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Abstract
Phytic acid is abundant in seeds, roots and stems of plants, it acts as an anti-nutrient in food and feed industry, since it affects 
the absorption of nutrients by humans and monogastric animals. Furthermore, phosphorus produced through its decomposi-
tion by microorganisms can cause environmental pollution. Phytase degrades phytic acid generating precursors of inositol 
that can be used in clinical practice; in addition, phytase treatment can minimize the anti-nutritional effect of phytic acid. The 
use of phytase synthesized from Bacillus is more advantageous due to its high activity. Additionally, its good heat resistance 
under neutral conditions greatly fills the gap of commercial utilization of acid phytase. In this review, we summarize the 
latest research results on Bacillus phytase, including its physiological and biochemical characteristics, molecular structure 
information, calcium effects on its catalytic activity and stability, its catalytic mechanism and molecular modification.
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Introduction

A very large amount of organic phosphorus in plants, soils, 
as well as in food and feed containing sorghum, glutinous 
rice, bran and other ingredients are in the form of phytic acid 
(also known as inositol hexaphosphate) (Jain et al. 2016). 
Phytic acid is known to be an anti-nutrient in the food and 

feed industry. In this regard, food and feed containing phytic 
acid cannot be properly absorbed by monogastric animals 
including humans, since phytic acid is able to chelate several 
minerals, so reducing the amount of bioavailable micronu-
trients. As regards feed, the amount of phytate phosphorus 
not absorbed and utilized by animals can cause phosphorus 
pollution in the environment. This hazard is particularly 
serious in areas with intensive animal husbandry (Balaban 
et al. 2016; Kumar et al. 2015a, b; Singh et al. 2018; Verma 
et al. 2016; Yang et al. 2019b). To reduce the anti-nutritional 
effect of phytic acid and to prevent environmental pollu-
tion, the application of genetic engineering technologies 
has allowed the production of phytase products employed in 
food and feed markets. Commercial phytase can effectively 
hydrolyze the phosphate of phytic acid, thereby reducing 
environmental pollution, and improving the utilization of 
phosphorus in monogastric animals (Farhat-Khemakhem 
et al. 2018). The inositol produced by the gradual decom-
position of phytic acid by phytase has also great application 
value in feed, food, medicine and other industries, since ino-
sitol can be added to feed as a biological promoter for aqua-
culture and animal husbandry, and it can also be added to 
food as a nutritional fortifier. Remarkably, as a biologically 
active analog of vitamins B1 and H, inositol can be used 
to treat many chronic pathologies such as cardiovascular, 
cerebrovascular and liver diseases, as well as diabetes, and 
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obesity (David et al. 2012; Dong 2015; Fan et al. 2019; Lu 
et al. 2018; Perelló et al. 2018; Shi 2017; Singh et al. 2018; 
Yang et al. 2019b).

The enzymes responsible for decomposing phytate in the 
fermentation process and their synthetic pathways are gradu-
ally being elucidated. However, limited to the understand-
ing of the molecular level of these enzymes, the catalytic 
mechanism of Bacillus phytase, the regulation of its enzy-
matic activity, as well as its physiological functions are still 
unclear or controversial. Therefore, clarifying the biocata-
lytic mechanism through which Bacillus phytase degrades 
phytic acid to synthesize inositol and its phosphatidyl deriv-
atives is of great significance in order to further improve 
food quality, to increase feed utilization and to promote 
environmental protection. Based on the existing researches, 
this review makes a brief summary of the research status of 
Bacillus phytase and provides reference for further research.

Phytase classification and related 
biochemical characteristics

Phytase is an extracellular enzyme belonging to the class 
of phosphomonoesterase, which can catalyze the hydroly-
sis of phytate to remove the phosphate group. Phytases are 
widely distributed in nature, as they were found in animals, 
plants and microorganisms (Kumar 2018; Rocky-Salimi 
et al. 2016; Vashishth et al. 2017). There are many types 
of phytases, their structures and properties are quite differ-
ent, as well as their catalytic mechanisms According to their 
optimum pH, phytases can be divided into alkaline and acid 
phytases. Fungi, most bacteria and plants can secrete acid 
phytases, whereas a small number of bacteria and plants can 
produce neutral or alkaline phytases (Kai et al. 2015). There 
are various types of phytases, and also various sources. 
According to their catalytic mechanism, 3D structure and 
specific sequence properties, phytases are mainly divided 
into four categories: histidine acid phosphatase (HAPhy), 
cysteine phytase (CPhy), purple acid phosphatase (PAPhy) 

and β-propeller phytase (BPPhy) (Table 1). According to 
their consecutive phosphorylation sites, phytases are divided 
into 3-phosphatase, 5-phosphatase and 4/6-phosphatase, 
among them, BPPhy is the only phytase retaining enzyme 
activity under neutral or alkaline conditions (Chen et al. 
2016; Greiner et al. 2007; Jain et al. 2016; Mullaney et al. 
2007; Singh et al. 2018). BPPhy exerts several functions in 
different species, which are determined by its very different 
biochemical characteristics. BPPhy has good thermal sta-
bility, protease resistance and absolute substrate specificity 
(Jain et al. 2016; Lu et al. 2017; Reddy et al. 2015). BPPhy 
derived from Bacillus licheniformis can retain 80% of its 
enzyme activity after being treated at 95 °C for 10 min, and 
it displays almost no activity on phosphates other than those 
of phytate (Tye et al. 2002).

The catalytic mechanism of phytase is determined by its 
conserved sites; in particular, its active site, substrate bind-
ing site, ion binding site and other key sites form a unique 
"fingerprint" motif. These motifs can account for the tis-
sue differences observed among different phytase groups 
(Balaban et al. 2016). Distinct phytase families have their 
own motifs and specific organizations, and the main types of 
important active amino acid residues reside in these motifs. 
Known eukaryotic and prokaryotic phytases have distinct 
motif structures, which might be related to changes in enzy-
matic functions during the evolutionary pathway of phytases 
(Fan et al. 2013).

HAPhy has an active site motif and a "two-step cataly-
sis" mechanism, indeed, a conservative motif in the active 
center (RHGXRXP) and a conservative cysteine motif, 
related to the formation of disulfide bonds and responsi-
ble for thermal stability, are used for substrate binding or 
product release (Kostrewa et al.; Lee et al. 2003; Mullaney 
and Ullah 2005; Pramanik et al. 2018; Ullah and Disch-
inger 1993; Vohra and Satyanarayana 2003). CPhy con-
tains two domains, i.e., a larger domain contains a β-sheet 
and three α-helices, the other domain is close to the 
C-terminus and contains two α-helices useful to promote 
substrate binding. PAPhy is usually a dimer containing 

Table 1  Classification and characteristics of phytases

Source Specific sequence properties Active areas Refs

Histidine acid phytases (HAPhy) Conservative motif of the active center 
(RHGXRXP), conservative cysteine 
motif and CAP with the catalytic 
C-terminal dipeptide (HD)

pH 2.5–5.5 (Ullah et al. 2011; Wang et al. 2004; 
Wyss et al. 1998)

Cysteine phytase (Cphy) β-fold and α-helix domain and two 
α-helices near the C-terminal

pH 2.5–5.5 (Kumar and Agrawal 2014; Piddington 
et al. 1993)

Purple acid phosphatase (PAPhy) Motifs DXG, GDXXY, GNH [E / D], 
VXXH and GHXH

pH 2.5–5.5 (Devillers et al. 2003; Kyrtopoulos et al. 
1985)

β-propeller phytase (BPPhy) P-loop HCXXGXXR and a WPD loop Neutral or alkalescence (Chan et al. 2006; Fang et al. 2018; 
Viader-Salvado et al. 2010)
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some phosphomonoesterase motifs such as DXG, GDXXY, 
GNH [E/D], VXXH and GHXH, and including seven key 
amino acid residues for binding of metal ions (Klabunde 
et al. 1996; Olczak et al. 2003; Schenk et al. 2000). Animal 
PAPhy contains a binuclear metal center [Fe(III)Fe(II)], 
while plant PAPhy is mainly a homodimeric protein con-
taining an iron ion Fe(III) that is connected to a zinc or 
manganese ion (Dionisio et al. 2007; Olczak et al. 2003). 
Alkaline PhyAsr (known as protein tyrosine phosphatase 
(PTP)-like phytase) is a kind of phytase from ruminants, 
it resides in their rumen and its sequence is very similar 
to that of other microbial phytases. Its active center con-
tains a phosphate binding loop (P loop, HCXXGXXR) 
and a WPD loop, which form the substrate binding region 
(pocket) of tyrosine phosphatase (PTPs) (Chu et al. 2004; 
Puhl et al. 2007, 2008).

BPPhy exists in a variety of microorganisms including 
archaea(Becker et al. 2014), bacteria(Vieira Velloso et al. 
2020), cyanobacteria(Teikari et al. 2015) and Arthrobotrys 
oligospora(Hou et al. 2020), BPPhy produced by Bacillus is 
also frequently reported. Differently from HAPs and PAPs, 
which display enzyme activity in an acidic environment 
(pH 2.5–5.5), the optimum pH for most BPPhys is neutral. 
According to literature data, PhyP of P. nyackensis MJ11 
retains about 50% of its activity at pH 8.5, but has no activ-
ity at pH 9.0 (Huang et al. 2009); PhyS of S. oneidensis 
MR-1 is active under the pH range of 5.0–7.5, both enzymes 
are active and stable (Cheng and Lim 2006); PhyA115 of 
Janthinobacterium sp. TN115 shows the greatest activity 
at pH 8.5, and displays more than 60% of its activity in the 
pH range of 6.0–9.0 (Zhang et al. 2011). If compared with 
these BPPhys, BPPhy of Bacillus displays the same enzyme 
activity in the neutral or weak alkaline range, and it also 
exhibits high thermal stability (Choi et al. 2001; Kerovuo 
et al. 1998; Lu et al. 2014, 2017; Pal Roy et al. 2017; Powar 
and Jagannathan 1982; Shimizu 1992). Bacillus BPPhy has 
no conserved motif unique to acid phytases. Instead, BPPhys 
have a six-blade β-propeller structure (Kostrewa et al. 1997), 
and through the separation of each second phosphate group 
adjacent to the first one, phytic acid is stereospecifically 
dephosphorylated (Greiner et al. 2007). The catalytic reac-
tions of these enzymes are uniquely dependent on the avail-
ability of calcium ions, since such enzymes have strict sub-
strate specificity and can only hydrolyze calcium–phytate 
complexes (Fu et al. 2008). Optimal pH, molecular structure 
and catalytic mechanism of BPPhy are also different from 
acid phytases. BPPhys are resistant to papain, pancreatin 
and trypsin activity, but they are sensitive to pepsin, possibly 
because they are denatured at the low pH values necessary 
for pepsin activation (Lei et al. 2013). Although the struc-
tural characteristics, as well as the physical and chemical 
properties of BPPhys have been well studied, there are few 
and conflicting studies on their catalytic mechanism, which 

makes it difficult to analyze the degradation pathways of 
phytate complexes and to determine final products.

Enzymatic properties of Bacillus BPPhy

Environmental factors such as pH and temperature have 
a great impact on the activity of phytases. The enzymatic 
properties of neutral phytases of various Bacillus species 
are basically the same, since they have similar molecular 
weights and the optimal pH value for enzymatic reactions 
is about 7.0, which can effectively make up for the defi-
ciency of acid phytases. Generally, phytases can maintain 
a high activity in a temperature range of 50–70 °C. In most 
cases, their activity is stable in the range of 45–60 °C, and 
it is easy to inactivate them by increasing the temperature. 
Bacillus phytase has a better thermal stability than that of 
acid phytases derived from fungi and E. coli. This advantage 
helps to prevent enzyme inactivation caused by high tem-
perature during feed pelleting or expansion; hence, Bacillus 
phytase can be used as an ideal animal feed additive (Aras-
too et al. 2019).

A variety of divalent metal ions can regulate the activ-
ity of Bacillus BPPhy; indeed,  Ca2+ acts as an activator 
for BPPhy of Bacillus licheniformis and Bacillus subtilis, 
whereas their metal inhibitors include  Cd2+,  Mn2+,  Cu2+, 
 Ba2+,  Hg2+,  Zn2+,  Co2+,  Fe2+ and others. Metal ions inhibit 
BPPhy since the formation of metal–phytate complexes 
leads to a poor binding to active sites and to a scant substrate 
availability. These complexes may prevent substrate from 
contacting BPPhy resulting in a reduced enzyme activity 
(Kumar et al. 2014b; Reddy et al. 2015). Some acid phytase 
competitive inhibitors such as fluoride can competitively 
inhibit acid phytase, but they have no effect on BPPhy (Kim 
et al. 1999; Maenz et al. 1999; Powar and Jagannathan 
1982). Interestingly, the activity of BPPhy can be inhibited 
by the chelating agent EDTA, whereas the activity of other 
types of phytase is unaffected; moreover, reducing agents do 
not affect BPPhy activity (Fasimoye et al. 2014; Kumar et al. 
2014b; Pal Roy et al. 2017). Orthophosphate is a known 
competitive inhibitor of phytases; whereas, wolframate, 
molybdate and vanadate inhibit them by promoting the for-
mation of complexes geometrically similar to the transition 
state [66]. Table 2 summarizes enzymatic properties of some 
Bacillus BPPhys.

Notably, Calcium ions play an important role in maintain-
ing conformational, catalytic activity and thermal stability 
of Bacillus BPPhys (Kim et al. 1998b). Various studies have 
confirmed that  Ca2+ can increase thermal stability of Bacil-
lus BPPhys, thereby preventing their thermal denaturation. 
Kerovuo et al. (Kerovuo et al. 2000a) observed a signifi-
cant decrease in phytase activity after removing  Ca2+ from 
the enzyme solution by dialysis. When activity of Bacillus 
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DS11 phytase was tested in a solution containing 5 mM 
 Ca2+, this enzyme displayed high thermal stability at 90 °C, 
and it still retained about 50% of its enzymatic activity even 
after a prolonged incubation of 10 min at 90 °C, but in the 
absence of the same  Ca2+ concentration, phytase stability 
gradually decreased when incubation temperature exceeded 
50 °C (Kim et al. 1998a). After adding 10 mM  Ca2+ to a 
Bacillus KHU-10 phytase solution, this enzyme showed 
maximum activity at 60 °C (without further additions, it 
showed maximum activity at 40 °C), and it still retained 
95% of its enzymatic activity after an incubation of 10 min 
at 60 °C (Choi et al. 2001). In addition, when adding 10 mM 
 Ca2+, the optimum pH range of Bacillus KHU-10 phytase 
increased from 6.5–8.5 to 6.0–9.5 (Choi et al. 2001). Ther-
mal stability of proteins depends on many structural features, 
including arrangement of peptide bonds and amino acid 
residues, content of α-helices, number of hydrogen bonds 
and salt bridges, presence of proline residues and other fac-
tors (Farhat-Khemakhem et al. 2012; Jang et al. 2019). To 
date, at least 13 different physical and chemical explanations 
have been proposed to explain enhanced thermostabiliza-
tion of proteins, such as improved electrostatic interactions 
and shorter loops (Enrique et al. 1996). As yet, however, no 

single or preferred mode of thermostabilization has been 
found (Vogt et al. 1997).

To explore the molecular mechanism of the effect of 
 Ca2+ on the thermal stability and catalytic activity, a large 
number of studies have been explained from the perspective 
of structural biology. Ha et al. research shows that binding 
of two calcium ions to high-affinity calcium binding sites 
results in a dramatic increase in enzyme thermostability by 
joining remote loop segments in the amino acid sequence 
(Ha et al. 2000). Zeng et al. confirmed that Ca9 (calcium 
binding site-9) is located on the outer surface of the enzyme, 
and it can interact with D220 and H226, as well as with 
multiple water molecules, thus speculating that Ca9 could 
be involved in the thermostability of the enzyme (Zeng et al. 
2011). Oh et al. confirmed the identity of key amino acid 
residues involved in the binding of  Ca2+ to substrate by sin-
gle point mutation experiments at Y159, E211, E260, and 
D314 sites, which further confirmed the  Ca2+-dependent 
catalytic activity of the phytase (Oh et al. 2001). Sejeong 
Shin et al. confirmed that mutation of the residues involved 
in the calcium chelation results in severe defects in the 
enzyme's activity. Therefore, they proposed that the phytase 
reaction is likely to proceed through a direct attack of the 

Table 2  Enzymatic properties of Bacillus BPPhys (Kumar et al. 2017)

ND not determined
a Stability range (> 60% activity)
b % residual activity after a heat treatment at 75/80 °C for 10 min

Source microbes Strain pH optima Temp.
optima 
( °C)

pHa Thermo stabilityb Km (mM) /Vmax/ 
Kcat (s-1)

MW (kDa) Refs

Bacillus sp. YCJS 6.0 50 – – 0.95/15.3 U/– 47.5 (Yao et al. 2014)
B. subtilis ARRMK33 7.0 55 – – – 42 (Reddy et al. 2015)
B. subtilis (N) US417 7.5 55 2.0–9.0 77 – 41 (Farhat et al. 2008)
B. subtilis (R) US417 7.5 55 3.0–9.0 90 – 41 (Farhat-Khemakhem 

et al. 2012)
B. subtilis (R) US417 7.5 55 3.0–9.0 100 0.45/–/64 43 (Hmida-Sayari et al. 

2014)
B. subtilis B.S.46 7.3 56.5 6.0–10.0 – 2.05/–/– ND (Rocky-Salim et al. 

2016)
Bacillus sp. WYCQ02 7.5 55 – – – 53 (Li et al. 2013)
B. licheniformis – 7.0 65 6.5–9.0 80 – 47 (Tye et al. 2002)
B.licheniformis PB-13 6.0–6.5 60 4.0–8.0 – 1.064/1.32U/

mg/27.46
ND (Kumar et al. 2014b)

B. licheniformis PFBL-03 6.0 55 4.0–7.5  > 80 4.7/49.01 U/– 36 (Fasimoye et al. 
2014)

B. licheniformis ZJ-6 7.5 60 5.0–9.0 59.42 – 39 (Wang et al. 2011)
B.amyloliquefa-

ciens
US573 7.5 70 3.0–9.0 – 1.125/27.71U/

mg/28.12
42 (Boukhris et al. 

2015)
B. licheniformis – 6.5–7.5 50 5.0–9.5 – – 40–42 (Dan et al. 2015)
B. amyloliquefa-

cien
DS11 7.0–8.0 70 – – 0.138/–/992.8 39 (Shim and Oh 2012)

B. subtilis 168 70 55 – 50 2.19/4.7/4965.7 44 Chen et al. 2015)
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metal-bridging water molecule on the phosphorous atom of a 
substrate and the subsequent stabilization of the pentavalent 
transition state by the bound calcium ions (Shin et al. 2001). 
The above research shows that  Ca2+ stimulates the activ-
ity of BPPhy in a concentration-dependent manner, mainly 
because  Ca2+plays a key role in stabilizing the transition 
state in the catalytic process (Ha et al. 2000; Jang et al. 2018; 
Oh et al. 2001; Shin et al. 2001).

Molecular structure of Bacillus BPPhy

Recently, a considerable number of studies have focused on 
the nucleotide/amino acid sequence and structure of BPPhys 
to investigate their species diversity, as well as the key sites 
affecting their enzymatic properties. Kumar et al. analyzed 
44 representative BPPhy protein sequences through in silico 
analysis showing that all the BPPhy conserved sites were 
located towards the N- and C-termini, and no cysteine was 
present in the full sequences (Kumar et al. 2014a). In addi-
tion, three main clusters were found by constructing evolu-
tionary trees of BPPhy from different sources (Kumar et al. 
2014a). A total of 10 motifs together with a 29-amino acid-
long motif “DDPAIWVHPHDPEKSRIIGTNKKSGLAVY” 
were found in all the analyzed 44 protein sequences of 
BPPhys, these motifs can be used for diversity and expres-
sion analysis of BPPhys. A conservative sequence [D/A]
[STA]DDPA[I/V]W[I/V/L]T[N/D/L] was present at the 
N-terminus, followed by more than one NN[F/V]D[I/V/L] 
motif in all the analyzed sequences; in the highly conserved 
C-terminal "DG" sequence of BPPhy, an aspartic acid resi-
due was considered to be important for catalysis, since it 
probably acts as a proton donor for the oxygen atom in 
order to cleave the phosphate monoester bond (Kumar et al. 
2014a). In the second conserved motif (98–104) of BPPhys, 
the valine residue in position 100 was supposed to play a 
role in substrate binding during enzyme catalysis [62]. In 
silico analysis of Bacillus subtilis BPPhy revealed the pres-
ence of 6 binding sites, more in detail, Ca1, Ca2, Ca3 were 
responsible for the thermal stability of the enzyme; while 
Ca4, Ca5, and Ca6 were essential for its catalytic activity 
(Reddy et al. 2015).

A crystal structure study led by Ha et al. (Ha et al. 2000) 
showed that the molecular structure of the thermostable 
phytase (TS-phy) phytase, including the amino acid residues 
29 to 383 (the first 28 residues constitute a signal peptide), 
looks exactly like a propeller with 6 blades. At one end of 
this structure there is a crack suitable for substrate bind-
ing, while the other end is flat. In Table 3, some Bacillus 
phytases with known 3D structure are reported. In 2000, 
Ha et al. firstly analyzed the three-dimensional structure 
of the thermostable phytase of Bacillus amylolus (Fig. 1a). 
From a structural point of view, this enzyme has a round 

beta-propeller structure consisting of 6 anti-parallel beta 
sheet structures known as blades. Each blade has a highly 
curved sheet structure and consists of four–five anti-parallel 
β-sheets. They are connected to each other in a topologically 
identical manner, the fourth sheet of each leaf passes through 
the top of the molecule to connect to the first chain of the 
next leaf; the 1 + 3 layer combination of the sixth blade 
(C-end blade) and the extra β-layer, formed by the inter-
action of the N-terminal and the fifth layer, form together 
a "double clasp" structure. This latter further tightens the 
circular belt of the ring structure contributing to stabilize the 
structure of the enzyme; at the "top" of the structure there is 
a gap (Fig. 1a) (Fu et al. 2008; Ha et al. 2000).

The structure of TS-Phy contains two types of cal-
cium connection sites, i.e., high-affinity calcium con-
nection sites and low-affinity ones (Fig. 1a). There are 
three high-affinity calcium connection sites, in particular, 
two sites (Ca1, Ca2) are located at the periphery of the 
structure and one (Ca3) in the central channel (Ha et al. 
2000). Ca1 and Ca2 sites are adjacent to the sixth leaf 
in the middle area of the "double clasp", and they form 
a dicalcium center through the bridge arms provided by 
the carboxyl group of Asp308. These two calcium ions 
play an important role in tightening the "double clasp"; 
Ca3 site is located in the middle of the central channel, 
and participates in the formation of an intricate hydro-
gen bond network that completely spans the channel 
(Fig. 1b) (Ha et al. 2000). Differential scanning calorim-
etry (DSC) showed that two of the high-affinity calcium 
connection sites (most likely Ca1 and Ca2) were respon-
sible for increasing TS-Phy thermal stability (Ha et al. 
2000). Furthermore, there are three low-affinity calcium 
connection sites (Ca4, Ca5, Ca6) located at the top of 
the structure (Fig. 1c). The connection of three calcium 
ions with Ca4, Ca5, and Ca6 can neutralize a total of six 
aspartic and glutamic acid residues around the "calcium 
cage", and induce the side chain involved in calcium ion 
chelation to change from a disordered state to an ordered 
one, while the conformation of the main chain remains 
unchanged. The cracks on the top of TS-Phy are mainly 
lined with negatively charged side chains. The occupa-
tion of calcium ions turns it into a favorable electrostatic 
environment, which facilitates the combination of phytate 
with the nearby amino acid residues Lys176, Lys77, 

Table 3  Bacillus phytases with known 3D structure

Source PDB code References

B. subtilis 3AMR (Zeng et al. 2011)
Bacillus sp. (DS11) 1H6L (Shin et al. 2001)
Bacillus sp. (DS11) 1POO,2POO 

1CVM,1QLG
(Ha et al. 2000)
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Arg122 and Lys179, thus contributing to the formation 
of enzyme–substrate complexes and promoting enzyme 
catalysis (Fu et al. 2008; Ha et al. 2000). This theory was 
confirmed by studying the dependence on calcium ions 
of TS-Phy (Oh et al. 2001).

Kinetic studies showed that the enzyme activity of 
TS-Phy follows a fast and balanced orderly mechanism, 
in which the binding of  Ca2+ to the active site is neces-
sary for enzyme activation. TS-Phy can only hydrolyze 
the  Ca2+–phytase complex; excessive free concentrations 
of both  Ca2+ and phytic acid can competitively inhibit 
enzyme activity. Several point mutations found in TS-Phy 
have highlighted some key amino acid residues critical 
for binding to phytic acid: Y159, E211, E260 and D314. 
Isothermal titration calorimetry measurement of TS-Phy 
showed that the activity of this enzyme depends on the 
ionization of amino acid residues believed to be impor-
tant for substrate binding. Based on their experiments, 
Oh et al. found that calcium is essential for activating 
this enzyme and its substrate. In particular, they high-
lighted that  Ca2+ binds to paired oxo divalent bond of the 
phosphoryl group, and that binding occurs to the axial 
form (Fig. 2). Initially, the first  Ca2+ ion connects to the 
phosphoryl group at positions 5 and 4/6, the second  Ca2+ 
may connect to the phosphoryl group at positions 2 and 6, 
while the third  Ca2+ may connect to the phosphoryl group 
at positions 1 and 3. The three  Ca2+ ions combine with 
the  Ca2+ binding site on the active site to form an ideal 
conformation and charge distribution, so that the  Ca2+ of 
the  Ca2+–phytic acid complex is connected to the fourth 
 Ca2+ site of the active center, part of the negative charges 
of the phosphate group can interact with the amino groups 
of the lysine and arginine residues present in the active 
site (Oh et al. 2001).

The catalytic mechanism of Bacillus BPPhy

Phytase sequentially cleaves the phosphate group on the 
phytic acid molecule producing inositol triphosphate and 
inorganic phosphorus. However, the catalytic mechanism of 
phytase from different sources is not completely conserved. 
The catalytic mechanism of this enzyme was clearly under-
stood by analyzing its crystal structure (Kumar et al. 2017). 
In 2001, Shin et al. attempted to describe the catalytic mech-
anism and properties of TS-Phy by analyzing the composite 
structure of Bacillus amyloliquefaciens TS-Phy including 
 Ca2+ ions and inorganic phosphate. According to this struc-
ture, TS-Phy comprises seven calcium connection sites, two 
are located on the outside of the enzyme (Ca1, Ca2), one is 
in the center of the channel (Ca3), while the other four reside 
on the top (Ca4, Ca5, Ca6, Ca7) (Fig. 3a). The enzyme binds 
two phosphate ions (Pho1 and Pho2) at the top of its struc-
ture. Phosphate ions not only induce the connection of Ca7 
by acting as coordinating arms, so promoting the connec-
tion of one more  Ca2+ in Ca7, but they also induce side 
chain remodeling of a series of amino acids located near 
the connection site by supporting hydrogen bonds or ionic 
interactions. Among them, Pho1 is involved in the chelation 
of all the four  Ca2+ ions and forms an octahedral coordi-
nation shell of Ca4–Ca7 by connecting the side chains of 
Asp52, Asp55, Tyr159, Glu211, Asp258, Glu260, Glu279, 
Asp314 and several water molecules. Hence, the connec-
tions favored by Pho1 are essential for the existence of such 
a structure. On the other hand, Pho2 can increase substrate 
binding affinity of the enzyme, but it does not participate 
in  Ca2+ chelation (Fig. 3b) (Shin et al. 2001). According 
to enzyme activity assays, as well as to 2-phosphoinositide 
kinetic constant determination, TS-Phy can hydrolyze any 
phosphate on phytic acid, although substrate connection 

Fig. 1  The strip chart of TS-Phy (a); Stereoscopic view showing the 
coordinated geometry of the two calcium ions connecting the three 
rings, including the high-affinity calcium sites. The N-terminal ring 
is shown in yellow, the C-terminal ring in red, and the ring connect-

ing the fifth and sixth blades in blue (b); calcium in a stereoscopic 
view of the low-affinity calcium site binding: calcium ion are shown 
in green, and oxygen atoms in red (c) ( modified from Ha et al. 2000)
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modeling experiments showed that two phosphates not 
structurally adjacent cannot overlap with Pho1 and Pho2. 
In brief, Shin et al. proposed a catalytic mechanism for TS-
Phy, in detail, 1. The hydroxyl group of wat1, a bridging 
water molecule between Ca5 and CA6, attacks the phos-
phorus element of phytic acid occupying the pho1 site. The 
water molecules 2 and 8 (wat2 and wat8), along with Lys76, 
may provide protons as general acids (Fig. 3); 2. Only two 
adjacent phosphate groups can instantaneously occupy the 
cleavage site connecting Pho1 and the affinity site occupied 
by Pho2 (Fig. 4) (Shin et al. 2001).

In 2011, Zeng et al. analyzed the three-dimensional struc-
ture of the complex of Bacillus subtilis BPPhy with divalent 

metal ions and inositol hexasulfate(Zeng et al. 2011). The 
structure analysis revealed four additional calcium binding 
sites (Ca8–Ca11). Ca8 is located at the top of the structure, 
It could interact with the side chains of D200 and D230 
residues and indirectly interact with the third sulfate S3 
of inositol hexasulfate through water molecules. So, Zeng 
et al. speculated that it could be involved in enzyme catalysis 
(Zeng et al. 2011). Moreover, the structure confirmed that 
Ca 9 was located on the outer surface of the enzyme, and it 
could interact with d220, h226, and several water molecules, 
which suggested that Ca 9 might be involved in the ther-
mal stability of the enzyme. while Ca10 and Ca11 could be 
involved in crystal packaging. Since the connection between 

Fig. 2  Binding manner of substrate to the active site of phytase

Fig. 3  Strip chart of the 
composite structure of Bacillus 
amyloliquefaciens TS-Phy with 
 Ca2+ and inorganic phosphate 
(a). Stereoscopic view of the 
detailed atomic interactions 
with phosphate ions (b) (Shin 
et al. 2001)
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the active site of Bacillus subtilis BPPhy and the fourth sul-
fate radical of the substrate is stronger than other connec-
tions, Zeng hypothesized that BPPhy could preferentially 
hydrolyze the fourth phosphate radical (Zeng et al. 2011).

The hydrolysis pathway of phytic acid is still contro-
versial. Shin et al. proposed for the first time that Bacillus 
BPPhy only cuts the phosphate groups on C3 and C6 of 
phytic acid, while Greiner and Kerovuo et al. proposed a dual 
pathway for enzymatic hydrolysis of phytic acid (Greiner 
2002; Kerovuo et al. 2000b; Shin et al. 2001). Subsequently, 
Greiner used a combination of high-performance chroma-
tography and kinetic studies demonstrating that phytic acid 
was catalyzed by BPPhy and then hydrolyzed into D-myo-
inositol-1,2,4,5,6-pentakisphosphate (D-Ins(1,2,4,5,6)P5), 
D-myo-inositol-1,4,5,6-tetrakisphosphate (Ins(2,4,5,6)
P4) and D-myo-Inositol-2,4,6-Triphosphate (Ins(2,4,6,)
P3) (Greiner et al. 2007). In 2006, Oh et al. proposed that 
the degradation of phytic acid was carried out through the 
bidentate structure of P3–P4 of calcium phytate. Such a 
structure connects the two phosphate binding sites in the 
active structure of BPPhy, by promoting the hydrolysis of 
the phosphate group at position d-3 to produce Ins(1,2,4,5,6)
P5. The hydrolysis of the phosphate groups at positions d-1 
and d-5 also uses a similar mechanism to generate the final 

product Ins(2,4,6,)P3. In these cases, the bidentate structure 
cannot be formed, due to the lack of adjacent phosphate 
groups; therefore, the final product Ins(2,4,6,)P3 is no longer 
hydrolyzed by BPPhy (Oh et al. 2006).

Molecular modification of Bacillus BPPhy

Recently, molecular bioinformatics is an emerging research 
direction  to study existing enzymes, especially when com-
bined with site-directed mutagenesis and other molecular 
biology techniques able to modify enzymes to optimize 
their catalytic efficiency and enzymatic properties (Ni et al. 
2019; Yang et al. 2019a). The current molecular modifica-
tion strategies of enzymes include (i) rational design based 
on the structure and function of known enzymes, (ii) irra-
tional design that does not require the knowledge of enzyme 
structure and function (such as directed evolution), and (iii) 
semi-rational design developed by combining the first two 
methods (such as screening of factor B based on protein 
extraction structure). The knowledge of enzyme mechanism, 
substrate binding, catalysis, as well as enzymatic properties 
are the main basis for rational design and transformation of 

Fig. 4  Possible enzyme mechanism of Bacillus amyloliquefaciens 
TS-Phy (a), and hydrolysis of phytic acid (b). a The hydroxide ion 
(Wat1) directly attacks the phosphorus atom of phytate phosphorus 
occupying the Pho1 site. Generally, the role of acid in catalysis can be 
provided by Wat2, Wat8 or Lys76. This catalysis seems to be severely 

affected in the hydrolysis of any non-adjacent phosphate group when 
the Pho2 site is empty. b Only two adjacent matrix phosphate groups 
can simultaneously occupy the "cleavage site" (Pho1 site) and the 
"affinity site" (Pho2 site) (Shin et al. 2001)
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enzymes (Li et al. 2019; Sutherland et al. 2016; Yang et al. 
2019a; Yu et al. 2019).

Natural BPPhy has limited specific enzyme activity and 
thermal stability. In recent years, many studies were aimed 
to improve the specific activity and thermal stability of 
BPPhy through molecular modifications, which can make 
BPPhy more widely used in food and feed industry. Xu et al. 
conducted site-directed mutagenesis studies on DSM 1061 
phytase derived from Bacillus amyloliquefaciens (Wang 
et al. 2015; Xu et al. 2014). They found that (i) the half-
life of the D191E mutant was extended by 4.3 min at 85 °C 
if compared with that of the wild-type enzyme, although 
its catalytic efficiency dropped to 48.9% with respect to 
the wild-type enzyme; (ii) the D148E/H149R mutant had 
half-life similar to that of the wild-type, but remarkably 
its catalytic efficiency was 229% of that of the wild-type. 
Further studies found that both D148E and S197E mutants 
had improved catalytic activity and thermal stability; (iii) 
the Q67E/N68R double mutation also affected the thermal 
stability of the enzyme, indeed its catalytic efficiency was 
93% of that of the wild-type enzyme, and the half-life was 
extended by 0.7 min. Using methods such as sequence align-
ment and homology modeling, Edward et al. found that the 
mutation of some amino acids into residues limiting con-
formational flexibility (any amino acid residue (Xaa) → Pro 
and Gly → Ala) could increase the catalytic activity of 
each mutant phytase (117A, G266A, H32P, S256P, K304P, 
K324P, S353P) (Tung et al. 2008). Tran et al. mutated the 
catalytic sites (P257R, E180N, E229V, S283R), as well as 
the active sites (K77R, K179R, E227S) on the surface of 
BPPhy to make its catalytic surface more positively charged 
(Tran et al. 2011). The related results showed that (i) K77R 
and K179R mutations reduced the specific activity of the 
enzyme, while the K77R/K179R double mutant showed 
a higher stability at pH values between 2.6 and 3.0; (ii) 
when compared with the optimal pH value of the wild-type 
phytase (6.0), the E227S mutant exhibited the best activ-
ity at pH 5.5, so displaying a higher stability under acidic 
conditions than the wild-type enzyme. The E227S mutant 
still retained most of its original activity (more than 80%) 
after three hours incubation at pH 2.6, whereas the wild-
type phytase displayed only 40% of its original activity in 
similar conditions. Chen et al. firstly used engineered E. coli 
to study directed evolution of BPPhy of Bacillus subtilis 
168,  to obtain mutants (D24G/K70R/K111E/N121S) with 
increased activity (Chen et al. 2016). Such mutants were 
transformed into Bacillus subtilis 168, E. coli and Pichia 
pastoris for enzyme expression. Interestingly, the activity 
of these mutant enzymes expressed in Bacillus subtilis was 
higher than that of the enzymes expressed in E. coli and 
Pichia pastoris. Additionally, the D24G/K70R/K111E/
N121S mutant showed higher activity than that of each sin-
gle mutant. Recently, Zhang et al. added a disulfide bond 

(in the G197C/A358C variant) to the phytase (PhyBL) 
expressed by Bacillus licheniformis WHU, which increased 
the half-life of PhyBL at 60 °C by about 3.8 times compared 
to that of the wild type(Zhang et al. 2020).

At present, the target of modification of Bacillus phytase 
is generally the phytase selected in nature. However, in 
nature most enzymes occupy a small area in their protein 
sequence space, therefore, current molecular modifications 
are only aimed at areas with a small protein sequence space. 
In addition, since evolution is carried out through long muta-
tions and natural selection after mutation, the sequence of 
natural proteins will not be evenly distributed in the entire 
sequence space, and the de novo design of enzymes can well 
make up for the above-mentioned defects (Lin 2018). The de 
novo design of a new enzyme is a new measure to achieve 
the modification of enzyme molecules. The calculation of 
quantum mechanics is used to simulate the conformational 
change process in the active site of the enzyme. The result-
ing conformation can be used to obtain a three-dimensional 
model of the ideal active site, also known as theoretical 
enzyme (Nanda and Koder 2010; Tantillo et al. 1998). Then, 
by using molecular dynamics simulation programs (Roset-
taMatch (Zanghellini et al. 2006), ORBIT (Bolon and Mayo 
2002) or Scaffold Selection (Höcker 2009)) in order to find 
the optimal structure of the transition state and the catalytic 
group, the new enzyme structure can be simulated, and the 
evolution path from the initial design to the highly active 
new enzyme can be realized (Lassila et al. 2006; Meiler and 
Baker 2006). However, at present, there is no relevant report 
on the modification of phytase based on de novo design strat-
egy, only lipase and other related de novo design reports 
have been reported, and the ideal results have been obtained. 
It is believed that there will be more research on the modi-
fication of phytase based on de novo design in the future.

Prospect

Phytase has a strong application prospect in the food 
industry, feed production and medicine. First of all, as 
an important additive for feed production, phytase can 
degrade phytate phosphorus in grain feed into inorganic 
phosphorus that can be absorbed by monogastric animals. 
This would increase the absorption of phosphorus by 
monogastric animals, thus reducing environmental phos-
phorus pollution. In addition, the catalyzed decomposi-
tion of phytic acid by phytase would facilitate the pro-
duction of inositol, which could be used in the fields of 
feed, food and medicine. At present, both academia and 
industry are focusing on the research of acid phytase, but 
the defects of this kind of phytase are obvious: (i) in the 
aquaculture industry, the neutral digestive tract of fish 
affects the enzyme activity (ii) a large amount of heat is 
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generated during food processing and feed crushing, and 
such a phytase has insufficient heat resistance, which also 
affects its enzyme activity. BPPhy overcomes the problems 
related to the low optimal pH value and the poor thermal 
stability of acid phytase, so it has important application 
value in food, feed and medicine industries.

Our knowledge of BPPhys began at the end of the last 
century. At present, research on BPPhys is in-depth, includ-
ing their microbial source, three-dimensional structure, cata-
lytic activity and substrate specificity, as well as the regula-
tory mechanism of their transcriptional expression, and their 
physiological functions in microorganisms. However, there 
are still many research challenges on this kind of enzymes; 
in particular, their catalytic mechanism is still controversial, 
their activity is low, and their thermal stability is still insuf-
ficient. These problems limit the application of BPPhys. The 
solution of these problems still depends on the screening of 
high-quality BPPhys in nature, the optimization of fermenta-
tion conditions, the determination of their three-dimensional 
structure and catalytic mechanism, the molecular modifica-
tion of BPPhys  to optimize their optimal pH value, thermal 
stability and specific enzyme activity, and even the de novo 
design of new BPPhys.
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