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Abstract

Phylogenetic analysis, homology modelling and biochemical methods have been employed
to characterize a phytase from a Gram-negative soil bacterium. Acinetobacter sp. AC1-2
phytase belongs to clade 2 of the histidine (acid) phytases, to the Multiple Inositol Polypho-
sphate Phosphatase (MINPP) subclass. The enzyme was extraordinarily stable in solution
both at room temperature and 4°C, retaining near 100% activity over 755 days. It showed a
broad pH activity profile from 2—8.5 with maxima at 3, 4.5-5 and 6. The enzyme showed
Michaelis-Menten kinetics and substrate inhibition (V ,,ax, Ky, and K;, 228 U/mg, 0.65 mM
and 2.23 mM, respectively). Homology modelling using the crystal structure of a homolo-
gous MINPP from a human gut commensal bacterium indicated the presence of a potentially
stabilising polypeptide loop (a U-loop) straddling the active site. By employ of the enantios-
pecificity of Arabidopsis inositol tris/tetrakisphosphate kinase 1 for inositol pentakispho-
sphates, we show AC1-2 MINPP to possess D6-phytase activity, which allowed modelling
of active site specificity pockets for InsPg substrate. While phytase gene transcription was
unaltered in rich media, it was repressed in minimal media with phytic acid and orthophos-
phate as phosphate sources. The results of this study reveal AC1-2 MINPP to possess
desirable attributes relevant to biotechnological use.

Introduction

Since the 1990’s when the first commercial phytase Natuphos® was released to market [1], the
market for industrial enzymes has grown to an estimated value of 4.5-5 billion USD (in 2015),
of which food and feed applications account for 55-60% [2]. The advent and development of
phytases for use in industry is regarded as one of the top ten landmark discoveries in swine
nutrition [3]. Alongside benefits to animal nutrition, commercial phytases have also been
touted for their environmental benefits, namely the amelioration of phosphate pollution to
waterways [4,5].

Phytases in bacteria, fungi, plants and animals [6,7] are commonly classified by protein fold
and catalytic mechanism. Four canonical phytases are commonly considered, the B-propeller
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phytases (BPPhy), Purple Acid Phytases (PAPhy), Protein Tyrosine Phosphatase-like Phytase
(PTPLPs) (Cysteine phytases) and Histidine Acid Phytases (HAPhys) [8], but the classification
has been extended by the characterization of soil metagenomes to include metallo-B-lactamase
enzymes [9,10]. The histidine acid phytases are also comprised of a subclass, the Multiple Ino-
sitol Polyphosphate Phosphatases (MINPPs), which deviate from HAPhy sequence homology
[11]. Although these enzymes were previously considered to function only in animals [12], the
first crystallographic study was that of the enzyme from the human gut commensal Bacteroides
thetaiotaomicron, where the possibility of horizontal gene transfer was mooted [13].

Phytases act through the sequential dephosphorylation of phytate, with different enzymes
initiating attack on different positions on the phytate molecule [14]. Many bacterial and fungal
phytases are D3-phytases (EC 3.1.3.8), whilst plants as well as Escherichia coli possess enzymes
commonly called 6-phytases (EC 3.1.3.26). It should be noted however that phytases from
plants first described as 1D4-phytases [15] from which the EC 3.1.3.26 designation arises are
commonly conflated with 6-phytases (1D6 = 1L4). Enzymes that attack the 5-position have
also been identified, including a PTPLP phytase from Selenomonas ruminantium [16,17] as
well as a lily pollen histidine acid phosphatase of MINPP class [16-19].

The search for more effective phytases with desirable characteristics, improved catalytic
activity, heat stability, a wide pH activity profile, enhanced acid- and protease-resistance and
cost-effective production has gathered apace [20]. The characterisation of a more effective bac-
terial phytase from E. coli shifted development from fungal sources to bacteria [21], leading to
a new generation of enzymes considered superior in several desirable ways such as activity,
affinity, proteolytic resistance [5,22].

This search has also been extended into soil environments where myo-, neo-, scyllo- and D-
chiro forms of inositol phosphates represent substantial reserves of organic phosphate, albeit
adsorbed and mostly inaccessible [23]. The soil environment is important for both culture-
dependent and culture-independent studies due to the vast diversity of microflora and still
untapped potential of soil microbes [24]. These environments have been the target for both
metagenomic studies [25,26], as well as culture-dependent phytase isolation studies [27,28].
With phytases from contrasting environments discovered and isolated [29-31], their individ-
ual differences can be analysed and used to aid the development and design of more active,
thermostable phytases [32,33].

This manuscript details the characterisation of one of the first recombinant MINPP to be
isolated from soil Acinetobacter sp., that as an exemplar of non-commensal MINPPs has facets
of character that illustrate the potential for development of feed enzymes from this sub-class of
phytase and for isolation of similar enzymes from soil. The phylogenetic relationship of Acine-
tobacter MINPP phytase to other phytases is shown in Supporting information.

Materials and methods
Media

Lysogeny broth was made using sodium chloride, agar (Merck Life Science), tryptone and
yeast (Formedium, UK). Na-InsPg stocks (provided by AB Vista) were prepared in dH,O and
adjusted to pH 7 with HCI. Phytic acid sodium salt hydrate (Sigma P8810) was used for the
qPCR studies and similarly prepared in dH,0O and buffered to pH 7.

Construction of phylogeny

The phylogeny tree was created using 21 Histidine Acid Phytases (HAPhy), 27 Multiple Inosi-
tol Polyphosphate Phosphatases (MINPP), 17 Beta-propeller phytases, 10 Protein Tyrosine
Phosphatase-like Phytases and 22 Purple Acid Phytases. The sequences were chosen to
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produce a diverse tree both internally and between genes. These were aligned using the online
resource MAFFT Version 7 [34] using their automated strategy which choses between,
FFT-NS-1, FFT-NS-2, FFT-NS-I or L-INS-I, one of 4 progressive or iterative refinement meth-
ods. The Newick output from the alignment was uploaded to the Interactive Tree of Life
(iTOL) [35].

Phytase isolation

Acinetobacter sp. AC1-2 was isolated from untilled agricultural soil from Fakenham, UK, puri-
fied to single colonies and identified by sequencing of its 16S rRNA gene (GenBank
MT450216) and genome (GenBank JABFFO000000000) as described in Rix et al [36]. Phytase
activity was followed by HPLC [36]. Chromatography data were exported as x,y data and
redrawn in GraphPad Prism v.6.0 (GraphPad Software, USA).

Phytase production and purification

The Acinetobacter sp. phytase gene (acI-2 MINPP) was identified in the bacterial genome
(GenBank JABFFO000000000), with a theoretical protein mass 58.57 kDa, nucleotide and
amino acid sequences are presented in the Supporting information. Genomic DNA was
extracted as described in the Supporting information. Primers were designed for Gateway
cloning in accordance with the Gateway™ Cloning Technology from Life Technologies manual.
A two-stage PCR (LR and BP reaction) using the high-fidelity polymerase, Phusion® (NEB),
was performed to clone the full gene with the adapters necessary for gateway cloning first into
the donor vector pPDONR207, followed by cloning into the destination vector pDEST17 (Sup-
porting information). The acI-2 MINPP pDEST17 construct was transformed into Rosetta 2
pLysS (Novagen) for protein expression studies.

The protein purification method is provided in detail in the Supporting information.
Briefly, ac1-2 MINPP expression was induced in Rosetta 2 pLysS cells. Initial purification
efforts expressed a low purity, low activity product. Thereafter the signal peptide was identified
using Signal P 5.0 [37], and a new set of primers designed to remove the signal peptide. The
protein expressed, hereafter called AC1-2 MINPP was purified using a 1 mL Histrap™ HP col-
umn followed by a HilLoad 16/600 Superdex 75 PG column on an AKTA pure protein purifi-
cation system. The purified protein was visualised using SDS-page gel electrophoresis. The
protein was sequenced by Protein Mass Fingerprinting using MALDI at the John Innes Cen-
tre, Norwich, UK, and compared with the Acinetobacter sp. genome to confirm expression.

Structural biology

Homology modelling of the structure of AC1-2 MINPP was carried out using SWISS-MODEL
[38]. Two models of the enzyme less its signal peptide as predicted by SignalP 5.0 [37] were
produced based on X-ray crystal structures of the highest scoring sequence homologue, the
MINPP from Bifidobacterium longum (BIMINPP) with which AC1-2 MINPP shares 34%
sequence identity. A first model was based on the structure of apo-BIMINPP (PDB entry
6RXD) [11] and the other on the structure of the enzyme complexed with the non-hydrolysa-
ble substrate analogue inhibitor, D-myo-inositol hexakissulfate (InsSs) (PDB entry 6RXE). The
GMAQE scores of the two models were 0.60 and 0.61, respectively. Note that PDB 6RXE shows
InsSe to exhibit static disorder in its complex with BIMINPP. Two conformations of the inhibi-
tor are observed placing the 4- and 6-sulfates in the catalytic A specificity pocket (for an expla-
nation of specificity pocket nomenclature see [11]). Despite this disorder, the sulfate groups in
all specificity pockets except D and E are essentially superimposable in the two binding poses.
The coordinates of InsSs were therefore transferred from PDB 6RXE directly to the homology
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model of AC1-2 and the sulfate groups substituted with phosphates to generate a model for the
ACI-2 complex with phytate. Residues forming the specificity pockets of AC1-2 MINPP were
inferred from the predicted structure of its complex with InsSs and compared with that of Bifi-
dobacterium longum (PDB 6RXE), Bacteroides thetaiotaomicron (BtMINPP) (sequence iden-
tity 21%; PDB 4FDU) [13], and the extracellular histidine phytase from Aspergillus fumigatus
(sequence identity 15%; PDB 1SK8) [39].

Phytase assays

Phytase specific activity was determined using the molybdenum blue method for phosphate
release [40,41]. One phytase unit is defined as the amount of the enzyme releasing 1 M inor-
ganic phosphate per minute under the assay conditions. All samples were assayed in triplicate
[42].

These reactions were performed from a working stock of AC1-2 MINPP in 25% w/v treha-
lose unless stated otherwise. In brief, 2.5 uL of 250 nM AC1-2 MINPP was added to 42.5 uL of
0.2 M Na-Acetate pH 5 buffer. The enzyme-buffer solution was mixed with 5 pL of 50 mM
InsP¢ on ice before being heated at 37°C for 15 minutes in a PCR machine. Triplicate reactions
were performed. The reaction was stopped by addition of 50 pL of a 4:1 ratio of ammonium
molybdate sulphuric acid solution, prepared by mixing solutions of molybdate (6 g
NH;Mo;0,4.4H,0 and 22 mL 98% H,SO, in 400 mL) with ferrous sulphate solution (2.16 g
iron (II) sulphate heptahydrate, 2 drops 98% H,SO, in 5mL). Absorbance was measured at
700 nm after 15 minutes and compared against a calibration with NaH,PO,. AC1-2 MINPP
was used at a final concentration of 12.5 nM unless stated otherwise.

Time-course

For analysis of the inositol phosphate products of AC1-2 MINPP action on InsPg, assays were
performed in 0.2 M Na-Acetate pH 5.

Determination of enantiomerism of principal InsP5 product

The D-and/or L-Ins(1,2,3,4,5)P5 [InsPs 6/4-OH] product of AC1-2 MINPP action on InsPg
was collected from phytase assays containing 5mM InsPg substrate in 20 mM Na-Acetate pH 5
buffer incubated for 2h at 31°C and containing 45-90 nM of glycerol/BSA-stabilized enzyme
(0.5 mg/mL BSA, 25% w/v glycerol). The reaction products were resolved by HPLC on a Car-
boPac PA200 column eluted with HCI [43], but without addition of post-column ferric nitrate.
Fractions (1.5 min, 0.6 mL) containing peak(s) were transferred to borosilicate glass tubes, fro-
zen on dry-ice and freeze-dried to remove HCI. The dried samples were rehydrated with 0.5
mL 18.2 Mohm.cm water, aliquots (5 puL) were retained for HPLC, and samples were frozen
and freeze-dried again, before rehydration with 50 pL water. An estimated 40 nmol of D-and/
or L-Ins(1,2,3,4,5)P5 [InsP5 6/4-OH] was recovered in a fraction devoid of other inositol
phosphates.

The recovered, HPLC-confirmed D-and/or L-Ins(1,2,3,4,5)P; fraction was presented as
substrate to AtITPK1, which we have shown is capable of pyrophosphorylating both InsPs and
D-Ins(1,2,3,4,5)P5 [InsP5 6-OH] but not D-Ins(1,2,3,5,6)Ps [InsP5 4-OH] [43]. Briefly, assays
of 20 pL volume containing 20mM Hepes, pH 6.5, 1 mM MgCl,, 2 mM ATP, 5 mM phospho-
creatine and 3U creatine kinase were supplemented with 5 uM ITPK1 and 0.5 mM substrate.
The substrates used were: D-Ins(1,2,3,4,5)Ps as decasodium salt (SiChem GmbH) as a positive
control, D-Ins(1,2,3,5,6)P5 as decasodium salt (Sichem GmbH) as a negative control, InsPq,
purified from rice bran [44] as positive control and HPLC-purified InsPs fraction as unknown.
Reactions were incubated for 12 h at 25°C, stopped by addition of an equal volume of 60 mM
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(NH,),HPO,, pH 3.5 with orthophosphoric acid, and the whole made up to 70 uL with water.
Aliquots (50 pL) were analysed by HPLC on CarboPac PA200 eluted with HCI and subsequent
post-column addition of ferric nitrate for detection of inositol phosphates [43].

D-Ins(1,3,4,5)P, and D-Ins(1,4,5,6)P,4, used in other HPLC runs, were obtained from Cay-
man Chemical, USA, while Ins(1,3,4,6)P, was obtained from Professor Barry Potter, Univer-
sity of Oxford [43].

pH profile
The pH profile of AC1-2 MINPP was measured in 0.2M buffer: glycine HCI, pH 2-3.5; sodium
acetate, pH 4-5.5; Bis-Tris, pH 6-7; Tris HCI, pH 8-8.5.

Enzyme activity towards other substrates

Assays were performed as described for phytate with a range of phosphate monoesters.

Inhibition
The effect of metal ions on enzyme activity was investigated with or without the addition of 1

mM K*, Mn*, Cu?*, Co**, Mg?*, Ca®*, Zn**, Fe**/** or IS, the substrate analogue of InsPs,
directly to the reaction mixture.

Thermostability

The short-term thermostability of AC1-2 MINPP was measured by firstly incubating the
enzyme-buffer mixture at 4, 37, 50, 60 and 70°C for 10 minutes. Following this, activity assays
were performed as described above at 37°C.

Long-term stability in different storage buffers

The stability of AC1-2 MINPP was measured over an extended period. The protein in gel fil-
tration buffer was mixed in 1:1 ratio with different stabilising agents, 50% (w/v) trehalose, 50%
(w/v) trehalose and 1 mg/mL BSA, 50% (w/v) sucrose, 50% (w/v) sucrose and 1 mg/mL BSA,
50% (w/v) glycerol, 50% (w/v) glycerol and 1 mg/mL BSA, 1 mg/mL BSA, or gel filtration
buffer, and left at room temperature. The storage protein concentration was 4 pM. On occa-
sions thereafter, aliquots were tested for activity at a final protein concentration of 50 nM.

Kinetic characterization

AC1-2 MINPP was assayed at twelve substrate concentrations from 12.5-3750 uM InsPs. The
progress of reaction curve was fitted to a non-linear regression model for substrate inhibition
using GraphPad Prism 8.0.1.

Measurement of inorganic phosphate content of InsP¢ used in gene
expression study

The concentration of inorganic phosphate in a 1 mM InsP¢ solution (Sigma P8810) was deter-
mined, by suppressed ion conductivity HPLC [45], to be 0.365 mM and this concentration of
inorganic phosphate was included as a control in the experiments described in Fig 9.

RNA extraction and quantification

A 10 mL culture of Acinetobacter sp. cells growing in either LB or Minimal Media, supple-
mented or not with 1mM InsP¢ or inorganic phosphate (0.365 mM), equivalent to that
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impurity in the InsPg, was extracted after reaching late exponential phase. Cells were centri-
fuged at 6000 x RPM for 5 minutes and to the pellet 1 mL of TRIzol/TRI reagent (Invitrogen)
was added. Tubes were vortexed and incubated at room temperature for 5 minutes. Chloro-
form (0.2mL) was added, the tubes vortexed, incubated at room temperature for 2 minutes
and centrifuged at 13,000 x RPM for 10 minutes at 4°C. Isopropanol (500 uL) was added to the
(removed) upper aqueous phase, mixed by inversion and incubated for 10 minutes at room
temperature to precipitate RNA. Pelleted (12,000 x RPM, 10 minutes, 4°C) RNA was washed
with 1 mL of 75% ethanol, centrifuged, air-dried, and resuspended in 30 pL RNase-free water.

DNase treatment

Briefly, 1 pg of RNA, 1 pL DNase (Promega RQ1 RNase-free DNase), 1 pL 10X Reaction buffer
were made up to 10 uL with RN Aase-free water (NEB) and incubated at 37°C for 30 minutes,
before addition of 1 pL of RQ1 stop solution and further incubation at 65°C for 10 minutes.

cDNA synthesis

cDNA synthesis was performed according to the First Strand cDNA Synthesis Standard Proto-
col from New England BioLabs (NEB) using ProtoScript II Reverse Transcriptase.

Briefly: to 1 ug of DNase-treated RNA, 2 uL. Random Hexamers (NEB Random Primer
Mix) and 1 uL ANTP mix (10 mM New England Biolabs) was added to a total volume of 10 pL.
These were heated at 65°C for 5 minutes before addition of 4 uL 5X Protoscript IT Buffer
(NEB), 2 uL 0.1 M DTT, 1 pL Protoscript IT Reverse Transcriptase (NEB) and 3 uL RNase-free
H,O0, to a total volume of 20 pL. Following sequential incubation at 25°C for 5 minutes and
42°C for 60 minutes, enzyme was inactivated by heating at 65°C for 20 minutes. The concen-
tration of cDNA was measured on a NanoDrop (Thermo Scientific) and diluted to a concen-
tration of 250 ng/pL.

qPCR primer design

qPCR primer sets were designed using the Primer Express Software 3.0.1 with the acl-2
MINPP gene followed by Primer Blast against the Acinetobacter sp. genome to discount sec-
ondary product formation. The primers used and the conditions of their use are detailed in
Supporting information.

Quantitative PCR

qPCRs were performed for all individual samples in biological and technical triplicates in

20 uL reaction volume, using SensiFast SYBR Hi-Rox Kit (Bioline), with 400 nM primer on a
StepOne Plus Real-Time PCR System (Applied Biosystems). The ‘housekeeping’ gene RecA
was analysed as reference.

Data analysis

Statistical analyses were performed using GraphPad Prism 8.0.1. The ACt values were first
investigated for outliers using the ROUT method, with any outliers being removed from the
dataset. The dataset was then analysed for normality and lognormality using the Anderson-
Darling test indicating the normalised distribution of the datasets. Significance between the
two datasets were analysed using either an unpaired, parametric T-test, or an unpaired non-
parametric Mann-Whitney test.
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Results
Specificity of attack on phytate by Acinetobacter sp. AC1-2 phytase

Confirmation that Acinetobacter sp. AC1-2 encodes a MINPP, likely responsible for the ability
of the isolate to degrade phytate in solid media and liquid culture was reported [36]. Here we
analyse the products of phytate degradation by recombinant AC1-2 MINPP. Fig 1 shows
sequential degradation of phytate over a period of 8h with 12.5 nM protein assayed at pH 5. At
early stages of degradation three peaks of InsP5s were detected with a predominance of D/L-Ins
(1,2,3,4,5)P5 and near equal amounts of D/L-Ins(1,2,4,5,6)P5 and Ins(1,2,3,4,6)Ps. The absence
of Ins(1,3,4,5,6)Ps among products suggests that the enzyme does not attack the single axial-
orientated phosphate on the 2-position. The generation of multiple InsPss is typical of the
commensal bacterial MINPPs characterized to date [11,13,46,47].

Explicit testing of the lack of loss of the 2-phosphate during dephosphorylation has been
shown for the related commensal enzyme BtMINPP [13]. Here, we show for AC1-2 MINPP
that the InsP, products of dephosphorylation of InsP¢ do not co-elute with Ins(1,3,4,5)P, or
Ins(1,4,5,6)P,, or their enantiomers which are unresolvable (Supporting information). One of
the InsP, products co-eluted with Ins(1,3,4,6)P, which is a meso-compound (Supporting infor-
mation) but as this compound co-elutes with Ins(1,2,3,4)P, and its enantiomer Ins(1,2,3,6)P,
(Supporting information) we cannot assign identity unequivocally. Of the fifteen stereoiso-
mers of InsPy, only Ins(1,3,4,5)P,4, Ins(1,4,5,6)P4, or their enantiomers, and Ins(1,3,4,6)P, pos-
sess a 2-phosphate. Nevertheless, the absence of detectable Ins(1,3,4,5,6)P5 in more than thirty
independent AC1-2 MINPP assays with different degrees of dephosphorylation leads us to
conclude that AC1-2 MINPP lacks InsP¢ 2-phosphohydrolase (phytase) activity.

The co-production of InsP, with InsPs at 30 min, before the peak of accumulation of InsPs,
suggests that, even in the presence of excess InsP¢, InsPss are better substrates than InsPs. Mul-
tiple peaks of InsP, co-exist in the degradation products with InsPs and InsP; products, until
the InsPss are wholly consumed at which point a single peak of D/L-Ins(1,2,4,6)P, was
observed. InsP,s are particularly well resolved on the CarboPac PA200 column [44] allowing
identification of the major and minor routes of initial and subsequent dephosphorylations.
InsPs3, of which there are 20 possible stereoisomers, is less well resolved on this column, but it
is evident that as InsP, degradation proceeds to exhaustion—one of the two resolvable peaks
(which could contain multiple isomers) predominates, concurrent with the appearance of a
single peak of InsP,. While there are fifteen possible stereoisomers of InsP,, we may reasonably
assume that the peak is comprised of species retaining the 2-phosphate. Similarly, we may
assume that the monophosphate product is Ins2P, which along with other monophosphates
co-elutes with Pi at the solvent front of this HPLC system-accounting for the progressive accu-
mulation of Pi over the course of the assay.

The lack of HPLC matrices for separation of inositol phosphate enantiomers precludes us
from simple chromatographic determination of the ability, or otherwise, of the enzyme to dis-
criminate between enantiotopic D4- and D6-positions or D1- and D3-positions. We, there-
fore, sought alternative approach to the problem.

Application of a stereospecific pyrophosphorylating enzyme activity to
identification of InsP5 products of AC1-2 MINPP action

We have shown that AtITPK1 pyrophosphorylates InsPs and D-Ins(1,2,3,4,5)P5 [InsPs 6-OH]
exclusively among InsPss [43]. We exploited this activity for the characterization of this mem-
ber of the MINPP class. The D-and/or L-Ins(1,2,3,4,5)Ps [InsPs 6/4-OH] product of AC1-2
MINPP action on InsPs was purified by HPLC, desalted and the recovered fraction shown to
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https://doi.org/10.1371/journal.pone.0272015.9001
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be devoid of other inositol phosphates (Supporting information). The pyrophosphorylating
activity of ITPK1 was tested with InsPg, D-Ins(1,2,3,4,5)P5 [InsPs 6-OH] and D-Ins(1,2,3,5,6)
Ps [InsP5 4-OH], beside the recovered InsPs fraction. InsP¢ was converted in 90% yield to
5-InsP; (5PP-InsPs, see [43]] (Fig 2C and 2D), D-Ins(1,2,3,4,5)Ps was converted to pyrophos-
phate product (PP-InsP,) in 58% yield (Fig 2G and 2H), InsPg is a better substrate, while
D-Ins(1,2,3,5,6)P5 was not modified by ITPK1 (Fig 2E and 2F). The recovered InsPs fraction
was converted in approximately 12% yield to a pyrophosphate product (a PP-InsP,) that eluted
(on CarboPac PA200) mid-way between Ins(1,3,4,5,6)Ps [InsP5 2-OH], the last-eluting InsPs,
and InsPg with identical retention time to the PP-InsP, generated from D-Ins(1,2,3,4,5)P;5 (Fig
2A and 2B) (after [43]). These experiments confirm that AC1-MINPP has D6-phytase activity
and rationalize modelling of InsP, substrate interaction with AC1-MINPP (see below). The
lack of pyrophosphorylating enzymes with enantiomeric preference for D-Ins(1,2,3,5,6)P5
(over D-Ins(1,2,3,4,5)Ps) precludes an equivalent approach that could unequivocally identify
D4-phytase activity for AC1-2 MINPP, though we cannot discount it.

Structures of BIMINPP-IS4 complexes (PDB 6XRE [11]) show static disorder with ligand
bound in two orientations in different monomers of the crystallographic asymmetric unit. The
similar occupancy ratios of ligands placing the sulfate equivalent of 1D-4 phosphate and 1D-6
phosphate (of InsPy) close to the catalytic histidine in the different units may indicate that the
enzyme has little discrimination between attack on the 1D4- and 1D6-positions [11]. Consid-
ering these observations, the major and minor routes of the first two dephosphorylations cata-
lysed by AC1-2 MINPP are summarized in Fig 2.

Structural features of AC1-2 MINPP: Homology modelling predicts a
polypeptide insert in AC1-2 MINPP that spans the active site

The closest sequence homologue to ACI-2 MINPP for which a high-resolution structure exists
in the PDB was found to be the MINPP from Bifidobacterium longum, BIMINPP, (Supporting
information), the proteins share 34% sequence identity. Homology modelling was used to gen-
erate models for the structure of AC1-2 MINPP in the apo-state and as bound to InsSs. The
overall structure of AC1-2 MINPP is therefore predicted to resemble BIMINPP having o/B-
and o-domains with an active site arranged between the two domains.

Phylogenetic analysis has revealed three groups of polypeptide inserts in MINPP
sequences named U-loops [11] which have been given the identifiers A, B, or C depending
on insert length. Possessing a lipoprotein-like SEC/SPII signal peptide, AC1-2 MINPP has a
41-residue polypeptide insertion in the o-domain that maps to the type A-type U-loop
found in the MINPP from Bifidobacterium longum (BIMINPP) (Fig 3A). The insertion is
followed immediately by a characteristic tetrapeptide motif (DAAM in BIMINPP and
DAAA in AC1-2 MINPP), which is absent in sequences that do not contain a U-loop. The
AC1-2 MINPP insertion is, however, shorter than the type A-type U-loop in BIMINPP by
eight residues and lacks cysteine residues that form a disulphide bridge in the latter. The U-
loop residues in BIMINPP span the active site and close down onto a modelled bound InsSe
substrate analogue (and by inference onto a bound substrate molecule) through a rigid
body motion involving a major part of the o-domain [11]. The prediction of a large type A
U-loop in AC1-2 MINPP strongly suggests the presence of similar rigid body domain
motions, presumably to allow the imposition of additional contacts with phytate in the com-
plex, particularly in specificity pocket D (Fig 3B). However, it is relevant to note that the
nature of the homology modelling process, particularly with respect to the prediction of the
conformation of large polypeptide loops, leaves room for considerable uncertainty in the
conformation of the U-loop in AC1-2.
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Fig 2. Schematic detailing potential pathways of degradation of phytate by AC1-2 MINPP. Predominant products are indicated by size of font; *
indicates the predominant InsP5 impurity in the substrate; weight of arrow indicates likelihood of route of degradation.

https://doi.org/10.1371/journal.pone.0272015.9002

Specificity pocket content provides insights to the residue determinants of
AC1-2 MINPP positional specificity

Phytases can be grouped according to the specific position of the phosphate ester group on the
phytate molecule at which hydrolysis first occurs. Accordingly, phytases which are principally
involved in phytate mineralization show high stereospecificity and can be described as 3-phy-
tases (EC 3.1.3.8) or 6-phytases (EC 3.1.3.26). MINPPs, on the other hand, show lower stereo-
specificity and hydrolyze phytate to generate a mixture of inositol pentakisphosphates. AC1-2
behaves as a typical MINPP and displays 6-phytase activity (Fig 2). We employed homology
modelling and structural alignment in an effort to investigate the residue determinants of
ACI-2 MINPP positional specificity, employing the specificity pocket nomenclature adopted
by Acquistapace et al [11] in study of the cell-surface anchored MINPP from Bifidobacterium

InsP6

Ins(1,2,3,4,6)P5 D/L-1Ins(1,2,3,5,6)P5 *D/L-Ins(1,2,4,5,6)Ps

D/L-Ins(1,2,4,6)P, D/L-Ins(1,2,3,4)P, DiL-Ins(1,2,4,5)P, DiL-Ins(1,2,5,6)P,

and/or
Ins(1 ,3,4,6)P4

Fig 3. Predicted structural features of AC1-2 MINPP: U-loop and specificity pockets. A, Alignment of the amino acid sequences of AC1-2 MINPP and BIMINPP in
the region of the U-loop. A blue box delimits U-loop residues. Cysteine residues forming a disulphide bridge in the crystal structure of BMINPP (PDB 6XRE) are
highlighted yellow. Conserved residues (in red) are part of a MINPP-specific tetrapeptide motif. Positions of residues contributing to specificity pockets are indicated by
inverted blue triangles. B, Molecular surface representations of the structures of apo- (left) and InsSs-bound (right) AC1-2 MINPP predicted by homology modelling.
The U-loop residues are coloured green with the remainder of the molecule in cyan. Atoms of the substrate analogue inhibitor, InsSe, are shown as spheres and coloured
red (oxygen), cyan (carbon) and orange (sulphur). C, Residues predicted to contribute to the specificity pockets of AC1-2 MINPP and selected histidine phytases. AC1-2,
Bl and Bt are the MINPPs from Acinetobacter sp. AC1-2 (this study), Bifidobacterium longum (PDB 6XRE) and Bacteroides thetaiotaomicron (PDB 4FDU), respectively.
Afis the histidine phytase from Aspergillus fumigatus (PDB 1SK8). Specificity pockets are labelled A-F as described by Acquistapace et al. (2000). Each alignment shows
spatially equivalent residues in the specificity pockets of each enzyme, which lie within 5A of the phosphorus of the corresponding phosphate group on the substrate (the
positions of sulphate groups of the inhibitors in each structure are taken to be the same as the phosphate groups of phytate. Numbering is according to the AC1-2
sequence. Residues that are completely conserved are highlighted in bold with red text. Red arrows indicate residues that have the closest interactions with the substrate
analogue inhibitor. Note that residues 298 and 301 contributing to the D-pocket are found on the U-loop. Residues marked with an asterisk in pockets D and E are
predicted to not interact with the substrate when bound with the 4-phosphate in the A-pocket.

https://doi.org/10.1371/journal.pone.0272015.9003
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longum [11). Alignment of the structures of sequence homologues to that of AC1-2 MINPP
revealed residues forming the specificity pockets in related clade 2 histidine phytases [48] (Fig
3A). The enzymes chosen for analysis were homologues to AC1-2 MINPP for which high-res-
olution crystal structures of their complexes with InsSs were available. These include the
MINPPs from Bifidobacterium longum, a predominant 4/6-phytase [11], and Bacteroides the-
taiotaomicron, a predominant 5-phytase [13]. We also included the stereospecific histidine
phytase from Aspergillus fumigatus [39]. This D3-phytase (EC: 3.1.3.8) is structurally more
similar to MINPPs, as a class, than is the E. coli D6-phytase [11].

Consideration of the spatially conserved residues in the different specificity pockets gives
possible insights into the molecular basis for the D6-phytase activity of AC1-2 MINPP. Note
that myo-inositol hexakissulfate (InsSe) is reported to act as a competitive inhibitor of phytases
and in crystal structures is assumed to mimic the substrate by adopting a pseudo-productive
binding [11,13,49,50]. In the following discussion, the positions of the sulfate groups of InsS¢
were therefore taken to represent the phosphate groups of phytate as bound to the enzymes.
The results of the following analysis must therefore be taken as indicative.

The scissile phosphate group of the substrate occupies pocket A (Fig 3C). The phosphate
here is intimately bound, making six polar contacts with pocket residues. The role of the
pocket is to engage with the scissile phosphate and to position and orient it for hydrolysis, con-
sequently, pocket A residues are highly conserved between the enzymes considered. Residues
in pockets B, C and F have fewer contacts with their corresponding phosphate groups but
those residues involved in direct polar contacts with the substrate analogue (and therefore by
inference with the substrate), while predominantly conserved with BIMINPP, vary in the B.the-
taiotaomicron and A fumigatus enzymes. Given the observed D6-phytase positional specificity
of AC1-2 MINPP (Fig 2), interactions at residues 18, 199 and 352 (AC1-2 numbering) can
therefore be identified as candidates for residue determinants of positional specificity in this
subset of enzymes. Indeed, the mutation R183D in BEMINPP (equivalent to residue 199 in
AC1-2 MINPP) converts BtMINPP, a predominant 5-phytase, to an A.fumigatus- or Klebsi-
ella-like D1/3-phytase, we use the term ‘D1/3-* to indicate the unknown enantiospecificity of
BtMINPP, in contrast to the known D3-specificity of the Aspergillus and Klebsiella enzymes
[39,51].

Biochemical properties of AC1-2 MINPP

Initial purification efforts yielded an impure protein with low specific activity (13 U/mg).
Therefore, purification was repeated after expression from a construct lacking signal peptide.
The profile of InsPs degradation products produced by AC1-2 MINPP mirrors that of Acineto-
bacter sp. culture incubated with InsPg (cf. Fig 1 and Rix et al [36], Fig 4).

The ability of AC1-2 MINPP to use other commonly assayed substrates, adenosine triphos-
phate, glycerol 3-phosphate, glucose 6-phosphate, pyrophosphate, para-nitrophenyl phosphate
and creatine phosphate was tested (Fig 4A). Within the HAPhy classification there are two
subgroups, those that have a broad substrate specificity but a low specific activity and con-
versely, those that have a narrow substrate specificity and a high specific activity towards phy-
tate [48]. AC1-2 MINPP is in the latter group, exhibiting narrow substrate specificity with
relatively low activity towards other phosphorylated substrates such as para-nitrophenyl phos-
phate, 25.8%; and glycerol 3-phosphate 5.4%; in relation to InsPs. This specificity is in agree-
ment with previous analyses of wheat, barley and avian MINPPs [12,52].

Prior to the post-genomic era, characterization of enzymes including phytases commonly
tested the effect of metal ions and substrate analogues or residue-modifying reagents to probe
reaction mechanisms. Such experiments have a contemporary relevance in consideration of
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*; P<0.01, **; P<0.001, *** and P<0.0001, ****. B, inhibition of activity by metal ions. Significant differences between
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https://doi.org/10.1371/journal.pone.0272015.9004

PLOS ONE | https://doi.org/10.1371/journal.pone.0272015  August 31, 2022 13/24


https://doi.org/10.1371/journal.pone.0272015.g004
https://doi.org/10.1371/journal.pone.0272015

PLOS ONE

A non-commensal multiple inositol polyphosphate phosphatase from soil

biotechnological end use of phytases, in production systems and use in animals. We therefore
tested potential metal ion inhibitors and substrate analogue at a concentration of 1 mM for
effect on AC1-2 MINPP activity (Fig 4B). Metal ions are known to affect the activity of phy-
tases, these may be due to the inability of the phytase to act upon metal ion-phytate complexes
[53]. InsSs is commonly used in crystallographic studies to aid in the identification of key
active site residues [54]. Fe?*’* showed the strongest inhibition of enzyme activity, 29 + 6% by
1 mM followed by Cu**> Mn" > Co®* > InSs > Mg** > K* > Zn** > nil addition and Ca>".

The pH profile of candidate feed enzymes is an important parameter. AC1-2 MINPP
showed a broad pH-activity profile with three maxima at pH 3, 4.5-5 and 6 (Fig 4C).

To determine the thermostability of AC1-2 MINPP, protein was incubated at temperatures
in the range 4-70°C before the addition of InsP¢ to assay activity (Fig 4D). Activity was abol-
ished after incubation at 60°C and was reduced to 40 + 3% to that of the control sample at
50°C.

Long term stability of AC1-2 MINPP

A long-term stability experiment was performed on AC1-MINPP. Aliquots of the protein
preparation were stored at room temperature in a range of stabilising solutions or buffer only
(control) and activity measured at intervals. AC1-2 MINPP showed a remarkable resilience to
periodic fluctuations in room temperature during summer and winter months, with the pro-
tein retaining activity during two summer “heatwaves” where average room temperatures in
the lab moved over 30°C (Fig 5A). We have no obvious explanation of the ‘dip’ in activity at
220 days and can only speculate that over the course of the observations differently calibrated
pipettes might have been used.

A similar experiment with a full-length, signal peptide-containing, and somewhat impure
protein preparation showed low activity, around 13 U/mg at 37°C, that was maintained at
room temperature and at 4°C (Supporting information). This protein yields products (Sup-
porting information) that are identical to those obtained from AC1-2 MINPP (Fig 6). The
experiments to determine enantiospecificity shown in Fig 6 were performed on glycerol/BSA-
stabilized enzyme (lacking signal peptide) stored on the bench for > 3 years. Denaturing
(SDS) polyacrylamide gel electrophoresis of the signal peptide-lacking protein, at point of
preparation, is shown (Fig 5A). A similar analysis of the protein yielding results of Fig 6 is
shown (Fig 5C). The greater than 3 year stability/activity of this enzyme is remarkable.

AC1-2 MINPP was also assayed for analysis of kinetic parameters. The enzyme shows
Michaelis-Menten kinetics and substrate inhibition, with a specific activity, V,,,, of 228 U/
mg, K, of 0.65 mM and K; 2.23 mM, respectively (Fig 7).

Regulation of ac1-2 MINPP by substrate and product

In the absence of literature reports of the control of expression of bacterial MINPPs, we
designed primer sets to determine the response of acI-2 MINPP to growth condition. We
chose rich and minimal media with or without the presence of InsPg, comparing acI-2 MINPP
expression to the ‘housekeeping’ gene RecA. cDNA from Acinetobacter sp. AC1-2 grown to
exponential/late exponential was analysed for changes in expression. Due to the impurities
commonly found in commercial bought InsPg, the concentration of inorganic phosphate
therein was measured and equivalent concentration supplemented into minimal media [55].
acl-2 MINPP expression was unaltered by InsPg, and associated phosphate, in LB. In minimal
media, the inclusion of inorganic phosphate or InsP¢ (containing inorganic phosphate impu-
rity) reduced gene expression (p<0.05) by 2.6-fold and 7.5-fold, respectively (Fig 8).
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Fig 5. Long-term stability of AC1-2 MINPP. Stability was assessed in seven different stabilising solutions and a control (gel
filtration buffer) during storage in ambient conditions. A, Isolation of AC1-2 MINPP through a two-step, Ni-affinity and size
exclusion, purification. Aliquots of protein taken at different stages of the purification were subjected to SDS-PAGE on a 12%
gel. Lanes labelled 1-9 are flanked, left, by molecular mass markers identified by mass (kDa). Lanes: 1 and 2, uninduced Rosetta
™2 (pLysS) cells; 3 and 4, 0.1 mM IPTG-induced cells; 5, crude lysate of concentrated, induced cells; 6, cell pellet; 7, clarified cell

PLOS ONE | https://doi.org/10.1371/journal.pone.0272015  August 31, 2022 15/24


https://doi.org/10.1371/journal.pone.0272015

PLOS ONE

A non-commensal multiple inositol polyphosphate phosphatase from soil

lysate (supernatant); 8, Amicon® Ultra-15 (10 kDa cut-off) -concentrated fraction, post Ni-affinity chromatography; 9,

Amicon-concentrated fraction, post size exclusion chromatography. B, Enzyme activity of AC1-2 MINPP during prolonged
storage at 4°C or ambient conditions (occasionally reaching 30-35°C). Protein was stored at a concentration of 4 uM in 50 mM
Tris-HCl pH 7.5 300 mM NaCl (control) or in 25 mM Tris-HCI pH 7.5 150 mM NaCl with stabilising agent as indicated. Error
bars show standard deviation of triplicate measurements. C. SDS-PAGE of AC1-2 MINPP stored for greater than three years at a
concentration of 4 uM in 25 mM Tris-HCl pH 7.5 150 mM NaCl with stabilizing agents as indicated. Thereafter, aliquots of
protein were subjected to SDS-PAGE on a 12% gel, Lanes 1-4, flanked on the left by molecular mass markers (kDa). Lanes,
stabilising agents: 1, 30% w/v glycerol; 2, 30% w/v glycerol and 0.5 mg/ml BSA; 3, 30% w/v sucrose; 4, 30% w/v sucrose and 0.5

mg/ml BSA.
https://doi.org/10.1371/journal.pone.0272015.9005

Discussion

ACI-2 MINPP is one of the first phytases of this class isolated from the soil environment.
MINPPs are related to branch 2 of the histidine acid superfamily, which contains the histidine
acid phosphatases and phytases [48]. HAPhytases are characterised by their active site hepta-
peptide sequence motif RHGxRxP and proton donor motif HD, and a large o/ domain and a
o domain. The ACI1-2 phytase contains a slightly different heptapeptide sequence motif,
RHGSRGL, and has a tripeptide protein donor motif of HAE. Additionally, it contains several
MINPP-specific motifs that are not found in HAPhys: PMAAN and LYNE are located on the
B-sheets of the o/ domain; the methionine residue of PMAAN forms part of substrate speci-
ficity pocket A. The majority of MINPP studies describe a protein that is commonly found in
eukaryotic organisms [12,52] but which has also been described in gut commensal bacteria
[13,46].

It may be these unique properties which allow the soil derived MINPP to function over a
wide range of pH, similar to the pH range in the digestive tract [56]. It is unusual that AC1-2
MINPP displays multiple maxima, with many bacterial phytases usually exhibiting either one
or two maxima [57,58]. This phytase showed highest activity at pH 6 which deviates slightly
from the optimal pH of histidine acid phosphatases which is typically within the pH range of
2.5-5.5, however this is not uncommon for many isolated phytases which have their pH
optima in the range of 4.5-6. Indeed, it may be a feature of this relatively under-examined
MINPP class.

Phytases showing a diverse range of pH activity are preferable in animal feed applications
as they must remain optimally active in the digestive tract [59]. AC1-2 MINPP shows contin-
ued activity for over 755 days in purified form at room temperature, in some cases, activity did
not decrease. Bovine serum albumin as a co-protectant proved to be an excellent stabilising
molecule maintaining higher enzyme activity in all treatments to which it was added.

The inhibition of AC1-2 MINPP was tested using a range of metal ions and the substrate
analogue InSg. Fe*™** and Cu®* reduced activity to < 50%, at ImM, whereas Zn>" ion was
without strong effect. Typically, zinc is referenced as one of the most potent phytase inhibitors
[52,60], however in this instance, activity was only reduced to 93%. Furthermore the substrate
analogue IS, also regarded as a potent inhibitor [61], reduced activity to only 72%. Activity
was enhanced slightly, to 114% by calcium, a facet of character ordinarily associated with Beta-
propeller phytases that have structural calcium ions [62]. Calcium is a critical component of
feed matrices employed in poultry feed trials, with calcium, phytase and available phosphate
carefully titrated to achieve optimum degradation of phytate in feed [63]. Laying hen diets typ-
ically include > 10% limestone [63]. AC1-2 MINPP also showed a relatively narrow substrate
specificity, favouring InsP, with minimal degradation of other glycerol 3-phosphate.

AC1-2 MINPP shows substrate inhibition (K; 2.2 mM). Substrate inhibition by phytate has
been well documented [56]. The fungi A. ficuum and bacteria C. braakii YH-15 phytases
showed inhibition at phytate concentrations above 1.2 mM and 1.5 mM respectively [64,65].
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Fig 6. Enantiospecificity of AC1-2 MINPP attack on phytate. HPLC of: A, products of incubation of a purified and
desalted D-and/or L-Ins(1,2,3,4,5)Ps [InsP5 4/6-OH] fraction generated by AC1-2 MINPP with AtITPK1; B, a no-
enzyme control for A; C, products of incubation of InsPs with AtITPK1; D, a no-enzyme control for C. E, products of
incubation of D-Ins(1,2,3,5,6)Ps (InsPs [4-OH]) with AtITPKI. F, a no-enzyme control for E. G, Products of
incubation of D-Ins(1,2,3,4,5)P5 (InsP5 [6-OH]) with AtITPK1. H, a no-enzyme control for G. Approximately, one
third of sample equivalent (to A-E, and H) was injected for G. The units and scales of panels (A-H) are identical.

https://doi.org/10.1371/journal.pone.0272015.9006

The K,,, (0.65 mM) of AC1-2 MINPP is typical of the values reported (0.15-1.37 mM) for a
range of anonymous commercial phytases [66]. The V., value of 228 U/mg, while lower than
that (1123 U/mg) of the codon-optimized histidine acid (HD) phytase AppaAs-OP (optimized
for expression in Komagataella phaffii [66] is greater than that [23-196 U/mg) of a range of
fungal phytases [59,67] with which AC1-2 MINPP and other bacterial MINPPs [11] show
greater structural similarity, but again less than that (~ 2,000 U/mg) of Peniophora lycii [68].
The extreme stability of this enzyme, greater than 3 years on the bench, show that the MINPP
scaffold is a very good starting point for engineering this class of enzyme, or for searches for
related enzymes. The commercial choice of enzyme rests on much more than simple specific
activity. Choice is tempered by expression host, cost effective processing and opportunity for
engineering thermostability and protease resistance. Indeed, current commercial enzymes
have been engineered to increase thermostability. In the case of E coli AppA-derivatives T,
has been increased by more than 12 degrees [69].

In bacteria, phytase is the product of an inducible gene that may be subject to complex reg-
ulation [70,71]. A general feature commonly observed in microbial phytase producers is the
regulatory inhibition of phytase production by inorganic phosphate levels [71]. This may have
an effect on the RT-qPCR results displayed (Fig 8) as many of the commercial phytates avail-
able contain high levels of inorganic phosphate or other inositol phosphates [44,72]. Neverthe-
less, our data show dual aspect to regulation of AC1-2 MINPP phytase activity, by inorganic

120+

100

Vmax 228 U mg™
Km 0.65 mM
Ki 2.23 mM

| 1 1 1
0 1000 2000 3000 4000
InsPg (uM)

Fig 7. Kinetics parameters of AC1-2 MINPP activity against phytate.
https://doi.org/10.1371/journal.pone.0272015.g007

PLOS ONE | https://doi.org/10.1371/journal.pone.0272015  August 31, 2022 18/24


https://doi.org/10.1371/journal.pone.0272015.g006
https://doi.org/10.1371/journal.pone.0272015.g007
https://doi.org/10.1371/journal.pone.0272015

PLOS ONE A non-commensal multiple inositol polyphosphate phosphatase from soil

A B

30~ 8-
28
6_
@ Set1 g
26+ W Set2 =
i ©
o > 4-
24- ("3'
<
2_
22
20 1 0

10 05 00 05 10 15
Log,, cDNA (ng/uL)

C D

(o))
|
-
()]
]

SN
I
-_—
©
I

=
)]
]

ACt Value
N

minpp fold change

o
o
I

S &

3
Qe R Q©
\Qe Qx \Qe
x N\ x
Fig 8. Validation of the primer sets and quantification of expression of the ac1-2 MINPP by qPCR. A, Log-linearity of amplification with primer

sets; B, ACt value of the LB and LB + InsPg environments; C, ACt of the MM, MM + Pi and MM + InsP¢ environments; D, Fold change, calculated
using the 22" method.
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phosphate and phytate. Moreover, phytase activity is regulated at both transcriptional and
post-translational, levels: AC1-2 down regulates transcription of the MINPP gene at levels of
substrate approaching K;. In other species, phytase production has been shown to be sensitive
to growth phase, being suppressed during the exponential phase in E. coli and Raoultella terri-
gena, with resumption of expression upon entering stationary phase [73]. There is still much
to be understood about the induction and repression of phytase genes, the expression of which
does not appear to be uniformly controlled amongst bacteria [71].

Conclusions

AC1-2 MINPP, isolated from soil, is a MINPP phytase that displays 5-phytase and D6-phytase
activity among other activities. It shows extraordinary long-term stability. The enzyme exhibits
many desirable traits that suit its development for use in the animal feed industry.

Supporting information

S1 Dataset.
(XLSX)

S1 File.
(PDF)

Author Contributions

Conceptualization: Jonathan D. Todd, Charles A. Brearley.

Formal analysis: Hayley Whitfield, Andrew M. Hemmings.

Funding acquisition: Charles A. Brearley.

Investigation: Gregory D. Rix, Colleen Sprigg, Hayley Whitfield.
Methodology: Hayley Whitfield, Andrew M. Hemmings, Charles A. Brearley.
Supervision: Jonathan D. Todd, Charles A. Brearley.

Writing - original draft: Gregory D. Rix.

Writing - review & editing: Andrew M. Hemmings, Charles A. Brearley.

References

1. Lei XG, Porres JM. Phytase enzymology, applications, and biotechnology. Vol. 25, Biotechnology Let-
ters. 2003. p. 1787-94. https://doi.org/10.1023/a:1026224101580 PMID: 14677699

2. Guerrand D. Economics of food and feed enzymes: Status and prospectives. Status and prospectives.
In: Enzymes in Human and Animal Nutrition: Principles and Perspectives. ElsevierInc.; 2018. p. 487—
514.

3. Cromwell GL. ASAS Centennial Paper: Landmark discoveries in swine nutrition in the past century. J
Anim Sci. 2009; 87(2):778-92. https://doi.org/10.2527/jas.2008-1463 PMID: 18849377

4. Burkholder JM, Glasgow HB. Pfiesteria piscicida and other Pfiesreria-like dinoflagellates: Behavior,
impacts, and environmental controls. Limnol Oceanogr. 1997; 42(5):1052—75.

5. Lei XG, Weaver JD, Mullaney E, Ullah AH, Azain MJ. Phytase, a new life for an “old” enzyme. Annu Rev
Anim Biosci. 2013; 1(1):283-309. https://doi.org/10.1146/annurev-animal-031412-103717 PMID:
25387021

6. OhB-C, Choi W-C, Park S, Kim Y -0., Oh T-K. Biochemical properties and substrate specificities of
alkaline and histidine acid phytases. Appl Microbiol Biotechnol. 2004; 63(4):362—72. https://doi.org/10.
1007/s00253-003-1345-0 PMID: 14586576

PLOS ONE | https://doi.org/10.1371/journal.pone.0272015  August 31, 2022 20/24


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0272015.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0272015.s002
https://doi.org/10.1023/a%3A1026224101580
http://www.ncbi.nlm.nih.gov/pubmed/14677699
https://doi.org/10.2527/jas.2008-1463
http://www.ncbi.nlm.nih.gov/pubmed/18849377
https://doi.org/10.1146/annurev-animal-031412-103717
http://www.ncbi.nlm.nih.gov/pubmed/25387021
https://doi.org/10.1007/s00253-003-1345-0
https://doi.org/10.1007/s00253-003-1345-0
http://www.ncbi.nlm.nih.gov/pubmed/14586576
https://doi.org/10.1371/journal.pone.0272015

PLOS ONE

A non-commensal multiple inositol polyphosphate phosphatase from soil

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

Mullaney EJ, Daly CB, Ullah AHJ. Advances in phytase research. In: Advances in Applied Microbiology.
2000. p. 157-99. https://doi.org/10.1016/s0065-2164(00)47004-8 PMID: 12876797

EL Enshasy H, Dailin DJ, Abd Manas NH, Wan Azlee NI, Eyahmalay J, Yahaya SA, et al. Current and
future applications of phytases in poultry industry: A critical review. J Adv VetBio Sci Tech. 2018; 3
(3):65-74.

Castillo Villamizar GA, Nacke H, Griese L, Tabernero L, Funkner K, Daniel R. Characteristics of the first
protein tyrosine phosphatase with phytaseactivity from a soil metagenome. Genes (Basel). 2019; 10
(2):101. https://doi.org/10.3390/genes10020101 PMID: 30700057

Castillo Villamizar GA, Funkner K, Nacke H, Foerster K, Daniel R. Functional metagenomics reveals a
new catalytic domain, the metallo-B-lactamase superfamilydomain, associated with phytase activity.
Sawers G, editor. mSphere. 2019; 4(3):e00167-19. https://doi.org/10.1128/mSphere.00167-19 PMID:
31217298

Acquistapace IM, Zietek MA, Li AWH, Salmon M, Kithn |, Bedford MR, et al. Snapshots during the cata-
lytic cycle of a histidine acid phytase reveal an induced-fit structural mechanism. J Biol Chem. 2020;
295(51):17724-37. https://doi.org/10.1074/jbc.RA120.015925 PMID: 33454010

Cho J, Choi K, Darden T, Reynolds PR, Petitte JN, Shears SB. Avian multiple inositol polyphosphate
phosphatase is an active phytase that can be engineered to help ameliorate the planet’s “phosphate cri-
sis”. J Biotechnol. 2006; 126(2):248-59.

Stentz R, Osborne S, Horn N, Li AWH, Hautefort |, Bongaerts R, et al. A bacterial homolog of a eukary-
otic inositol phosphate signaling enzyme mediates cross-kingdom dialog in the mammalian gut. Cell
Rep. 2014; 6(4):646-56. https://doi.org/10.1016/j.celrep.2014.01.021 PMID: 24529702

Mullaney EJ, Ullah AHJ. Phytases: attributes, catalytic mechanisms and applications. In: Inositol phos-
phates: linking agriculture and the environment. Wallingford: CABI; 2007. p. 97-110.

Lim PE, Tate ME. The phytases. Il. Properties of phytase fractions F1 and F2 from wheat bran and the
myo-inositol phosphates produced by fraction F2. Biochim Biophys Acta—Enzymol. 1973; 302(2):316—
28.

Puhl AA, Greiner R, Selinger LB. A protein tyrosine phosphatase-like inositol polyphosphatase from
Selenomonas ruminantium subsp. lactilytica has specificity for the 5-phosphate of myo-inositol hexaki-
sphosphate. Int J Biochem Cell Biol. 2008; 40(10):2053-64.

Gessler NN, Serdyuk EG, Isakova EP, Deryabina Y. Phytases and the prospects for their application
(Review). Appl Biochem Microbiol. 2018; 54(4):352—60.

Barrientos L, Scott JJ, Murthy P. Specificity of hydrolysis of phytic acid by alkaline phytase from lily pol-
len. Plant Physiol. 1994; 106(4):1489-95. https://doi.org/10.1104/pp.106.4.1489 PMID: 7846160

Mehta BD, Jog SP, Johnson SC, Murthy PP. Lily pollen alkaline phytase is a histidine phosphatase simi-
lar to mammalian multiple inositol polyphosphate phosphatase (MINPP). Phytochemistry. 2006; 67
(17):1874-86. https://doi.org/10.1016/j.phytochem.2006.06.008 PMID: 16860350

Lei XG, Porres JM, Mullaney EJ, Brinch-Pedersen H. Phytase: Source, structure and application. In:
Industrial Enzymes. Dordrecht: Springer Netherlands; 2007. p. 505-29.

Rodriguez E, Han Y, Lei XG. Cloning, sequencing, and expression of an Escherichia coli acid phospha-
tase/phytase Gene (appA2) isolated from pig colon. Biochem Biophys Res Commun. 1999; 257
(1):117-23.

Dersjant-Li Y, Awati A, Schulze H, Partridge G. Phytase in non-ruminant animal nutrition: A critical
review on phytase activities in the gastrointestinal tract and influencing factors. Vol. 95, Journal of the
Science of Food and Agriculture. 2015. p. 878—-96. https://doi.org/10.1002/jsfa.6998 PMID: 25382707

Menezes-Blackburn D, Giles C, Darch T, George TS, Blackwell M, Stutter M, et al. Opportunities for
mobilizing recalcitrant phosphorus from agricultural soils: a review. Plant Soil. 2018; 427(1-2):5-16.
https://doi.org/10.1007/s11104-017-3362-2 PMID: 30996482

Ranjard L, Poly F, Nazaret S. Monitoring complex bacterial communities using culture-independent
molecular techniques: application to soil environment. Res Microbiol. 2000; 151(3):167-77. https://doi.
org/10.1016/s0923-2508(00)00136-4 PMID: 10865943

Farias N, Aimeida |, Meneses C. New bacterial phytase through metagenomic prospection. Molecules.
2018; 23(2):448. https://doi.org/10.3390/molecules23020448 PMID: 29462992

Tan H, Mooij MJ, Barret M, Hegarty PM, Harington C, Dobson ADW, et al. Identification of novel phy-
tase genes from an agricultural soil-derived metagenome. J Microbiol Biotechnol. 2014; 24(1):113-8.
https://doi.org/10.4014/jmb.1307.07007 PMID: 24150499

Singh NK, Joshi DK, Gupta RK. Isolation of phytase producing bacteria and optimization of phytase pro-
duction parameters. Jundishapur J Microbiol. 2013; 6(5):1J.

PLOS ONE | https://doi.org/10.1371/journal.pone.0272015  August 31, 2022 21/24


https://doi.org/10.1016/s0065-2164%2800%2947004-8
http://www.ncbi.nlm.nih.gov/pubmed/12876797
https://doi.org/10.3390/genes10020101
http://www.ncbi.nlm.nih.gov/pubmed/30700057
https://doi.org/10.1128/mSphere.00167-19
http://www.ncbi.nlm.nih.gov/pubmed/31217298
https://doi.org/10.1074/jbc.RA120.015925
http://www.ncbi.nlm.nih.gov/pubmed/33454010
https://doi.org/10.1016/j.celrep.2014.01.021
http://www.ncbi.nlm.nih.gov/pubmed/24529702
https://doi.org/10.1104/pp.106.4.1489
http://www.ncbi.nlm.nih.gov/pubmed/7846160
https://doi.org/10.1016/j.phytochem.2006.06.008
http://www.ncbi.nlm.nih.gov/pubmed/16860350
https://doi.org/10.1002/jsfa.6998
http://www.ncbi.nlm.nih.gov/pubmed/25382707
https://doi.org/10.1007/s11104-017-3362-2
http://www.ncbi.nlm.nih.gov/pubmed/30996482
https://doi.org/10.1016/s0923-2508%2800%2900136-4
https://doi.org/10.1016/s0923-2508%2800%2900136-4
http://www.ncbi.nlm.nih.gov/pubmed/10865943
https://doi.org/10.3390/molecules23020448
http://www.ncbi.nlm.nih.gov/pubmed/29462992
https://doi.org/10.4014/jmb.1307.07007
http://www.ncbi.nlm.nih.gov/pubmed/24150499
https://doi.org/10.1371/journal.pone.0272015

PLOS ONE

A non-commensal multiple inositol polyphosphate phosphatase from soil

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

Puppala KR, Bhavsar K, Sonalkar V, Khire JM, Dharne MS. Characterization of novel acidic and ther-
mostable phytase secreting Streptomyces sp. (NCIM 5533) for plant growth promoting characteristics.
Biocatal Agric Biotechnol. 2019; 18:101020.

Gulati HK, Chadha BS, Saini HS. Production and characterization of thermostable alkaline phytase
from Bacillus laevolacticus isolated from rhizosphere soil. J Ind Microbiol Biotechnol. 2006; 34(1):91-8.

Kumar V, Singh P, Jorquera MA, Sangwan P, Kumar P, Verma AK, et al. Isolation of phytase-producing
bacteria from Himalayan soils and their effect on growth and phosphorus uptake of Indian mustard
(Brassica juncea). World J Microbiol Biotechnol. 2013; 29(8):1361-9. https://doi.org/10.1007/s11274-
013-1299-z PMID: 23546828

Jorquera MA, Gabler S, Inostroza NG, Acufa JJ, Campos MA, Menezes-Blackburn D, et al. Screening
and Characterization of phytases from bacteria isolated from Chilean hydrothermal environments.
Microb Ecol. 2018; 75(2):387-99. https://doi.org/10.1007/s00248-017-1057-0 PMID: 28861598

Lehmann M, Kostrewa D, Wyss M, Brugger R, D’Arcy A, Pasamontes L, et al. From DNA sequence to
improved functionality: using protein sequence comparisons to rapidly design a thermostable consen-
sus phytase. Protein Eng Des Sel. 2000; 13(1):49-57. https://doi.org/10.1093/protein/13.1.49 PMID:
10679530

Wu T-H, Chen C-C, Cheng Y-S, Ko T-P, Lin C-Y, Lai H-L, et al. Improving specific activity and thermo-
stability of Escherichia coli phytase by structure-based rational design. J Biotechnol. 2014; 175:1-6.

Katoh K, Rozewicki J, Yamada KD. MAFFT online service: multiple sequence alignment, interactive
sequence choice and visualization. Brief Bioinform. 2019; 20(4):1160-6. https://doi.org/10.1093/bib/
bbx108 PMID: 28968734

Letunic |, Bork P. Interactive Tree Of Life (iTOL) v4: recent updates and new developments. Nucleic
Acids Res. 2019; 47(W1):W256-9. https://doi.org/10.1093/nar/gkz239 PMID: 30931475

Rix GD, Todd JD, Neal AL, Brearley CA. Improved sensitivity, accuracy and prediction provided by a
high-performance liquid chromatography screen for the isolation of phytase-harbouring organisms from
environmental samples. Microb Biotechnol. 2020;1751-7915.13733. https://doi.org/10.1111/1751-
7915.13733 PMID: 33347708

Almagro Armenteros JJ, Tsirigos KD, Sgnderby CK, Petersen TN, Winther O, Brunak S, et al. SignalP
5.0 improves signal peptide predictions using deep neural networks. Nat Biotechnol. 2019; 37(4):420—
3. https://doi.org/10.1038/s41587-019-0036-z PMID: 30778233

Waterhouse A, Bertoni M, Bienert S, Studer G, Tauriello G, Gumienny R, et al. SWISS-MODEL: homol-
ogy modelling of protein structures and complexes. Nucleic Acids Res. 2018; 46(W1):W296-303.
https://doi.org/10.1093/nar/gky427 PMID: 29788355

Liu Q, Huang Q, Lei XG, Hao Q. Crystallographic Snapshots of Aspergillus fumigatus phytase, reveal-
ing Its enzymatic dynamics. Structure. 2004; 12(9):1575-83.

Ariza A, Moroz O V., Blagova E V., Turkenburg JP, Waterman J, Roberts SM, et al. Degradation of phy-
tate by the 6-phytase from Hafnia alvei: A combined structural and solution study. PLoS One. 2013; 8
(5):e65062.

Crouch SR, Malmstadt H V. A mechanistic investigation of Molybdenum Blue method for determination
of phosphate. Anal Chem. 1967; 39(10):1084—9.

Dokuzparmak E, Sirin Y, Cakmak U, Saglam Ertunga N. Purification and characterization of a novel
thermostable phytase from the thermophilic Geobacillus sp. TF16. Int J Food Prop. 2017; 20(5):1104—
16.

Whitfield H, White G, Sprigg C, Riley AM, Potter BVL, Hemmings AM, et al. An ATP-responsive meta-
bolic cassette comprised of inositol tris/tetrakisphosphate kinase 1 (ITPK1) and inositol pentakispho-
sphate 2-kinase (IPK1) buffers diphosphoinositol phosphate levels. Biochem J. 2020; 477(14):2621—
2638.

Madsen CK, Brearley CA, Brinch-Pedersen H. Lab-scale preparation and QC of phytase assay sub-
strate from rice bran. Anal Biochem. 2019; 578:7—12. hitps://doi.org/10.1016/j.ab.2019.04.021 PMID:
31054994

Neal AL, Rossmann M, Brearley C, Akkari E, Guyomar C, Clark IM, et al. Land-use influences phospha-
tase gene microdiversity in soils. Environ Microbiol. 2017; 19(7):2740-53. https://doi.org/10.1111/1462-
2920.13778 PMID: 28447381

Haros M, Carlsson N-G, Almgren A, Larsson-Alminger M, Sandberg A-S, Andlid T. Phytate degradation
by human gut isolated Bifidobacterium pseudocatenulatum ATCC27919 and its probiotic potential. Int J
Food Microbiol. 2009; 135(1):7-14.

Tamayo-Ramos JA, Sanz-Penella JM, Yebra MJ, Monedero V, Haros M. Novel phytases from Bifido-
bacterium pseudocatenulatum ATCC 27919 and Bifidobacterium longum subsp. infantis ATCC 15697.
Appl Environ Microbiol. 2012; 78(14):5013-5.

PLOS ONE | https://doi.org/10.1371/journal.pone.0272015  August 31, 2022 22/24


https://doi.org/10.1007/s11274-013-1299-z
https://doi.org/10.1007/s11274-013-1299-z
http://www.ncbi.nlm.nih.gov/pubmed/23546828
https://doi.org/10.1007/s00248-017-1057-0
http://www.ncbi.nlm.nih.gov/pubmed/28861598
https://doi.org/10.1093/protein/13.1.49
http://www.ncbi.nlm.nih.gov/pubmed/10679530
https://doi.org/10.1093/bib/bbx108
https://doi.org/10.1093/bib/bbx108
http://www.ncbi.nlm.nih.gov/pubmed/28968734
https://doi.org/10.1093/nar/gkz239
http://www.ncbi.nlm.nih.gov/pubmed/30931475
https://doi.org/10.1111/1751-7915.13733
https://doi.org/10.1111/1751-7915.13733
http://www.ncbi.nlm.nih.gov/pubmed/33347708
https://doi.org/10.1038/s41587-019-0036-z
http://www.ncbi.nlm.nih.gov/pubmed/30778233
https://doi.org/10.1093/nar/gky427
http://www.ncbi.nlm.nih.gov/pubmed/29788355
https://doi.org/10.1016/j.ab.2019.04.021
http://www.ncbi.nlm.nih.gov/pubmed/31054994
https://doi.org/10.1111/1462-2920.13778
https://doi.org/10.1111/1462-2920.13778
http://www.ncbi.nlm.nih.gov/pubmed/28447381
https://doi.org/10.1371/journal.pone.0272015

PLOS ONE

A non-commensal multiple inositol polyphosphate phosphatase from soil

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Rigden DJ. The histidine phosphatase superfamily: structure and function. Biochem J. 2008; 409
(2):333—48. https://doi.org/10.1042/BJ20071097 PMID: 18092946

Chu H-M, Guo R-T, Lin T-W, Chou C-C, Shr H-L, Lai H-L, et al. Structures of Selenomonas ruminantium
phytase in complex with persulfated phytate: DSP phytase fold and mechanism for sequential substrate
hydrolysis. Structure. 2004; 12(11):2015-24.

Zeng Y-F, Ko T-P, Lai H-L, Cheng Y-S, Wu T-H, Ma Y, et al. Crystal sructures of Bacillus alkaline phy-
tase in complex with divalent metai ions and inositol hexasulfate. J Mol Biol. 2011; 409(2):214—24.
https://doi.org/10.1016/j.jmb.2011.03.063

Bohm K, Herter T, Miller JJ, Borriss R, Heinemann U. Crystal structure of Klebsiella sp. ASR1 phytase
suggests substrate binding to a preformed active site that meets the requirements of a plant rhizosphere
enzyme. FEBS J. 2010; 277(5):1284-96. https://doi.org/10.1111/j.1742-4658.2010.07559.x PMID:
20392204

Dionisio G, Holm PB, Brinch-Pedersen H. Wheat ( Triticum aestivum L.) and barley (Hordeum vulgare
L.) multiple inositol polyphosphate phosphatases (MINPPs) are phytases expressed during grain filling
and germination. Plant Biotechnol J. 2007; 5(2):325-38.

Suleimanova AD, Beinhauer A, Valeeva LR, Chastukhina IB, Balaban NP, Shakirov E V, et al. Novel
glucose-1-phosphatase with high phytase activity and unusual metal ion activation from soil bacterium
Pantoea sp. strain 3.5.1. Appl Env Microbiol. 2015; 81(19):6790-9. https://doi.org/10.1128/AEM.
01384-15 PMID: 26209662

Oakley AJ. The structure of Aspergillus niger phytase PhyA in complex with a phytate mimetic. Biochem
Biophys Res Commun. 2010; 397(4):745-9.

Quirist L, Carlsson N-G, Andlid T. Assessing phytase activity-methods, definitions and pitfalls. J Biol
Methods. 2015; 2(1):e16.

Merchant HA, McConnell EL, Liu F, Ramaswamy C, Kulkarni RP, Basit AW, et al. Assessment of gas-
trointestinal pH, fluid and lymphoid tissue in the guinea pig, rabbit and pig, and implications for their use
in drug development. Eur J Pharm Sci. 2011; 42(1-2):3—10. https://doi.org/10.1016/j.ejps.2010.09.019
PMID: 20932902

Konietzny U, Greiner R. Molecular and catalytic properties of phytate-degrading enzymes (phytases).
Vol. 37, International Journal of Food Science and Technology. 2002. p. 791-812.

Pandey A, Szakacs G, Soccol CR, Rodriguez-Leon JA, Soccol VT. Production, purification and proper-
ties of microbial phytases. Bioresour Technol. 2001; 77(3):203—-14. https://doi.org/10.1016/s0960-8524
(00)00139-5 PMID: 11272007

Tomschy A, Brugger R, Lehmann M, Svendsen A, Vogel K, Kostrewa D, et al. Engineering of phytase
for improved activity at low pH. Appl Environ Microbiol. 2002; 68(4):1907—13. https://doi.org/10.1128/
AEM.68.4.1907-1913.2002 PMID: 11916711

Wang Xueying, Upatham Suchart, Panbangred Watanalai, Isarangkul Duangnate, Summpunn Pijug,
Wiyakrutta Suthep and VM. Purification, characterization, gene cloning and sequence analysis of a phy-
tase from Klebsiella pneumoniae subsp. pneumoniae XY-5. Sci Asia. 2004; 30:383-90.

Ullah AHJ, Sethumadhavan K, Lei XG, Mullaney EJ. Biochemical characterization of cloned Aspergillus
fumigatus phytase (phyA). Biochem Biophys Res Commun. 2000; 275(2):279-85.

Cheng C, Lim BL. Beta-propeller phytases in the aquatic environment. Arch Microbiol. 2006; 185(1):1—
13. https://doi.org/10.1007/s00203-005-0080-6 PMID: 16402222

Bedford MR, Cowieson AJ. Matrix values for exogenous enzymes and their application in the real world.
J Appl Poult Res. 2020; 29(1):15-22.

Greiner R, Haller E, Konietzny U, Jany K-D. Purification and characterization of a phytase from Klebsi-
ella terrigena. Arch Biochem Biophys. 1997; 341(2):201-6.

Kim H-W, Kim Y-O, Lee J-H, Kim K-K, Kim Y-J. Isolation and characterization of a phytase with
improved properties from Citrobacter braakii. Biotechnol Lett. 2003; 25(15):1231-4.

Salaet |, Marques R, Yance-Chavez T, Macias-Vidal J, Gimémez-Zaragoza D, Aligue R. Novel long-
term phytase from Serratia odorifera: Cloning, expression, and characterization. ACS Food Sci Tech-
nol. 2021; 1(4):689-97.

Wyss M, Brugger R, Kronenberger A, Rémy R, Fimbel R, Oesterhelt G, et al. Biochemical characteriza-
tion of fungal phytases (myo-inositol hexakisphosphate phosphohydrolases): Catalytic properties. Appl
Environ Microbiol. 1999; 65(2):367-73.

Lassen SF, Breinholt J, @stergaard PR, Brugger R, Bischoff A, Wyss M, et al. Expression, gene cloning,
and characterization of five novel phytases from four Basidiomycete fungi: Peniophora lycii, Agrocybe
pediades, a Ceriporia sp., and Trametes pubescens. Appl Environ Microbiol. 2001; 67(10):4701-7.

Navone L, Vogl T, Luangthongkam P, Blinco J-B, Luna-Fores CH, Chen X, et al. Disulfide bond engi-
neering of AppA phytase for increased thermostability requires co-expression of protein disulfide

PLOS ONE | https://doi.org/10.1371/journal.pone.0272015  August 31, 2022 23/24


https://doi.org/10.1042/BJ20071097
http://www.ncbi.nlm.nih.gov/pubmed/18092946
https://doi.org/10.1016/j.jmb.2011.03.063
https://doi.org/10.1111/j.1742-4658.2010.07559.x
http://www.ncbi.nlm.nih.gov/pubmed/20392204
https://doi.org/10.1128/AEM.01384-15
https://doi.org/10.1128/AEM.01384-15
http://www.ncbi.nlm.nih.gov/pubmed/26209662
https://doi.org/10.1016/j.ejps.2010.09.019
http://www.ncbi.nlm.nih.gov/pubmed/20932902
https://doi.org/10.1016/s0960-8524%2800%2900139-5
https://doi.org/10.1016/s0960-8524%2800%2900139-5
http://www.ncbi.nlm.nih.gov/pubmed/11272007
https://doi.org/10.1128/AEM.68.4.1907-1913.2002
https://doi.org/10.1128/AEM.68.4.1907-1913.2002
http://www.ncbi.nlm.nih.gov/pubmed/11916711
https://doi.org/10.1007/s00203-005-0080-6
http://www.ncbi.nlm.nih.gov/pubmed/16402222
https://doi.org/10.1371/journal.pone.0272015

PLOS ONE

A non-commensal multiple inositol polyphosphate phosphatase from soil

70.

71.

72.

73.

isomerase in Pichia pastoris. Biotechnol Biofuels. 2021; 14:80. https://doi.org/10.1186/s13068-021-
01936-8 PMID: 33789740

Liu B-L, Rafig A, Tzeng Y-M, Rob A. The induction and characterization of phytase and beyond.
Enzyme Microb Technol. 1998; 22(5):415-24.

Konietzny U, Greiner R. Bacterial phytase: potential application, in vivo function and regulation of its
synthesis. Brazilian J Microbiol. 2004; 35(1-2):11-8.

Cosgrove DJ, Irving GCJ, Bromfield SM. Inositol phosphate phosphatases of microbiological origin.
The isolation of soil bacteria having inositol phosphate phosphatase activity. Aust J Biol Sci. 1970; 23
(2):339—-44.

Jain J, Sapna, Singh B. Characteristics and biotechnological applications of bacterial phytases. Process
Biochem. 2016; 51(2):159-69.

PLOS ONE | https://doi.org/10.1371/journal.pone.0272015  August 31, 2022 24/24


https://doi.org/10.1186/s13068-021-01936-8
https://doi.org/10.1186/s13068-021-01936-8
http://www.ncbi.nlm.nih.gov/pubmed/33789740
https://doi.org/10.1371/journal.pone.0272015

