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Abstract

Phytases are enzymes that hydrolysis phytic acid and makes mineral phosphorus available to animals. Phytases face rela-
tively extreme heating during food processing, thus thermostability plays an important role in industrial applicability of this
enzyme. Herein, we report the design of a thermostable phytase with favorable biochemical properties and high enzymatic
activity using molecular dynamics and rational design-based molecular engineering. Based on the crystal structure of E. coli
phytase, bioinformatics analysis and docking binding energy measurement, S392F mutant was introduced by site-directed
mutagenesis in order to improve thermostability of phytase through strengthen the bounding interactions. Wilde type and
Mutated constructs were expressed in E. coli BL 21. The WT and manipulated phytase were purified; their biochemical and
kinetic was investigated. Results revealed that recombinant WT and mutant phytase have optimum temperature of 50 °C
with no significance change but optimum pH of WT and mutant was respectively 5 and 6 with a pH shift. Furthermore,
S392F phytase catalytic efficiency values showed significant improve of 25.6%, compared with the WT. Analysis of the
retained enzymatic activity at high temperatures, indicated that despite of phytase stability reduction at high temperatures but
mutant phytase showed more stable behavior in compare with WT phytase, So that at 70 °C showed twice thermo stability
and at 80 °C and 90 °C display respectively 74% and 78.4% improvement of thermostability compared to the wild-type. In
conclusion, our results implied that the designed phytase could be a potential candidate for phytase manipulation research
and industrial applications with improved thermostability.
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Introduction

With a vital role in seed viability and germination, myo-
inositol-(1,2,3,4,5,6)-hexakisphosphate (InsP6), commonly
known as phytic acid (PA), is a major component of all plant
seeds, constituting about 60-90% of the total phosphorus.
Although found to have antioxidant properties, dietary PA
has been associated with mineral deficiency in human by
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binding to essential minerals and preventing their absorp-
tion through the gastrointestinal tract [1]. Generally, phytates
have a potential for binding multivalent cations such as cal-
cium, magnesium, copper, iron, zinc, cobalt and manganese.
The resulting chelate complexes are nutritionally less avail-
able and difficult to hydrolyze during digestion. This effect
has been also detected on starch, positively charged proteins
and amino acids [2]. Furthermore, emission of undigested
PA by monogastric animals such as poultry, fish and swine
due to inadequate levels of phytase in their digestive tracts,
imposes substantial environmental pollution risks [3]. The
concern of phytate phosphorus pollution is specifically
highlighted in intense fish production. Thus, to address
the abovementioned issues, enzymatic and non-enzymatic
approaches are routinely applied. In the non-enzymatic
approach, reduction of phytate level is achieved during food
processing steps or through physical removal of phytate-rich
parts of the plant seed. Alternatively, supplementation of
animal feed with inorganic phosphate was proposed, which
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has been linked to further ecological problems including
eutrophication [4].

Enzymatic hydrolysis of PA involves the addition of
phytate-degrading enzymes. Phytases (EC 3.1.3.8) catalyze
the sequential hydrolysis of PA to inorganic phosphate [5].
This class of histidine acid phosphatases has been detected
in several species of bacteria, fungi, plants and in some
animal tissues [1]. Using phytase as a feed supplement has
proven to increase nutrition uptake and moderate phosphate
excretion by 50%. Although, relatively low amount of this
enzyme in wild-type origins, excessive cost of exogenous
recombinant production in microbial hosts and conforma-
tional instability of the enzyme molecule in various pH and
temperature conditions of processing and manufacturing
procedures are some of the obstacles currently associated
with the use of phytases [1, 6]. Additionally, most phytases
are not heat-resistant and animal feed are generally pelleted
at temperatures between 65 and 80 °C, hence, significant
percentage of phytase activity will be lost under these pro-
cessing conditions [7].

Recent advances in genetic engineering has provided an
ideal platform for manipulating molecular characteristics of
recombinant proteins. Typically, improving the unfolding
temperature (7,,) of a protein entails multiple amino acid
exchanges [8]. Each modification may slightly enhance the
unfolding temperature of the polypeptide. However, it is
critical to identify the effectual amino acid residues on ther-
mostability of the molecule. Generally, such amino acids
may have a role in the formation of hydrogen bonds, salt
and disulfide bridges, increasing the hydrophobic stack-
ing, enhancing a-helix and fB-sheet stability, or stabilizing
B-turns, flexible termini or loops [9]. Due to the lack of a
precise and reliable procedure, many residues have to be
mutated and individually analyzed for selecting a hyperther-
mostable mutant.

Previously, several efforts have been made for this pur-
pose [10-12]. Lehman et al. increased the thermostability
of Aspergillus niger phytase by around 20 °C through de
novo constructing consensus enzymes using primary protein
sequence comparisons of thirteen fungal phytases. Van den
Burg et al. achieved similar results for a thermolysin-like
Bacillus stearothermophilus protease by substituting eight
amino acid residues [13]. These are generally conducted
via two main approaches of rational protein engineering,
where point mutations are inserted based on the predicted
protein conformation, and directed evolution in which a
set of mutations are introduced in line with the selection
of improved mutants [14]. Bioinformatics analysis has the
potential to significantly improve our perspective of pro-
tein structure—function correlation. Recent advances in
molecular dynamics allow for reliable structural comparison
between a reference protein and a proposed mutant, provid-
ing valuable data for rational design of mutant variants with
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favorable characteristics [15]. Knowledge of E. coli phytase
crystal structure and other similar phytases, beside on pro-
tein sequences studies of native app phytase have enabled
our rational design toward improving the enzyme efficiency.

In the present study, since structural and docking predic-
tions require experimental verification, we introduced S392F
mutation with highest binding affinity to phytate substrate
by using a site-directed mutagenesis method.

*Thermostability: thermal stability and the maintenance
of the enzyme activity at higher temperatures.

Methods and materials
Strains, media and reagents

Escherichia coli DH5« was used for cloning and amplifica-
tion of the gene and BL21 (DE3) as host for gene expression.
pUC57 and pET26b were used as cloning and expression
vectors respectively. For growth of E. coli, the LB medium
is also used. Preparation the Competent cells and Transfer
of pUC57-ansB plasmid and Plasmid extraction and cut-
ting with the enzyme were performed according to standard
molecular Cloning methods. 7ag DNA polymerase, T4 DNA
ligase and restriction enzymes were purchased from Thermo
Fermentase (USA). Oligonucleotides were synthesized and
automatic DNA sequencing was performed at Macrogene
Inc (South Korea). Sodium phytate and phytic acid were pur-
chased from Sigma Aldrich Co., Ltd. (St Louis, MO, USA).
The columns used for protein purification were obtained
from Amersham Pharmacia Biotech (USA).

Construct preparation

The amino acid sequence of E. coli (K12) phytase (appA,
accession number: P07102), with reportedly strong affinity
for sodium phytate as its substrate, was obtained from the
UniProt database. The first 22 amino acids coding for the
N-terminal signal peptide were excluded and the rest was
used to design the phytase gene, based on the optimal codon
usage of the expression host. A total of 1230 bp, coding for
a reading frame of 410 amino acids, were synthesized and
subsequently cloned into pUCS57. Competent E. coli DH5a
cells were transformed with pUCS57-Phy. Successfully-
transformed clones were selected by colony PCR, using
universal M13 primers (Clontech, USA) and employed for
plasmid preparation and cloning steps. Restriction enzymes,
Ncol and BamH]I, and T4 DNA ligase (New England Bio-
labs, USA), were applied to subclone the extracted (Cin-
naPure DNA extraction kit, CinnaGen, Iran) phytase gene
into pET26b (+) expression vector. The final construct
was transformed into E. coli BL21 competent cells, fol-
lowing confirmation by BamH1-Ncol double digestion.
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Successfully-transformed clones were selected by colony
PCR, using universal T7 primers (Clontech, USA).

Rational design of mutation

Three-dimensional structure of phytase was obtained from
the PDB entry, DKL, having 100% sequence homology
with our wild-type bacterial phytase. One subunit of the
enzyme and other additional molecules were removed for
easier structural analysis using the ConText software.

In order to evade destabilizing mutations, SRide software
(http://webclu.bio.wzw.tum.de/stride).

was used, which predicts stabilizing residues in the pro-
tein structure [16]. Suggested as stabilizing residues, Vall2,
Ala21, Phe299, Val334 and Val 350 were not considered
as mutation candidates. As a polar amino acid, serine was
proposed to enhance protein stability, whereas structural
analysis using visual molecular dynamics (VMD software
version 1.9.3; http://www.ks.uiuc.edu/Research/vmd),
indicated reverse effect when adjoining a non-polar amino
acid such as tryptophan [17]. Thus, a non-polar amino acid
was decided to replace this residue, potentially resulting in
hydrophobic interactions between the two non-polar amino
acids, which could in turn improve protein structural stabil-
ity. To investigate the effect of this mutation, MUpro soft-
ware version 1.1 was used. Based on the prediction of this
software, the S392F mutation could lead into an increase in
the protein stability. MAESTROweb predicted AAGpred of
the mutant protein to be —0.314, implying stabilizing role
of the imposed mutation. This prediction was also supported
by iMutant v2.0 and iStability software [18].

Three dimensional structure of the mutant phytase was
subsequently predicted to analyze the effect of the sug-
gested mutation in this context. Molegro Virtual Docker
v6.0 software was applied to replace the wild-type residue
with phenylalanine in 3D structure of phytase, and confor-
mation of the surrounding amino acids was optimized to
better mimic their native structures. Next, the effect of the
introduced mutation was inspected on the whole structure
of the protein by performing clean geometry analysis using
Discovery Studio Visualizer, and energy minimization was
studied using SPDBV 4.1 software.

Site-directed mutagenesis

Site-directed mutagenesis of Bac—Phy gene was conducted
using QuikChange Site Directed Mutagenesis Kit (Strata-
gene, CA, USA). The pET26b vector containing Bac—Phy
gene (1230 bp) with optimized codon preference for expres-
sion in E. coli was utilized to produce the mutant. In this
methods, double stranded, dam methylated pET26b DNA
with Bac—Phy gene isolated from E. coli DH5a was used
with pair of designated complementary primers containing

the desired point mutation (Table 1). The mutagenesis was
extended by pfu Turbo DNA polymerase by using thermo
cycling condition of 95 °C for 3 min, 18 cycles at 95 °C for
30, 67 °C for 45 s and 68 °C for 1 min/kb of plasmid DNA
length. The product was treated by Dpnl (Fermentase) at
37 °C for 1 h and nicked plasmid DNA was transformed to
E. coli BL21 by which the nick was repaired. The plasmids
harboring desired mutation was identified by DNA sequence
analysis.

Phytase expression

Overnight culture of transformants were inoculated in
250 mL of LB medium contain Kanamycin and cultured at
37 °C until ODyy, reached 0.8—1. After induction with 1 mM
isopropyl p-thiogalactopyranoside (IPTG), the induced cells
were cultured for 18 h at 37 °C in a shaker incubator. Phytase
activity was measured in an assay mixture containing 20 mM
sodium phytate and 200 mM sodium acetate buffer (pH 5.5)
[19]. Following the incubation of 30 min at 37 °C, the reac-
tion was stopped by adding acetone-molybdate-acid (AMA),
stopping reagent, and liberated phosphate was measured by
ammonium molybdate method at 380 nm [20]. Additional,
the protein concentration was measured by Bradford assay.

Purification and biochemical characterization
of expressed phytases

Culture of WT Bac—Phy and transformant Bac—Phy mutant
were centrifuged at 11,000 rpm for 20 min at 4 °C. The
filtered supernatants were concentrated by using Amicon
centrifugal filter device (Cut-off, 30,000). The concentrated
supernatants were loaded on Superdex size Column for gel
permeation chromatography (Amersham, Inc, USA), which

Table 1 Strains, plasmids and synthetic oligonucleotide primers

Item Description
Strains
E. coli DH5a E. coli, a-complementary
E. coli BL21 Protein expression host
Plasmids
pUCS57 (2.7 kb) Cloning vector
pET26b (5.4 kb) Expression vector

Oligonucleotide primers

5" GTATGTGCTTCCTG
GCTGGTTTCACC
CAG 3

5" GGGTGGTAGC
ACCGGTCGGAAC
ACGAG 3'

appA392-forward

appA392-reverse

Sequences in italics and bold represent the designated mutant for the
target amino acid residue
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has previously been equilibrated with 0.1 M sodium acetate
buffer (pH 5.5), then eluted with 0.1 M sodium acetate con-
taining 0.15 M NaCl (pH 5.5) with flow rate of 2.5 ml min™!
using AKTA Purifier Fast Protein Liquid Chromatography
system (Amersham bioscience, USA). The fraction profiles
of OD280 and phytase activity were analysed to determine
the desired protein peaks. The peak fractions were pooled
and concentrated by Amicon centrifugal filter device and
stored at —20 °C for further characterization.

The phytase pH profile was determined at 37 °C with
different buffers; 0.2 M glycin—Hcl (pH 1.0, 2.0 and 2.5)
0.2 M sodium citrate (pH 3.0, 4.0, 5.0 and 5.5), and 0.2M
Tris—Hcl (pH 6.0 to 8.0) [19]. The temperature profile of
phytase was investigated with 200 mM sodium acetate buffer
(pH 5) ranging from 20 to 80 °C with 5 °C intervals. To
evaluate thermostability, purified phytases were incubated
at temperatures ranging from 40 to 90 °C for 10 min and
they were placed on ice for 30 min immediately after heat
treatment to assay phytase residual activity at 37 °C (pH
5.5). To determine the half-life of the expressed phytases,
the enzyme was incubated at 80 and 90 °C for 0—60 min and
then placed on ice for 30 min before being tested at 37 °C
as described above.

Evaluation of kinetic characteristics

Kinetic parameters of K,, and V,,,,, were evaluated for the
mutant phytase at 37 °C and pH 5.5 using gradient con-
centrations of sodium phytate salts (ranging from 50 to
1000 uM) as the substrate in 0.2 M sodium acetate buffer
for 10 min. Results of triplicate experiments on mutant and
wild-type phytases were compared and data obtained were
analyzed by creating a Michaelis—Menten plot of reaction
rate versus substrate concentration using GraphPad Prism.
The V,,,, values were converted to K, value, by normal-
izing the enzyme concentrations by the molecular mass of
the monomer. Finally, catalytic efficiency (K _,/K,,) of the
phytases was measured.

Statistical analysis

Data were analyzed by Minitab (release 14; Minitab State
College, PA, USA). The Student t test was used to compare
mean differences. Significance was set at a P value of <0.05.
Results

Analysis of 3D structure

Based on the results obtained from bioinformatic evalu-

ations, energy level of the protein structure was dramati-
cally decreased from 15,990 to — 13,845 kJ/mol. TM-align
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algorithm was employed for comparing the structure of the
mutant and wild-type molecules, and the root-mean-square
deviation of atomic positions imposed by the mutation was
measured around 0.37 A, which inferred a high degree of
structural similarity between the two molecules. This can
be interpreted as estimation that the stabilized conformation
of the protein may not change and the enzymatic activity of
the phytase would be conserved following introduction of
the mutation. Figure 1 depicts synchronized structure of the
wild-type and mutant phytases. Therefore, it may be con-
cluded that the active site and structural domains were not
affected by the substitutions.

To study the effect of the mutation on the interactions of
amino acids adjacent to the mutation point, LigPlot+v1.4.5
software was used and a comparison between the wild-
type and mutant structures suggested a significant increase
in hydrophobic interactions inflicted by the mutation. As
shown in Fig. 2, the introduced mutation, S392F, forms two
new hydrophobic interactions with the surrounding amino
acids, which can lead to an increase in structural stability of
the mutant phytase.

Expression analysis

Amino acid sequence of E. coli (K12) appA gene was trans-
lated into a codon-optimized nucleotide sequence and used
for gene synthesis. The synthesized gene was cut out of the
carrying plasmid, subcloned into pUCS57 and transferred to
E. coli DH5a cells (Fig. 3).

Expression of WT and mutant phytase in E. coli BL21
cells was analyzed on a 12% SDS-PAGE gel. Both proteins
were overexpressed, concluded by 45-KD protein bands
attributed as the molecular weight of the phytase enzyme.
Purified phytases in the culture supernatants were also
visualized by the same approach (Fig. 4). Based on the
standard curve plotted using known concentrations of BSA,

Fig. 1 Three-dimensional conformation model showing the wild-type
and mutant phytases indicating high structural similarity between the
two molecules. The ribbon diagram of the three-dimensional struc-
tures were prepared using Swiss-PDB Viewer 4.1 program
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Fig.2 Two dimensional dia-
gram of the interaction between
amino acid residues in, a
wild-type and b mutant phytase.
The red circles signify mutual
amino acids forming hydropho-
bic interactions (brown dots)

in both proteins. (Color figure
online)
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Fig.3 Molecular cloning of the phytase gene. a Fragment recovery. (1) DNA marker, (2) Recovered WT phytase gene following Ncol-BamHI
double digestion. b Colony PCR. (1-3) Transformed clones, (4) negative control, (5) DNA marker. ¢ pUC57-Phy plasmid

0.351 mg/mL and 0.333 mg/mL of wild-type and mutant
phytase was detected in their respective culture supernatants.

Effect of S392F mutation on pH and temperature
Optima

To determine pH range of activity and optimum pH of
phytase, E. coli expressed WT and mutant phytase activity
were determined at different pH. The optimum pH of WT
and mutant was 5 and 6 respectively with a significant pH
shift. Furthermore mutant phytase showed 12.8%, 9.6% and

10.3% higher phytase activity at pH 6, 7 and 8, respectively
in compare with WT (Fig. 5).

In order to determine WT and mutant phytase behavior
at different temperature, purified recombinant samples were
assayed for phytase activity at wide range of temperatures. It
was discovered that WT and mutant phytase have optimum
temperature of 50 °C (Fig. 6).

Culture supernatants pretreated at various temperatures
were measured for their residual phytase activity and the
results indicated fairly higher thermostability of the mutant
phytase compared to its wild-type counterpart despite of
phytase stability reduction at high temperatures. Analysis
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Fig.4 Phytase SDS-PAGE analysis. (1) E. coli mutant phytase, (2)
Protein molecular marker, (3) E. coli WT phytase, (4) purified mutant
phytase, (5) purified WT phytase
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Fig.5 Characterization of WT and S392F purified phytase. Effect of
different pH on WT and mutant phytase assay. Points represent the
means for at least three independent determination (P-value <5%)

of the retained enzymatic activity of mutant phytase at high
temperatures indicated twice thermo stability improvement
at 70 °C and respectively 74% and 78.4% higher thermo-
stability at 80 °C and 90 °C in compare with WT (Fig. 7).

Characterization of expressed phytases kinetic
parameters

Kinetic analysis indicated that the apparent K,, and V.
of the WT was 19.45 uM and 98.5 +0.8 umol min~! mg~!,
respectively. The K|, value of mutant for sodium phytate
was 20% lower than the WT (P <0.05). Moreover, the cata-
lytic efficiency values (K_,/K,,) of the mentioned mutant
was improved about 25.6%, compared with the WT phytase
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Fig.6 Characterization of WT and S392F purified phytase. Effect
of different temperature on WT and mutant phytase assay .Points
represent the means for at least three independent determination
(P-value <5%)

which indicated a significant increase of kinetic efficiency
for sodium phytate (Table 2).

Discussion

Based on the growing phytase market volume, develop-
ing efficient platforms for the production of manipulated
phytases with favorable biochemical properties is irrefutable
[21]. A wide range of bacterial, yeast and fungal hosts are
employed for industrial production of phytase. On account
of posttranslational modifications, host organism plays
an important role in phytase activity and thermostability.
Despite high expression level and increased specific activ-
ity of phytase in yeast, E. coli is the preferred host organism
for this protein, due to its fast growth, non-chromosomal
integration and high plasmid transformation efficiency [22].

Phytases are normally exposed to temperatures above
60 °C during feed pelleting applications, while most wild-
type phytases undergo irreversible heat denaturation at this
point. The unfolding temperature of phytase can be enhanced
by protein engineering. Theoretically, any attempt toward
increasing the number of intramolecular interactions may
lead into a decrease in total free energy of the protein and
consequently improves structural stability of the molecule
[9]. This can be achieved through introduction of non-polar
amino acids, including phenylalanine, glycine, alanine, pro-
line, valine, leucine, isoleucine, methionine and tryptophan
to the protein primary structure. Hydrophobic interaction
between these residues naturally improves protein resistance
against harsh conditions of heat and pH [23].

Particular guidelines for improving the thermostabil-
ity of a target protein commonly evolve from recorded 3D
structure data of the wild-type protein and its heat-resistant
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Fig. 7 Thermostability analysis 100 -
of the WT and mutant phytases. 95 A

Points represent the means for gg ]
at least three independent deter- 80
mination (P-value <5%) 75 -
70 4
65 -
60
55
50
45 -
40 -
35
30 -
25 4
20 -
15 4
10 -+

—o—WT
Mutant

Residual Activity (%)

Table 2 Kinetic parameters of purified wild type and mutant phytase
at 50 °C

Strain K, M) V. (umol K, (s Kinetic efficiency
min~! mg™") (™' mol™)

WT 19.45 98.5+0.8  10545+1.8 542x10°

S392F 15.56 102.6+1.3 106+1  6.81x10°

Value are mean +SD (n=3). The genotype of each mutant is listed in
Table 1

homologous variants, as well as general rules known about
protein structures associated with thermostability [9]. Ran-
dom mutagenesis is also applied to imitate the nature in
developing and selecting improved variants with favorable
physiochemical properties. The former approach was suc-
cessfully used by Van den Burg et al. to enhance the heat
resistance of Bacillus stearothermophilus thermolysin-like
protease by 21 °C through substitution of eight amino acid
residues [13]. Another study reported 20% improvement in
phytase thermal tolerance by stabilizing local interactions
using error-prone polymerase reaction. Chen et al. also
reported 15% higher activity remained after heating at 75 °C
for 10 min for the F43Y single mutant compared to the wild-
type A. niger phytase [24]. Random mutagenesis includes a
laborious and time-consuming process, therefore, prediction
of the effect of mutations on the protein structure can be
highly advantageous to rationalize specific modifications in
silico [25]. Bioinformatic analysis represents a promising
means for rational design of a molecule with favorable fea-
tures. Through increasing knowledge on structural dynamics
and rational design-based molecular engineering, mutations
in protein sequence with potential to improve intended struc-
tural characteristics are identified and used for the prediction
of primary, secondary and tertiary structure of the protein
[26].

T T T T T T 1

30 40 50 60 70 80 90
Temperature (¢)

Generally, thermostability profile of a protein is gov-
erned by basic physiochemical forces between the consti-
tuting residues, including hydrogen bonding network, ionic
and hydrophobic interactions, molecular flexibility in loop
regions and surface charge—charge interactions. Additionally,
other structural factors such as core and side chain packing,
oligomerization, proline substitutions, helical content and
helical propensities contribute to the thermal resistance of
a protein [23].

In 1997, Pasamontes et al. developed the first thermosta-
ble recombinant phytase with 90% retained activity follow-
ing 20 min heat treatment at 100 °C. Wang et al. increased
phytase T,, by 7.5 °C via introduction of 10 point muta-
tions, attributing this improvement to an enhancement of
a-helix content and greater exposed hydrophobic surface
[27]. An increase in glycosylation sites was also success-
fully employed to enhance phytase thermotolerance [28]. Fei
et al. reported 39% increase in thermostability of phytase by
generating a C-terminal deletion mutant [29]. Another study
developed a phytase with 60% retained activity after heat
treatment [30]. Kim et al. documented two phytase variants
(K46E and K65E/K97M/S209G) with over 20% enhanced
thermostability and 67 °C increased melting temperature,
which was described to be caused by additional hydrogen
bonds formed between the introduced amino acids with adja-
cent residues [24]. Double mutation, F89S and E226H, pre-
dicted by molecular dynamic analysis, resulted in improved
stability of the engineered phytase against heat and proteases
[31]. Few attempts have been made to improve phytase
thermal resistance by incorporating hydrophobic interac-
tions. Although rarely found in protein sequence, aromatic
amino acids show thermostabilizing properties in most
cases. Shivange et al. produced the phytase variant V298F
with improved thermal and pH resistance, by introduction
of additional hydrophobic interactions [32]. Based on the
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literature, 91.5% increase and 13.96% decrease in thermosta-
bility of E. coli phytase was observed by salt bridge addition
or subtraction mutants, respectively. The amino acid resi-
dues, Glu31, E35, S42, K46, S51, F89, R168, E226, R248
and P257 were also previously associated with the thermo-
stability of phytase [33]. Our observations suggested S392
as a novel key amino acid with significant influence on the
thermal tolerance of phytase.

Generally, hydrophilic amino acids are found on the sol-
vent exposed surface of the protein, whereas hydrophobic
residues are buried inside of the protein folding. This hydro-
phobic effect stabilizes protein folding through interaction
of side chains in the non-polar core of the protein, as well
as hydrogen bonding network of nonpolar side chains on
its surface. However, not all buried residues are nonpolar,
which may provide an opportunity for protein engineering.
Replacement of some polar amino acids in the folded protein
interior may result in formation of new hydrophobic bonds
and improvement of the protein stability [34].

Previously, we reported three double mutations (S205N-
S206A, T314S-Q315R, T151A-V62N) with enhancing
effects on the thermostability and catalytic efficiency of
phytase, using bioinformatics tools [19]. In the present
study, we used molecular dynamics to predict a rationalized
thermostabilizing single mutation in E. coli phytase. In an
effort to design a thermotolerant enzyme, several softwares
were employed and 3D structure of the substituted phytase
was compared to that of its wild-type counterpart. Many
studies have identified the hydrophobic bond network as one
of the most important stabilizing factors for thermostable
proteins [19]. Based on the results of the molecular dynam-
ics studies, the proposed mutation, S392F, forms two new
hydrophobic bonds with the amino acid Trp347. This may
justify the improved thermostability reported for the recom-
binant phytase. Furthermore, a dramatic decline in energy
level of the protein structure to — 13,845 kJ/mol, may have
contributed to conformational stabilization, resulting in
reinforcement of the protein tertiary structure. Therefore,
improvement of thermostability can be a result of minor
global and local conformational changes, stabilizing local
or long-rage interactions and reducing overall entropy of the
molecule. An improvement of the thermodynamic stability
of a protein increases the free-energy difference between
the unfolded and the folded state or decreases the rate of
unfolding by enhancing the free energy difference between
the folded state and the transition state of unfolding [9].

Despite the significant change in the molecular free
energy, data obtained from structural comparison using
TM-align algorithm implied minimal deviation in atomic
positions between the two phytases. Thus, a high degree of
structural similarity might be an explanation for nearly intact
enzymatic activity of the mutant phytase in comparison to
the wild-type molecule. It is noteworthy that replacement
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of the mutated S392 residue, with three other hydrophobic
amino acids of Trp, Val and Tyr was also suggested by our
bioinformatics structural analysis to have thermostabilizing
effects on the phytase structure, in the same manner.

Thermostability analysis indicated that culture super-
natant containing the mutant phytase has higher remained
specific activity comparing to the wild-type phytase. The
introduced mutation had minimal effect on pH profile of the
phytase, with only 10% improved activity at pH 6. Similarly,
kinetic properties of the mutant phytase were slightly higher,
while both enzymes displayed comparable phytase activity
at different concentrations of the substrate.

In conclusion, our observations are an endorsement to
the effectiveness of predictions based on bioinformatics
analysis and the possibility of using information obtained
from molecular dynamics studies to estimate 3D structure
and physiochemical properties of engineered proteins. Such
studies can help build a fairly realistic correlation between in
silico and in vitro data, which may in turn lead into signifi-
cant developments in protein engineering toward improved
industrial applicability. Based on our results, the designed
phytase possesses industrially favorable physiochemical and
biochemical characteristics, signifying the introduction of a
phytase with a potential to be used as an additive in animal
livestock.
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