,16]. Some DB studies on 
phytases that do not belong in the histidine acid phos-
phatase class of enzyme have been conducted [17,18]; 
however, because of the structural differences, these 
studies probably only have minor or no relevance to the 
HAPhys. Site-directed mutants of all five of the A. niger 
NRRL 3135 PhyA DBs were investigated [16,19]. Elimi- 
nation of the second bridge, which is very crucial for 
bringing the C-terminal end of the protein closer to the 
active center, resulted in a total loss of activity. Single 
cysteine mutants of the other four DB resulted in lower 
optimum temperature and modification of the pH profile *Corresponding author. 
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in all the mutant phytases. 
In that study, only a single cysteine in each pair was 

changed to eliminate the DB [16]. All the individual DB 
mutants displayed altered phytase activity except for the 
second DB mutant where activity was totally lost. The 
catalytic demise in the second DB mutant was not unex-
pected because the non-consecutive cysteines bring two 
remote areas of the enzyme in close contact with each 
other to form the active site. Among the altered pheno-
types where activity was discernible, a decrease in opti-
mum temperature was noticed. The optimum temperature 
for the native A. niger PhyA is 58˚C which is much 
higher than the body temperature of both poultry and 
swine. Therefore, lowering the optimum temperature of 
PhyA closer to the physiological body temperature of 
animals has a potential benefit if the DB mutant main-
tains the other desirable attributes of the WT phytase. 

In an investigation of the role of protein-disulfide 
isomerase, DsbC, in Escherichia coli phytase (AppA), a 
series of DB mutants were tested [20]. The authors re-

ported that all the double DB mutants displayed higher 
specific enzyme activity than the corresponding single 
mutant for each bridge. In fact, one mutant (C200S/ 
C210S) had over 120% of wild type (WT) AppA phos-
phatase activity while the single mutant C200S displayed 
only approximately 70% of the WT phytase activity [20]. 

To determine if a similar activity enhancement could 
be achieved in A. niger PhyA, a series of additional sin-
gle and double mutations for the first DB were con-
structed and the resultant mutants were evaluated for 
activity. The first such DB was selected for this study, 
which is located towards the N-terminal end of the en-
zyme and pairs two consecutive cysteines, C31 and C40 
(NCBI # AAA32705) (Figure 1). The distance between 
this DB and the beginning of the active site (R81) was 
computed to be 2.2 nm. The selection of the first DB was 
based on it having the best kinetic perfection among all 
the previous DB mutants [16] and it also being the least 
conserved DB among all the fungal HAPhys [21]. The 
earlier study also revealed that this DB is not critical for  

 

 

Figure 1. Molecular model of the first 89 residues of A. niger PhyA phytase starting from residue number 30, which is based on 
three-dimensional structure (1IHP). The first disulfide bridge is located in the N-terminal region, which is formed between C31 and 

40 cysteines. The distance between the first disulfide bridge and the beginning of the active site (R81) was computed to be 2.2 nm. C   
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catalytic activity. Along with the lowering of the opti-
mum temperature, a significant enhancement in heat tol-
erance was achieved in the double mutants. This optimi-
zation of temperature to match the physiological tem-
perature of the animals and elevated thermostability may 
have commercial potential either alone or when incorpo-
rated with other desirable features for next generation of 
engineered HAPhys. 

2. MATERIALS AND METHODS 

2.1. Media and Reagents 

Escherichia coli JM 109 cells (Stratagene, Cedar Creek, 
TX) or E. coli Dα competent cells (Invitrogen, San 
Diego, CA) were cultured at 37˚C in Luria Broth (LB) 
medium. Pichia pastoris strain X33 from Invitrogen 
(Carlsbad, CA) was grown at 30˚C as previously de-
scribed [12]. The antibiotic Zeocin (Invitrogen, San 
Diego, CA) was added at 100 μg·mL–1 to yeast extract- 
peptone-dextrose (YPD) or Buffered Minimal Glycerol 
media (BMGY) or Buffered Minimal Methanol (BMMY) 
media for yeast and at 25 μg·mL–1 to LB for E. coli. 

2.2. Oligonucleotides and DNA Sequencing 

Oligonucleotides were synthesized by Sigma Genosys 
(Woodlands, TX) or Integrated DNA Technologies (San 
Diego, CA). The oligonucleotide primers employed in 
this study, C31G, C40G, C40S, C40T, and C40Y are list- 
ed in Table 1. DNA sequencing was performed with the 
dye terminator cycle sequencing (DTCS) Quick Start Kit 
(Beckman Coulter, Fullerton, CA) using a CEQ 8000 
Genetic Analysis System (Beckman Coulter) to confirm 
all the mutations. 

2.3. Site-Directed Mutagenesis 

A pGAP vector containing the phyA gene [22] was util-
ized to produce the mutant phytases. Three oligonucleo-
tide primers were employed to generate the necessary 
mutants, C31G, C40G, C40S (Table 1) Depending on 
the oligonucleotide used mutations were created using 
thermocycler cycling parameters of: 1 cycle 95˚C for 1 

min and 30 cycles of 95˚C (1 min), 55˚C (1 min), 65˚C 
(10 min); or 1 cycle 95˚C for 30 s and 20 cycles of 95˚C 
(40 s), 60˚C (40 s) and 68˚C (5 min) and the Quick-
Change Multi Site-Directed Mutagenesis kit (Strategene, 
Cedar, TX). 

2.4. Protein Expression 

P. pastoris X33 was used to express the proteins. The 
pGAP vector containing the phyA gene was linearized by 
the restriction enzymes AvrII or BspHI (New England 
Biolabs, Beverly, MA) and transformed in Pichia cells 
by electroporation using an ECM 630 Electro Cell Ma-
nipulator (Gentronics, Inc., BTX Instrument Division, 
San Diego, CA). The transformed cells were immedi-
ately incubated for 2 hours without shaking in 1 ml of 
YPD-Plus media (Zymo Research, Orange, CA) and then 
plated on YPD plates plus zeocin and incubated at 30˚C 
for 3 days. Single colony transformants were then trans-
ferred into liquid YPD media at 30˚C for 2 days and then 
assayed for phytase activity. 

2.5. Purification and Characterization of 
Expressed Phytase 

A 500 mL crude culture filtrate of each mutant strain was 
used to purify the genetically altered phytase. The steps 
used to purify the protein include ammonium sulfate 
precipitation followed by three chromatographic steps. 
By adding 2.0 M HCl while mixing gently, the pH of the 
culture filtrate was lowered from 6.0 to 4.6. The ammo-
nium sulfate precipitation of phytase was achieved first 
by saturating the crude culture filtrate to 45% and then 
removing the precipitate by centrifugation, which does 
not contain phytase activity. Additional ammonium sul-
fate was added to the supernatant to raise the saturation 
level to 90%. The solution was stirred for about 30 min 
at 4˚C followed by centrifugation to isolate the precipi-
tated phytase, which was subsequently dissolved in 15 
mL of glycine buffer (25 mM, pH 3.5). The traces of 
ammonium sulfate were removed from the re-suspended 
phytase solution by rapid dialysis over a period of 4 
hours with three changes of glycine buffer. 

 
Table 1. Disulfide bridge mutation oligonucleotide primers. Codons underlined and [ ] denote nu-
cleotide change to produce the mutant. 

Mutation Oligonucleotide primers  

C31G 5’GAGAAATCAATCCAGT[G]GCGATACGGTCGATCAGG3’ 

C40G 5’ATCAGGGGTATCAA[G]GCTTCTCCGAGACTTCG3’  

C40S 5’CGATCAGGGGTATCAA[A]GCTTCTCCGAGACTTCGC3’  

C40T 5’CGATCAGGGGTATCAA[AC]CTTCTCCGAGACTTCGC3’  

C40Y 5’CGGTCGATCAGGGGTATCAAT[A]CTTCTCCGAGACTTCGC3’  
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A 10 ml UNOsphereTM S column (2.5 × 2 cm) was 

equilibrated in the glycine buffer and the dialyzed pro-
tein sample was applied to it at a flow rate of 2.0 mL per 
min. A linear sodium chloride gradient (0.2 to 1.0 M) 
was developed in 15 min using the same buffer. The en-
zyme was eluted as a single component; the active frac-
tions were pooled and dialyzed against 25 mM imidazole 
buffer (pH 7.0). For the second chromatographic step, a 
4 mL UNOsphereTM DEAE column (1.5 × 2.3 cm) was 
equilibrated in the imidazole buffer. The dialyzed protein 
from the previous step was passed through the column at 
a flow rate of 2.5 mL per min. A salt gradient (0 to 0.3 M 
sodium chloride) was developed in 60 mL. The bound 
phytase activity was eluted as a single component. The 
active fractions were pooled and dialyzed against the 
glycine buffer. 

For the final step, a 2 mL UNOsphereTM S column (1.5 
× 1.2 cm) was equilibrated in glycine buffer. The dia-
lyzed protein from the previous step was applied to this 
column at a flow rate of 1.5 mL per min. A linear sodium 
chloride gradient 0.2 to 0.75 M was developed in 15 min 
in the same buffer. The purified enzyme was eluted as a 
single peak. 

2.6. Phytase Activity and pH Profile 
Determination 

Phytase assays were carried out in 1.0 mL volume at 
optimum temperatures in 25 mM glycine or 25 mM so-
dium acetate buffers [23]. The liberated inorganic ortho- 
phosphate was quantitated spectrophotometrically [24] 
using a freshly prepared acetone-molybdate-acid (AMA) 
reagent consisting of anhydrous acetone (2 parts), 10 
mM ammonium molybdate (1 part), and 2.5 M sulfuric 
acid (1 part). Adding 2.0 mL of AMA per assay tube 
terminated the enzyme assay. After 30 s 100 μL of citric 
acid (1.0 M) was added to each tube to fix the color. 
Absorbance was read at 355 nm after blanking the spec-
trophotometer with the appropriate control. Phytase ac-
tivity was expressed as ηkat/mL (nmoles ortho-phos- 
phate released per sec). The pH profiles were established 
based on the previously employed method [25]. 

2.7. Determination of Thermostability 

The purified native PhyA and DB mutants with a protein 
content of 0.4 mg in 100 µL were individually sealed in a 
narrow glass tube with ParafilmTM and heated at 70˚C for 
5 min in a water bath. Samples were then equilibrated at 
room temperature for 10 min before placing on ice. The 
control experiments were done in an identical way ex-
cept they were maintained at room temperature for 5 min. 
Phytase activity was measured at optimum pH of each 
phytases at 37˚C, 42˚C, 52˚C and 58˚C. Establishing the 
activity of the control as 100%, the activity of the sam-

ples after heating at 70˚C was expressed as a percentage. 

3. RESULTS 

The phytases of the DB mutants were isolated, purified 
and characterized. The pH profile of each single or dou-
ble cysteine mutations for the first disulfide bridge are 
shown in Figure 2. Except for C40G, all mutants lost 
significant activity in the acidic pH range. The two mu-
tants with the lowest activity in the acidic range were 
C31G/C40S and C31G. An intermediate profile is seen 
in the double mutant C31G/C40G. Purification necessary 
for characterization of the single mutants C40T and 
C40Y was not possible due to diminished enzyme activ-
ity. 

All the DB mutants that were characterized exhibited a 
lower optimum temperature than the native PhyA (Fig-
ure 3). In the 36˚C - 40˚C temperature range, all DB 
mutants except for C31G featured higher activity than 
the WT phytase. The optimum temperature recorded for 
the DB mutants were; C31G 53˚C, C40G 52˚C, C31G/ 
C40G 42˚C, and C31G/C40S 42˚C.  
 

 

Figure 2. The pH profile of purified PhyA WT phytase and 
disulfide bridge mutants expressed in Pichia pastoris. Assays 
were performed at the optimum temperature for each phytase. 
 

 

Figure 3. The temperature profile of purified PhyA WT phy-
tase and disulfide bridge mutants expressed in Pichia pastoris. 
The pH was adjusted for each enzyme to maximize activity. 

Copyright © 2012 SciRes.                                                                       OPEN ACCESS 



E. Mullaney et al. / Advances in Biological Chemistry 2 (2012) 372-378 376 

To mimic heating conditions during feed processing, 
all DB mutants and the native PhyA were heated to 70˚C 
for five minutes and then tested for phytase activity. 
When the results were compared, all the DB mutants 
retained a higher percentage of activity at 37˚C than the 
WT. More specifically the WT PhyA retained 21.3%, 
while C31G, C40G, 31G/C40G and C31G/C40S retained 
24.8%, 39.3%, 49.6% and 84.2% respectively (Figure 4). 
Interestingly, both the double DB mutants retained more 
activity than the two single DB mutants at the physio-
logically important temperature of 37˚C. 

4. DISCUSSION 

Previously, DB mutants were produced and biochemi-
cally characterized in a bacterial HAPhy [20,25]. In the 
former study one cysteine, C200, involved in a DB in E. 
coli phytase along with specific neighboring amino acids 
(AA) were replaced to produce an additional N-glycosy- 
lation site. Mutant C200N/D207N/S211N, which elimi-
nated the second E. coli DB displayed an altered pH pro-
file with 54% higher specific activity for phytase, and 
retained higher (P < 0.05) residual phytase activity after 
heat treatments at 80˚C and 90˚C [23]. In a separate E. 
coli phytase study where DBs were probed, neither the 
optimum temperature nor pH profile of the generated DB 
mutants was determined [20]. The emphasis of the study 
however was to elucidate the role of the protein-disulfide 
isomerase, DsbC, in the formation of nonconsecutive DB 
and for that reason both the single and double cysteine 
DB mutants were tested. The substrate for the activity 
assay was also p-nitrophenyl phosphate at 37˚C and not 
sodium phytate. It is still interesting to note that all the 
AppA single cysteine DB mutants in the study exhibited 
reduced enzymatic activity; most displayed less than 
10% activity of the WT AppA. However, all the double 
DB mutants displayed higher activity than the corre-
sponding single mutant. A possible explanation for this 
 

37˚C
42˚C
52˚C
58˚C

 

Figure 4. The percentage of activity after heat treatment of 
PhyA WT phytase and disulfide bridge mutants at 70˚C. The 
percentage activity remaining at 37˚C, 42˚C, 52˚C, and 58˚C 
before and after heating. The pH was adjusted to maximize 
activity of each phytase. 

observation was that unpaired cysteines in the single 
mutant could form incorrect DBs resulting in a misfolded 
protein. This would render them more susceptible to 
protease digestion. However, this would not be possible 
when both of the paired cysteines are mutated. The one 
DB single mutation in the DsbC study with the highest 
activity, C200S, corresponds to the C200N DB contain-
ing mutant in the previous study [24] also displayed 
higher than WT activity. The double consecutive DB 
mutant C200S/C210S even had greater activity (124%) 
than WT E. coli phytase [20]. In the current study it is 
important to note that the double DB mutants had higher 
thermostability than the single DB mutants or WT. 

In the removal of a DB, one or both of the cysteines 
necessary for the formation of a DB are mutated by site- 
directed mutagenesis to another amino acid. Conse-
quently, the removal of the bridge allows a new molecu-
lar configuration for the enzyme and also the novel in-
teractions between the side chain of the newly introduced 
amino acid and the side group of the neighboring amino 
acid(s). Properties of the DB mutants are therefore the 
results of the combination of both the loss of the struc-
tural stability afforded by the DB and the interaction of 
the AA(s) replacing the cysteine(s) and the neighboring 
AAs. The results of this study suggest that the replace-
ment of both cysteines pairs in the first DB of A. niger 
PhyA yielded mutants with more desirable attributes for 
animal feed applications than mutants from replacement 
of a single cysteine. Just as all the single cysteine re-
placements had lower enzyme activity than the corre-
sponding double mutant in E. coli phytase [20], a single 
free cysteine in PhyA may contribute to the enzyme’s 
misfolding or other structural instability, which is mani-
fested in a lower catalytic rate. In this study, the higher 
heat tolerance of C31G/C40S compared with C31G/ 
C40G also indicates the importance of selecting an 
amino acid that may form unique hydrogen bonds with 
the side groups of neighboring amino acids. The impor-
tance of which amino acid is selected to replace the cys-
teine is underscored by the differences in the activity 
levels of C40S (Figure 4) and the lack of enzyme activ-
ity in C40T and C40Y. The specific cause for the paucity 
of enzyme activity for C40T and C40Y is unknown and 
must await further study. It is interesting to note the pro-
pinquity of the first DB to the active site (Figure 1) 
which did not yield all mutants lacking phytase activity, 
but in some instances a phytase with higher activity at 
37˚C and superior heat tolerance than WT PhyA. This is 
quite fortuitous for A. niger PhyA phytase where the first 
DB is located not too far from the active site (Figure 1). 
The E. coli AppA phytase lacks a corresponding DB [20] 
and for this reason a different strategy is needed to lower 
the optimum temperature of activity to match the body 
temperature of most simple stomached animals. 
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5. CONCLUSION 

The results presented in this study clearly demonstrated 
that by eliminating a crucial disulfide bridge in PhyA 
phytase, the mutant biocatalysts have acquired new tem-
perature optima after subjected to 70˚C for a brief period. 
This enhanced thermostabilty in disulfide bridge mutants 
could be commercially exploited to design a superior 
phytase, which is already being used in the poultry and 
swine feed industry to lower phosphate in the waste 
product. 
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