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Background: Microbial phytase is one of the most widely used enzymes in food industries like cattle, poultry, and 
aquaculture food. Therefore, understanding the kinetic properties of the enzyme is very important to evaluate and predict 
its behavior in the digestive system of livestock. Working on phytase is one of the most challenging experiments because 
of some problems, including free inorganic phosphate (FIP) impurity in phytate (substrate) and interference reaction of the 
reagent with both phosphates (product and phytate impurity).
Objective: In the present study, FIP impurity of phytate was removed, and then it was shown that the substrate (phytate) 
has a dual role in enzyme kinetics: substrate and activator.
Material and Methods: phytate impurity was decreased by two-step recrystallization prior to the enzyme assay. The 
impurity removal was estimated by the ISO30024:2009 method and confirmed by Fourier-transform infrared (FTIR) 
spectroscopy. The kinetic behavior of phytase activity was evaluated using the purified phytate as substrate by non-
Michaelis-Menten analysis, including Eadie-Hofstee, Clearance, and Hill plots. The possibility of an allosteric site on 
phytase was assessed by molecular docking.
Results: The results showed a 97.2% decrease in FIP due to recrystallization. The phytase saturation curve had a sigmoidal 
appearance, and Lineweaver-Burk plot with a negative y-intercept indicated the positive homotropic effect of the substrate 
on the enzyme activity. A right-side concavity of Eadie-Hofstee plot confirmed it. Hill coefficient was calculated to be 
2.26. Molecular docking also showed that Escherichia coli phytase molecule has another binding site for phytate very 
close to the active site, called “allosteric site”. 
Conclusions: The observations strongly propose the existence of an intrinsic molecular mechanism in Escherichia coli 
phytase molecules to be promoted for more activity by its substrate, phytate (positive homotropic allosteric effect). In 
silico analysis showed that phytate binding to the allosteric site caused new substrate-mediated inter-domain interactions, 
which seems to lead to a more active conformation of phytase. Our results provide a strong basis for animal feed 
development strategies, especially in the case of poultry food and supplements, regarding a short food passage time in 
their gastrointestinal tract and variable concentration of phytate along with it. Additionally, the results strengthen our 
understanding of phytase auto-activation as well as allosteric regulation of monomeric proteins in general.
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1. Background
Phosphate is one of the essential nutritional demands 
among animals. Existanse of the mineral form 
of phosphate in the feed leads to high costs and 
environmental problems (1). Animal diets are usually 
rich in phytate (myo-inositol hexakisphosphate). Phytate 
is a storage form of phosphate in plant seeds as the 
main component of animal food. Six phosphate groups 
are attached to a myo-inositol molecule in the phytate 
structure. Monogastric animals such as birds, fishes, or 
pigs cannot hydrolyze phytate to use its phosphates. 
Today, an enzyme superfamily called phytases (myo-
inositol hexakisphosphate phosphohydrolase, EC 
3.1.3.x (x = 8, 26 or 72)) is added to animals’ diets to 
solve the problem. The enzyme can release phosphate 
from phytate, in addition to providing phosphate, 
reducing the chelating effects of phytate (2). Hence, 
today, phytase is a thriving enzyme in the livestock, 
poultry, and aquaculture industries.
Plants, bacteria, molds, yeasts, and animals can produce 
phytase. However, microorganisms are the most active 
living organism in producing phytases (3). Phytases are 
divided into four classes based on their biochemical 
properties and conserved sequences: histidine acid 
phosphatases, cysteine phosphatases, β-propeller 
phytases, and purple acid phosphatases. Phytases 
originating from Aspergillus niger, Escherichia coli, 
and Peniophora lycii belong to the histidine acid 
phosphatase family and have been commercialized (4).
Phytase from E. coli is widely used in the animal’s food 
industry. This enzyme has two structural domains called 
α and α/β domains, and its active site is in the form of 
a relatively large cavity between the two domains (5). 
Studies on E. coli phytase have shown that this enzyme 
has a high specificity for sodium phytate (6) and has 
the greatest specific activity among different classes of 
phytase (2). 
Studies have shown that the binding of phytate to the 
active site of E. coli phytase leads to conformational 
changes in the enzyme’s structure (5). However, the 
possibility of a phytate binding to a site other than the 
active site was not yet been investigated. If the binding of 
the second phytate led to any change in phytase activity, 
the phenomenon would be an allosteric regulation by 
its substrate, known as “homotropic effect” (7).
Allosteric regulation is widely used in various industries. 
For example, in the therapeutic field, identifying 
allosteric sites is the first step in discovering and 

designing drugs whose action enhances the enzyme’s 
function (8). The allosteric behavior of some enzymes 
is also used in producing highly sensitive biosensors 
(9). In addition, in today’s food industry, identifying 
sweet taste receptors with positive allosteric modulation 
provides the conditions to replace sweeteners with 
compounds that stimulate the taste sensation very well 
(10). Allosteric regulation is so valuable that sometimes 
attempts are made to create this property in the desired 
enzyme by adding a new domain (11).

2. Objectives
In this study, we have recrystallized commercial 
sodium phytate to reduce its FIP impurity. Then, we 
investigated the role of phytate in E. coli phytase 
activity, not only as a substrate but also as an allosteric 
activator. Moreover, the existence of an allosteric site 
for phytate has been predicted using the molecular 
docking method, and we have proposed a probable 
mechanism for allosteric behavior in E. coli phytase 
via new phytate-mediated inter-domain interactions. 
We have also discussed the importance of our findings 
in the animal food industry.

3. Materials and Methods
Commercial phytase (Smizyme TS G5, Beijing smile) 
was donated by Golbid Company (Tehran, Iran). This 
enzyme is a pure cloned 6-phytase derived from  E. 
coli, expressed in  Pichia pastoris. Sodium phytate 
(P8810), ammonium heptamolybdate, and ammonium 
metavanadate were from Sigma-Aldrich. All other 
chemicals used in this study were of analytical grade.

3.1. Sodium Phytate Recrystallization
FIP impurity in phytate was removed by the 
recrystallization technique (12). FIP content (µmol 
of free inorganic phosphate per mg of phytate) was 
measured before and after recrystallization using a 
colorimetric method with heptamolybdate/vanadate 
reagent (See phytase assay).

3.2. Fourier Transform Infrared (FTIR) Spectroscopy 
Phytate chemical structure was examined in the 
transmission mode using a Bruker FTIR spectrometer 
(Tensor 27) by KBr pellet technique in the wavenumber 
range of 400 to 4000 cm-1 and resolution 0.1%T. The 
powdered phytate before and after recrystallization 
was used to make pellets. All spectra were baseline 
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corrected. 

3.3. Phytase Assay
The International Standard for Measuring Phytase 
Activity (ISO 30024:2009) was used to measure phytase 
activity based on measuring the product. According to 
this method, FIP reacts with ammonium molybdate 
under acidic conditions in the presence of vanadium 
to form yellowish vanadomolybdophosphoric acid. 
The intensity of the yellow color corresponds to the 
concentration of FIP. Phytase activity was measured 
by mixing 360 µL of 0.25 M acetate buffer pH 5.5 
with 0.01% mass fraction polysorbate 20 and 40µL of 
phytase solution. The enzymatic reactions were initiated 
by adding 800 µL of 7.5 mM sodium phytate to meet 
the desired concentration. The solution was incubated 
for exactly 30 min at 37 °C. Then 800 µL of freshly-
prepared stop reagent (ammonium heptamolybdate 
10% (w/v): ammonium vanadate 0.235% (w/v): nitric 
acid 21.66% (v/v) with 1:1:2 ratio) was added. The 
reaction mixture was incubated at room temperature for 
10 minutes and centrifuged at 11000 ×g for 3 min. FIP 
concentration was determined based on the absorbance 
of the supernatant at 415 nm using KH2PO4 standard 
curve. Initial velocity (V) was considered as the change 
of FIP concentration after 30 min incubation of the 
enzyme-substrate mixture.

3.4. Steady-State Kinetic Data 
Initial measurements were carried out in assay 
conditions as mentioned in “phytase assay” at various 
initial phytate concentrations (0-1.25 mM), and the 
experimental data were used for plotting the saturation 
curve of phytase (Michaelis-Menten Plot) using least-
squares nonlinear regression. The calculated phytate 
binding in Michaelis-Menten plot was best described 
by Hill-Langmuir equation (equation 1): 

                                                                            (1)

where v and Vmax are the calculated and apparent 
maximum activity of experimental data, respectively, 
[S]50 is the concentration of phytate at Vmax/2, [S] is 
phytate concentration, and n is Hill coefficient (resulted 
from Hill plot). The “n” was assumed to be equal to 
unit for hypothetical Michaelis kinetics and 2.27 for 
theoretical non-Michaelis kinetics.
Moreover, the kinetic data of the initial reaction 

velocities were plotted according to Lineweaver-
Burk (1/v vs 1/[S]), Eadie-Hofstee (v vs v/[S]), 
Clearance (v/[S] vs log[S]) and Hill (log(v/(Vmax-v)) 
vs log [S]) and fitted. Lineweaver-Burk and Eadie-
Hofstee plots provide graphical information about 
enzyme behavior rather than kinetic parameters. The 
slope of Hill plot was used as Hill coefficient (n). 

3.5. Molecular Docking Prediction
Auto Dock Vina software predicted the second phytate 
binding site on phytase. The protein file 1DKQ was 
downloaded from the Protein Data Bank (PDB; http://
www.rcsb.org/pdb/). Further analyzes were performed 
using Auto Dock Tools (v.1.5.6), Discovery Studio 
(v.21.1.0.20298), Ligplot+ (v.1.4.5), and chimera (v.1.15) 
software. 

3.6. Statistical Analysis 
The statistical analysis and data fitting were performed 
using the software package “MS Excel 2016”.

4. Results 

4.1. Sodium Phytate Recrystallization
In order to obtain a proper and confident saturation curve 
of phytase, a two-stage phytate crystallization method 
was initially performed to minimize the FIP impurity. 
The content of FIP in sodium phytate was measured 
before and after the recrystallization of sodium phytate 
by the colorimetric method. The results showed a 97.2% 
decrease in FIP due to recrystallization (Fig. 1A). The 
FTIR spectrum was recorded to ensure the integrity 
of the phytate chemical structure and to confirm the 
reducing FIP impurity by the recrystallization process 
(Fig. 1B). 

4.2. Determination of Kinetic Parameters 
E. coli phytase saturation curve was plotted against 
different concentrations of sodium phytate (Fig. 2A). 
The graphical appearance of the saturation curve was not 
hyperbolic but sigmoid. The appearance of Lineweaver-
Burk’s plot was unusual, and the y-intercept of the 
resulting line was negative (Fig. 2B). In order to find 
out the reason for these observations and to assess 
whether the kinetic behavior of the enzyme follows 
the Michaelis Menten model or not, the Eddie-Hofsti 
curve was plotted (Fig. 2C). 
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Figure 1. Improvement of sodium phytate purity by recrystallization. A) Quantitative colorimetric test for 
measuring free Inorganic phosphate (FIP) content before and after recrystallization of commercial sodium phytate 
(FIP concentration is proportional to the intensity of the yellow color). B) Fourier transform infrared (FTIR) 
spectra of sodium phytate before (a) and after (b) recrystallization (inset: chemical structure of phytate). The 
orange and blue dashed lines are related to phytate and FIP, respectively. 
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Figure 2. Kinetic analysis of phytase experimental data (•) compared to the hypothetical Michaelis model (°). 
A) Saturation curve, and B) Lineweaver-Burk. C) Eadie-Hofstee. D) Clearance. E) Hill plots. F) Experimental 
saturation curve (black line) compared to the best-fitting Hill-Langmuir equation curve (dash line). The table at the 
bottom: kinetics parameter of non-Michaelis behavior of the phytase.
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A convexity was observed to the right side of the Eadie-
Hofstee plot. The clearance plot was also Convex (Fig. 
2D). Hill plot was drawn and showed a line with a 
slope of 2.27 (Fig. 2E). 

4.3. Molecular Docking Investigation
Molecular docking was performed in silico to 
investigate the existence of the second binding site 
of the substrate between the phytase-phytate complex 
(1DKQ) and the substrate (Fig. 3A). The amino acids 
around the first substrate-binding site (active site) and 
the second substrate-binding site (allosteric site), as 
well as their hydrogen and hydrophobic interactions, 
were analyzed using Ligplot+ (Fig. 3A). The allosteric 
site is located between the two structural domains of 
phytase (Fig. 3B). Contact maps of the amino acids 
around the active and allosteric sites are depicted in 
the separate domains (Fig. 3C). The binding of the 
second substrate added six new hydrogen bonds 
and four new hydrophobic interactions between the 
two domains through the second phytate (Fig. 3D), 
introducing 150 kJ.moL-1 and 4 kJ.moL-1 interdomain 
binding energy, respectively (Fig. 3E). The position of 
the amino acids involved in interactions with phytates 
at active and allosteric sites by structural domains 
was represented using chimera software (Fig. 4A). 
The binding affinity of the first and second substrate 
molecules was estimated to be 3.15×105 and 4.15×104 
M-1, respectively.

5. Discussion
To determine beneficial, effective, safe, or hazardous 
dosages of foods, nutrients, drugs, or pollutants, “dose-
response” studies and their related models are significant 
and often affect public policy. “Dose-response” 
relationships can describe how a group of molecules or 
organisms respond to various levels of exposure. The 
saturation curve (Michaelis-Menten) of enzymes by 
their substrate(s) is a famous example of dose-response 
models used in the food and pharmaceutical industries 
as well as biosensor technology (9, 10, 13). In this study, 
dose-response regulation of E. coli phytase activity has 
been studied. 
Microbial phytases cause the gradual release of FIP 
from phytate (1). Since FIP is not a chromophore 
(14), indirect colorimetric methods are often used to 
measure its concentration (15, 16). Assaying phytase 
using commercial phytate with high FIP impurity is not 

acceptable, which results in non-reproducible activity 
measurements. Moreover, many researchers have 
pointed out the inhibitory effect of FIP on phytase 
activity (6, 17). furthermore, based on the International 
Standard, phytate’s inorganic phosphorus content 
should be  ≤0.1 % mass fraction (ISO 30024:2009).
This protocol suggests phytate, Sigma P0109, from 
rice, for use as a phytase substrate due to its low FIP 
content, but this product is not commercially available 
now. Sigma P8810, from rice, is an available alternative 
with relatively more FIP impurity. Fortunately, it has 
recently been shown that P8810 can be more purified 
via the recrystallization method confirmed by HPLC 
(12). So, we have recrystallized sodium phytate before 
measuring enzyme activity. As the main evidence for 
successful reduction of FIP, the colorimetric method 
showed 97.2% of FIP purification (Fig. 1A). The 
FTIR result also confirmed the purification:  the two 
peaks at 571 and 1079 cm-1 (blue dashed lines) were 
removed after recrystallization. These peaks belong 
to the bending and stretching forces of FIP impurity 
(18, 19). Meanwhile, the three characteristic peaks of 
sodium phytate at the wavenumber of 840 cm-1 (C-O-P 
stretching), 977cm-1 (C-O-P stretching), and 1157 
cm-1 (P=O stretching) (20) were also observed after 
recrystallization (Fig. 1B). Therefore, the recrystalli-
zation decreased large amounts of FIP impurity in 
sodium phytate, making it a reliable substrate for 
studying phytase activity.
An enzyme’s most well-known and applicable 
characteristic is Km (Michaelis constant), a measure of 
an enzyme affinity for a given substrate. The estimation 
of Km using Lineweaver-Burk plot is based on the 
assumption that the enzyme’s affinity to the substrate 
is not dependent on the substrate concentration 
(hyperbolic saturation curve). Although it is easy to 
check this assumption, researchers usually do not check 
it. In the case of phytase, there are numerous reports on 
its kinetic parameters, but most of them do not present 
the enzyme saturation curve (Michaelis-Menten plot), 
which makes them difficult to be checked for the above 
assumption. In these studies, the enzyme is mainly 
assumed to follow “Michaelis behavior” without 
evaluating the correctness of the assumption (6, 21, 22). 
On the other hand, there is a report on non-Michaelis 
behavior of some phytases (without displaying the 
data) (17). 
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Figure 3. Enzyme-substrate interactions analysis. A) Ligplot+ image of interactions around the active site 
(down) and the allosteric site (up) of E. coli phytase with two phytate molecules. B) The binding position of 
the fi rst and second substrates between the enzyme structural domains. C) Contact map for active site and 
allosteric site. D) The change of interdomain interactions through the second phytate binding. E) The change 
in energy of the interdomain interactions through the second phytate binding
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Because of the importance of accurate determination 
of phytase kinetic behavior, in the present study, the 
exact kinetic behavior of E. coli phytase has been 
determined using a reliable substrate for the first time. 
The results showed that the phytase’s saturation curve 
is not hyperbolic and has a sigmoidal appearance 
(Fig. 2A). Furthermore, Lineweaver-Burk’s plot has 
a negative y-intercept (Fig. 2B), with an incorrect 
“negative” maximum velocity. These data show 

that the kinetic behavior of E. coli phytase does not 
follow the Michaelis-Menten model. Non-Michaelis-
Menten behavior has previously been observed in M. 
thermophila and A. nidulans phytases (17). In Eadie-
Hofstee plot, the curve convexity on the right side 
(Fig. 2C) graphically confirms a kind of non-Michaelis 
behavior called “positive homotropism” (7). Positive 
homotropism is a kind of allosteric regulation in which 
the activating regulator is the same substate, also 

Figure 4. Conformational changes in the phytase through the second substrate binding. A) The position of 
the amino acids involved in interactions with phytates at active and allosteric sites between two structural domains 
of E. coli phytase. B) Schematic representation of two different conformations of the enzyme. C) A model for the 
allosteric activation of E. coli phytase by its substrate (auto-activation).
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known as “auto-activation”. Similarly, the upward 
convexity of Clearance plot confirmed the auto-
activation behavior (Fig. 2D). In order to quantify the 
auto-activation, Hill diagram was plotted for E. coli 
phytase, and Hill coefficient (n) was calculated to be 
2.27 (Fig. 2E). Hill coefficient is a tool to indicate and 
evaluate the amount of homotropic effect. In enzymes 
with Michaelis behavior, n=1. In enzymes with 
non-Michaelis behavior, n>1 and n<1 in the case of 
positive and negative homotropic effects, respectively. 
That means the substrate can up-regulate (n>1) or 
down-regulate (n<1) the activity of its enzyme (23). 
Therefore, Hill coefficient confirms that the substrate 
(phytate) has a dual role in enzyme kinetics: substrate 
and activator. Most allosteric enzymes are structurally 
multimeric, however, it has been a long time since the 
structural basis of allosterism in monomeric enzymes 
has been explained (24). Therefore, it is not surprising 
that E. coli phytase, as a monomeric enzyme (21), 
exhibits an allosteric behavior. 
In the monomeric structure of E. coli phytase, the 
allosteric site was predicted to be very close to the 
active site (Fig. 3A). That means while the first substrate 
occupied the active site (at low concentrations of phytate 
in the saturation curve in Fig. 2A), the second substrate 
could bind to the allosteric site at higher substrate 
concentrations. Generally, in the sigmoidal saturation 
curve of an enzyme, the substrate just occupies the 
active site at low concentrations of substrate because of 
the high affinity of the active site. But the possibility of 
substrate binding to the allosteric site (with lower affinity) 
increases by increasing the substrate concentration. This 
is correct in all positive allosterism. In the article related 
to PDB:1dkq, phytase is in solid state (not solution) 
with the highest compactness. Then the phytase crystal 
was soaked in a 3mM concentration of sodium phytate 
solution (5). Because the molar ratio of substrate to 
the enzyme is much lower than the actual condition of 
the enzyme assay solution, the substrate can only bind 
to the active site of phytase crystallized molecules. 
Moreover, when an enzyme molecule is in the crystal 
state, it has the highest structural compactness and 
the least structural flexibility. Therefore, the enzyme 
flexibility is not enough for the binding of the second 
substrate molecule to the allosteric site.
The binding of a second substrate in the allosteric 
position strengthened the relationship between the two 
domains through non-covalent interactions (Fig.  3C and 

D) and their related energies (Fig. 3E). These changes 
induce a new conformation of the enzyme molecule 
(Fig. 4B), which has more enzymatic activity according 
the experimental data of this study (logarithmic phase 
of sigmoidal saturation curve in Fig. 2A and Fig. 5A). 
So, the binding affinity of the substrate to the active 
site (3.15×105 M-1) is 10-fold more than the affinity of 
the substrate to the allosteric site (4.15×104 M-1). So it 
can be concluded that when the substrate concentration 
is low, the substrate binds to the enzyme’s active sites 
(beginning part of the saturation curve), but an increase 
in substrate concentration causes the binding of the 
second substrate to the allosteric site. As a result, the 
saturation curve leaves the hyperbolic trend and becomes 
sigmoidal. Therefore, we suggest that E. coli phytase 
has two “less active” and “more active” conformations 
based on experimental and computational data. At low 
substrate concentrations, the molecular population of 
the “less active” conformation is predominant, and 
at high substrate concentrations, the “more active” 
conformation becomes predominant. Binding of the 
substrate molecule to the allosteric site with an affinity 
(K2) less than the affinity for the active site (K1) leads 
to the conversion of “less active” conformation to the 
“more active” conformations (with more affinity to the 
substrate: K’1). Consequently, the concentration of the 
central complex increases and leads to more formation 
of the product (Fig. 4C). In other words, the substrate 
molecule (phytate) plays a dual role in the enzyme’s 
function: at low concentrations, it plays the role of 
substrate, and at high concentrations, it also plays the 
role of an activator.
The amount of phytate in animal food and different 
parts of the chicken digestive tract has been estimated 
(25). Due to digestion, phytate concentration is reduced 
from crop to gizzard (Fig. 5B), which are the most 
important parts of phytase activity. by comparing the 
concentration range with the range of this study, it is 
clear that the described self-regulatory mechanism 
occurs in the chicken digestive tract.

6. Conclusion
The present study has emphasized the characterization 
of the allosteric behavior of commercial phytase 
from E. coli as a monomeric enzyme. Hill fitting of 
experimental data showed at least two binding sites 
for the substrate (phytate) on the phytase molecule, but 
only one is an active site, and the other is an allosteric 
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site. For the phytase, the allosteric behavior originates 
from the conformational relationship between the active 
site and the non-catalytic allosteric site both for the 
substrate, phytate, a phenomenon never reported before 
for phytase. With taking into account this model, the 
existence of two different conformational states of the 
enzyme was postulated: one in the low concentrations 
of the substrate, which is less active conformation, and 
the second in the higher concentrations of substrate, 
when the allosteric site is occupied by the substrate 
and acts as an allosteric activator. This plausible model 
has been supported by in silico study, which shows 
that binding of the second substrate molecule triggers 
new additional inter-domain interactions, which 
results in an allosteric characteristic to the phytase 
molecule. The results provide a strong basis for animal 
feed development strategies, especially in the case of 
poultry food and supplements, regarding a short feed 
passage time in their gastrointestinal tract and variable 
concentrations of phytate along with it. Additionally, the 
results strengthen our understanding of phytase kinetics 
and structure-function relationships. Furthermore, the 
results improve the current knowledge of allosteric 
regulation of monomeric proteins in general.
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