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Abstract

Purpose Purple acid phosphatases (PAPs) includ
the largest classes of non-specific plant acid phos-
phatases. Most characterized PAPs were found to play
physiological functions in phosphorus metabolism. In
this study, we investigated the function of AtPAPI17
gene encoding an important purple acid phosphatase
in Arabidopsis thaliana.
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Methods The full-length cDNA sequence of
AtPAP17 gene under the control of CaMV-35S pro-
moter was transferred to the A. thaliana WT plant.
The generated homozygote AtPAPI7-overexpressed
plants were compared by the types of analyses with
corresponding homozygote atpapl7-mutant plant and
WT in both+P (1.2 mM) and — P (0 mM) conditions.
Results In the+P condition, the highest and the
lowest amount of Pi was observed in AtPAPI7-
overexpressed plants and atpapl7-mutant plants
by 111% increase and 38% decrease compared with
the WT plants, respectively. Furthermore, under the
same condition, APase activity of AtPAPI7-overex-
pressed plants increased by 24% compared to the WT.
Inversely, atpapl7-mutant plant represented a 71%
fall compared to WT plants. The comparison of fresh
weight and dry weight in the studied plants showed
that the highest and the lowest amount of absorbed
water belonged to OE plants (with 38 and 12 mg
plant™!) and Mu plants (with 22 and 7 mg plant™)
in+P and — P conditions, respectively.

Conclusion The lack of AtPAPI7 gene in the A.
thaliana genome led to a remarkable reduction in
the development of root biomass. Thus, AtPAPI17
could have an important role in the root but not shoot
developmental and structural programming. Conse-
quently, this function enables them to absorb more
water and eventually associated with more phosphate
absorption.
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Introduction

Phosphorus (P) is one of the most essential macro-
nutrients for all cells, which plays important roles
in macromolecules structure such as nucleic acids,
and phospholipids. This element participates in the
signal transduction pathways or as a constituent in
energy-transferring molecules such as ATP, ADP,
or NADPH in the photosynthesis and respiration
cycles. Phosphorous makes up about 0.2% of plant
dry weight. To ensure functional catabolic reactions,
Pi (inorganic phosphate) homeostasis must be con-
served between 5 and 20 mM in the plant cytoplasm.
Plants acquire P only in the soluble Pi form either as
H,PO,~ or HPO,?~, whereas these forms occur in the
soil between 0.1 and 1 pM. Therefore, it is one of the
key nutrients for plant growth and development that
is considered a challenging agent as well as a major
limiting factor in crop yield (Schachtman et al. 1998;
Hurley et al. 2010).

Higher plants use many sophisticated responses to
overcome nutritional stress by increasing phosphate
scavenging and recycling to the maintenance of cel-
lular Pi homeostasis (Yadava et al. 2022). Plants
respond to Pi starvation by alteration in root archi-
tecture, expression of Pi transporter genes, inducing
accommodation and secretion of acid phosphatases
(APase), and aggregation of anthocyanin in the leaves
(Wang et al. 2011). Up-regulation of APases is a gen-
eral response to Pi deficiency in higher plants (Kumar
et al. 2022). Purple APases (PAPs) are the largest
group of plant APases, which have been classified
into high and low molecular weight (HMW & LMW)
phosphatases (Schenk et al. 2000; Flanagan et al.
2006). The smaller LMW PAPs form monomeric
~ 35 kDa isozymes whereas the larger HMW via
~ 55-60 kDa forms a homodimeric enzyme. Cysteine
residue is required to link subunits of HMW PAPs by
a disulfide bridge (Schenk et al. 2013).

All PAPs share heterovalent bimetal—ligating
amino acids with five blocks of conserved amino
acid (aa) sequences and seven invariable residues
(DXG/GDXXY/GNH(D/E)/VXXH/GHXH; bold
letters represent metal-ligating amino acids) at the
carboxyl end of PAP members (Schenk et al. 2000;
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Li et al. 2002; Gahan et al. 2009). They are distin-
guished from other APases by their special character-
istic purple color due to a charge transfer to Fe(III)
by tyrosine (Lu et al. 2008; Schenk et al. 2013). The
heterovalent bimetallic center is necessary for PAPs
to promote hydrolysis activity. One component of
this bimetallic center is Fe(II) and the other is Fe(II),
Zn(II), or Mn(II). Therefore, these two components
usually interact with PAPs in one of the forms of
Fe(Ill)-Fe(ll), Fe(lIl)-Zn(I), or Fe(III)~Mn(II)
(Schenk et al. 2000, 2013). Oxidation states are cru-
cial for the function of these isozymes. Accordingly,
the coordination of bimetallic ions and seven invari-
able residues creates highly conserved active sites in
all PAPs. Consequently, this feature of the active site
makes isozymes catalyze the hydrolysis of a broad
range of phosphorylated substrates (Schenk et al.
2013). Despite that, the order and types of amino
acids (e.g. polarity, acidic or basic) around the active
site play a decisive role in the substrate preference
of these isozymes (Feder et al. 2020). In (NtPAP) a
PAP from tobacco, an elongated, narrow groove has
been located above the catalytic metal center. This
groove appears to be suitable for too-bulky substrates
such as phytate. Furthermore, the REKA motif is
identified close to the active site of NtPAP and prob-
ably facilitates strong interactions with the other two
phosphate groups from phytate. Accordingly, Gly-
cine max phytase (GmPHY), Oryza sitava phytase
(OsPHY1), NtPAP and Arabidopsis thaliana PAP
(AtPAP15) act as a phytase (Feder et al. 2020). In
AtPAP26, the small circular tunnel is formed above
the bimetallic center. This tunnel is probably suitable
for smaller substrates such as 2-phosphoenolpyru-
vate (PEP). Thus, AtPAP26 appears to be a PEP-
ase (Feder et al. 2020). Also, substrate preferences
in PAPs are closely related to the structural aspects
of isozymes. Nevertheless, the substrate specificity
of many PAPs remains unclear. Compatible struc-
tural features, the APase activity along with Kinetic
parameters assays have demonstrated a large number
of plant PAPs which tend to act on a wide range of
substrates (Tran et al. 2010a). However, besides the
non-specific APase activities of many PAPs, substrate
preferences in some of these isozymes, e.g. AtPAP12,
AtPAP17 and AtPAP26 prefer PEP (Veljanovski et al.
2006; TRAN et al. 2010b; O’Gallagher et al. 2022),
AtPAPI10 and red kidney bean (tkbPAP) are an effi-
cient ATPase (Wang et al. 2011; Feder et al. 2020),
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also, NtPAP, AtPAP15, AtPAP23 are phytate-pref-
erential PAPs (Kaida et al. 2008; Kuang et al. 2009;
Wang et al. 2009; Srivastava et al. 2020).

After the genome project was over in organisms,
finding true messages and the establishment of PAPs
networks can be a novel and exciting field in cell
biology. For this purpose, focuses have shifted from
structural genomics to functional genomics. There-
fore, characterization of the function of Pi-starva-
tion-inducible (PSI) genes and investigation of the
appropriate responses of Pi-deficient plants is inevi-
table. Nowadays, the functions of a few ArPAPs have
been almost identified or characterized. AtPAP2 is
involved in modulating carbon metabolism (Sun et al.
2012, 2018), and AtPAP5 has a role in the upstream
of salicylic acid accumulation. So, being involved
with regulating the expression of defense-responsive
genes (Ravichandran et al. 2013), AtPAP9 transcript
variants highly express in stipule and vascular tissue,
particularly in response to fungal infection (Zamani
et al. 2014), AtPAPI0 is mainly a secreted APase
with a key role in plant tolerance to Pi deficiency
(Wang et al. 2011, 2014), and AtPAPI2 is a secreted
PAP with an additional function in Pi recycling from
leaked phosphomonoesters (Robinson et al. 2012b),
AtPAP15 with phytase activity participate in Ascor-
bate biosynthesis (Zhang et al. 2008; Wang et al.
2009). Furthermore, AtPAP17 with specific expres-
sion profiles, dual-localization to cell wall and cell
lytic vacuole, broad substrate catalysis, Pi feedback
inhibition, and rapid repression by Pi resupply to — P
cells hypothesize to contribute to Pi metabolism dur-
ing Pi starvation and leaf senescence (O’Gallagher
et al. 2022). AtPAPI18 is remarkably higher n plant
total P content and biomass production (Zamani et al.
2012, 2018), and AtPAP23 is involved in Fe and Mn
homeostasis in flower development and metabolism
(Zhu et al. 2005). In addition, AtPAP25 has the sign-
aling role during Pi deprivation (Del Vecchio et al.
2014) and finally, AtPAP26 by scavenging Pi from
organic phosphate sources and remobilizing phos-
phate during leaf senescence, is also a secreted PAP
(Veljanovski et al. 2006; Hurley et al. 2010; TRAN
et al. 2010b; Robinson et al. 2012a; Sabet et al. 2018;
Ghahremani et al. 2019).

Insertional mutagenesis is a central method to tag
known insertional fragments and construct mutants
(Parinov and Sundaresan 2000). These constructed
mutant plants have become a huge resource for gene

functional analysis in Arabidopsis thaliana (Krysan
et al. 1999). Introducing T-DNA fragments into a
genome can lead to the loss or the gain of function for
an interesting gene (Radhamony et al. 2005). These
procedures lead to a wide variety of polymorphism
collections in an interesting single gene. Thus, a suit-
able strategy is inevitable for the selection of desired
mutant plants from these collections that almost
assure us about the malfunction of the final gene
product (O’Malley et al. 2015).

In the bioinformatics era, databases have greatly
helped to solve biological structures like DNA, RNA,
and proteins. However, for those structures that have
not been solved by the database, the alternative
approach for the prediction of structures could be
homology modeling based on the types of alignment
algorithms.

AtPAP17 is among the first LMW AtPAP isozyme
to be studied. Among 29 AtPAPs, AtPAP17 is an
important LMW PAP that presents actively in Pi
deficiency conditions, oxidative stress, and senescing
leaves (Del Pozo et al. 1999). This isozyme, which
was purified from the soluble intracellular fraction of
hydroponic cultures of Pi-deficient Arabidopsis seed-
lings, exhibits marked induction of AtPAP17 mRNA
in shoots and roots during Pi deprivation (Del Pozo
et al. 1999). Wang et al. (2014) have demonstrated
the effect of mutation of each AtPAP gene on total
intracellular APase activity. Their results indicated
that the absence of any of the AtPAP12, AtPAP15,
and AtPAP26 alone significantly reduced intracel-
lular APase activity. Furthermore, they showed that
AtPAP17 knockout did not significantly change this
component either in root or shoot. O’Gallagher et al.
(2022) purified AtPAP17 from the cell wall of Pi-
deficient Arabidopsis cell culture and analyzed its
physical, kinetic, and molecular characterization.
Their results suggested that AtPAP17 up-regulation
occurs in the extracellular matrix and cell vacu-
ole during Pi-deficient, salt-stressed conditions or
senescing leaves. Nevertheless, no significant bio-
chemical or phenotypical changes were observed in
an atpapl7-mutant during mentioned conditions.
Furthermore, they concluded that the low peroxidase
activity of AtPAP17 probably does not contribute to
the detoxification of reactive oxygen species. Unlike
that, in another report significant biochemical and
phenotypical changes were observed in an atpapl7-
mutant compared to wild-type (WT) plants under
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Pi-deficient treatments (Farhadi et al. 2020). Accord-
ing to their report, the root length was longer in the
atpapl7-mutant. Moreover, they observed higher
Apase activity and less seedling fresh weight in
atpap17-mutant, as well. They suggested that the loss
of the expression of AtPAPI7 or AtPAP26 genes was
buffered by the up-regulation of the other isozyme.
Thus, there is a compensation relationship between
AtPAP17 and AtPAP26 genes in Pi homeostasis. A
follow-up study suggested the role of both AtPAP17
and AtPAP26 genes in salt tolerance (Abbasi-Vineh
et al. 2021). They found that these two phosphatases
directly and/or indirectly respond to salt stress by
APase activity and/or non-APase activity. Accord-
ingly, atpapl7-mutant and AtPAP17-overexpressed
plants had the highest and lowest APase activity in
no-salinity condition.

The present study aimed to assess AtPAP17 gene
function in response to phosphate conditions. To
achieve this, A. thaliana was used as a plant model
system. An expression binary vector with a native
AtPAP17 gene from Arabidopsis under the control of
the CaMV-35S promoter was constructed and trans-
formed to wild-type (WT) plants (named OE, for
overexpressed) resulting in constitutive expression of
this gene. The independent homozygote of T; genera-
tion of OFE plants and a homozygote atpapl7-mutant
plant (Mu) were used to characterize the physiologi-
cal role of AtPAPI7 gene in comparison with WT
plants. For investigating AtPAP17 function, we meas-
ured APase activity, organic and inorganic content of
phosphate, and also morphological effects in three
distinct plants under Pi sufficient (+P) and Pi defi-
cient (— P) conditions.

Materials and methods

Plant materials, seeds culture, and treatments
conditions

Arabidopsis thaliana ecotype Columbia (Col-0) was
used as a WT plant to compare with atpapl7-mutant
(Mu) and AtPAP17-overexpressed (OE) homozygote
plants. The atpapl7-mutant plants have been selected
from “The Arabidopsis Information Resource”
(TAIR) database on Arabidopsis.org server (Rhee
et al. 2003). The seeds of all genotypes were obtained
from the National Institute of Genetic Engineering
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and Biotechnology (NIGEB). For gene transferring,
WT plant seeds have grown in soil with 1:1:1 ratio
of peat moss:perlite:vermiculite and were fertilized
biweekly by Hoagland media (Hoagland and Arnon
1950).

For phosphate treatments, the Arabidopsis seeds of
all studied genotypes were soaked in 70% (v/v) etha-
nol-water, rinsed in distilled water, and treated with
10% sodium hypochlorite. Disinfected seeds were
rinsed with sterilized water five times and placed on
solid Murashige and Skoog (MS) culture medium
(Murashige and Skoog 1962) containing 1.2 mM
KH,PO, supplemented with 1% sucrose and 0.8%
plant-agar. Seeds were incubated in dark at 4 °C for
2 days for uniform germination and then transferred
to the germinator for 7 days.

The growth conditions were 16-h days and 8-h
nights at 25 °C, under 100150 umol m~ s~ pho-
tosynthetically active radiation. The 7-day-old ger-
minated seedlings were aseptically transferred into
MS medium with 0 (= P) or 1.2 mM (+P) KH,PO,
as the sole phosphorus source and grew under 16-h
day and 8-h dark at 25 °C for 14 next days. The fresh
weight (FW) and dry weight (DW) measurement,
APase activity, Pi, and total P content were evaluated
with 21-day-old seedlings in — P and+P conditions.
Shoots and roots of+P and — P plants were sepa-
rately harvested and frozen in liquid N, and stored at
— 70 °C until required.

Screening and generation of the homozygote
atpap17-mutants

Seeds of atpap17-mutant plant,
SALK_097940.47.75.x propagated on the soil
with 1:1:1 ratio of peat moss: perlite: vermiculite
and grew at a period of 16-h days and 8-h nights at
25 °C. The genomic DNA was isolated according
to quick (Young et al. 2001) and CTAB methods
(Rogers and Bendich 1985). The homozygous prog-
enies of mutant plants were screened for insertion
of T-DNA fragments into the AtPAP17 region using
PCR and AtPAP17 gene-specific primers; PAP17mF:
5'-CCACGGCGAGTCTGAGTTTGCTGTTGTGTA
-3" and PAP17mR: 5'-GGAGGCAGTTACTTTCGG
GTCGTTCCTTTG-3' and, a primer anchored in the
T-DNA left border; LBbl: 5-GCGTGGACCGCT
TGCTGCAACT-3".
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Isolation and cloning of the AtPAPI7 gene

The full-length coding sequence of AtPAP17 (CDS)
(Genbank locus No. AT3G17790) was amplified by
Expand High Fidelity DNA polymerase and PCR
reaction using the cDNA pool of Arabidopsis and
gene-specific primers PAP17F: 5'-TACGTTTCC
TCGAGCCTACCTAATTCATC-3" and PAPI17R:
5" TATTAAGGCTTTTTACTCGAGAACAGAGG-
3’. The PCR product was purified and integrated into
pTZ57R/T (Fermentas, Canada) as a cloning vector.
The Escherichia coli competent cells strain DH5a
was transformed with pTZ57R/T-AtPAP17 vector and
grew on LB selective culture medium (Sezonov et al.
2007) containing ampicillin antibiotic (100 mg L™").
The positive colonies were confirmed by colony PCR
and verified by sequencing with M3 universal prim-
ers, and enzymatic digestion.

The CDS sequence of the AtPAPI7 gene was iso-
lated by digestion with BamHI and Xbal restriction
enzymes and finally introduced downstream of the
cauliffower mosaic virus CaMV-35S promoter into
the corresponding position of pARM?2 as a plant
expression vector. The E. coli competent cells were
transformed with pARM?2/AtPAP17 vector. The trans-
formed cells were screened on a solid selective LB
culture medium and confirmed using colony PCR and
enzymatic digestion. Plasmid extraction was done
(Birnboim and Doly 1979) and introduced into Agro-
bacterium tumefaciens strain GV3101 by freeze and
thaw method (Holsters et al. 1978). LB-agar selective
medium containing kanamycin and rifampicin antibi-
otics (50 mg L~ and 50 mg L") was used for screen-
ing of the transformed cells.

Plant transformation and detection of overexpressed
plants

The flowers of A. thaliana plant (WT) were used for
PARM2/AtPAPI7 transformation using a vacuum
infiltration method supplemented with 2% glucose
(Bechtold and Pelletier 1998; Clough and Bent 1998;
Zhang et al. 2006). The first transgenic progeny as
hemizygous plants (T, seeds) were screened on MS
medium containing 50 mg L~ kanamycin. The trans-
genic plants were confirmed by PCR using AtPAP17
gene-specific primers; UniqePAP17F: 5-CGAGTC
TGAGTTTGCTGTTGT-3' and  UniqePAP17R:
5'-ACATAAGAGTTGCGAGATGGAAC-3'". The

individual transgenic lines were chosen to eventu-
ally produce homozygous third-generation (T;) by
self-pollination.

RNA extraction and cDNA synthesis

Phosphate-deficient A. thaliana plants were used for
RNA extraction and cDNA synthesis. Total RNA was
extracted using a commercial RNA extraction Kit
(Sinaclon, Tehran, I.R.) according to the manufac-
turer’s instructions. The RNA samples were further
treated with the DNase I, recombinant, RNase-free
(Roche, Germany) according to the supplier’s instruc-
tion to eliminate genomic DNA contamination. For
cDNA synthesis, 20 ug of each RNA sample was
added to a reaction consisting of 1 uL of 100 uM
oligo-dT j; 54, primer, 1 pL of 10 mM dNTP mix,
and nuclease-free H,O up to a volume of 10 uL. The
reaction was heated at 70 °C for 20 min and cooled
on ice. 10 pL of the second mixture was added to
each above reaction which contained 2 pL. 10XRT
buffer, 0.1 M dithiothreitol, 50 mM MgCl,, 40 units
of RNase inhibitor (Roche, Germany) and 50 units of
Superscript II reverse transcriptase (Fermentas, Vil-
nius, Lithuania). Eventually, the screw cap microcen-
trifuge tubes were incubated at 42 °C for 90 min.

RT-PCR analysis

Transcriptional levels of AtPAPI17 gene were evalu-
ated with one pair of AtPAPI7 specific primers
Unique PAP17F and Unique PAP17R, on exon 1 and
3, respectively, and a-tubulin gene; Tub+1: 5'-GCT
TTCAACAACTTCTTCAG-3' and Tub-1: 5'-CAT
CGTACCACCTTCAGACAC-3' in semi-quantitative
RT-PCR using cDNA as the template. The compo-
nents of PCR solution were mixed according to the
manufacturer’s instruction of a commercial PCR
Kit (Sinaclon, L.LR.) in a final volume of 20 puL and
then placed on a thermocycler (Eppendorf Master-
cycler-Gradient, Germany). The PCR reaction was
performed by a program with 1 cycle of 4 min dena-
turation at 94 °C, 35 cycles of 1 min denaturation at
94 °C, 1 min annealing at 60 °C and 1 min exten-
sion at 72 °C and a final extension step at 72 °C for
10 min. The specificity of the primers was tested by
performing PCR using cDNA. PCR products were
analyzed on 1.5% agarose gels. The images of band
intensities in ethidium bromide-stained gel were
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quantified by ImageJ 1.50i software (Schneider et al.
2012) and compared against the level of transcripts of
a-tubulin transcripts as the internal control.

APase activity assay

The seedling of WT plants, homozygous atpapl7-
mutant, and AtPAPI7-overexpressed (T;) plants
were ground to a fine powder in liquid nitrogen sepa-
rately and homogenized in isolation buffer (100 mM
NaOAc, pH 5.6). The mixture was centrifuged twice
at 18,000xg for 10 min at 4 °C and the separated
supernatants were used for enzyme assays. All extrac-
tion steps were carried out on the ice (Naseri et al.
2004; Zamani et al. 2012). The APase activities were
assayed at 37 °C for 30 min in the same buffer con-
taining 5 mM of p-nitrophenyl phosphate (pNPP)
(Heinonen and Lahti 1981). A standard curve was
generated using linear regression based on different
concentrations of KH,PO, (0, 5, 10, 20, 40, 60, 80,
and 100 mM). The protein concentration was meas-
ured according to Bradford’s (1976) method by using
bovine serum albumin (BSA) as a reference protein.

Assay of Pi, organic, and total P

Pi and total P were evaluated by a modified Ames
(1966) assay. For determination of Pi content, 100 mg
fresh 21-day-old shoot tissue samples were ground
in liquid nitrogen and centrifuged at 18,000xg for
10 min. 50 pL of the supernatant was diluted with 250
uL distilled water and assayed with 700 pL of rea-
gent containing 10% ascorbic acid and 0.42% ammo-
nium molybdate in 1 N H,SO, in 1:6 ratio (Zamani
et al. 2012). The mixture was incubated at 45 °C
for 20 min. Soluble Pi absorbency was measured at
820 nm and its content was expressed as micromoles
of soluble Pi per gram fresh weight (umol g FW™1)
using a standard calibration curve of KH,PO,.

For measurement of the total P amount, 50 mg of
each fresh shoot tissue was ground in liquid nitrogen
and mixed with 10% nitrate magnesium in 95% etha-
nol up to a volume of 1.5 mL. The material was dried
and burned to ash by shaking the tube over a flame
until the brown fumes disappear and then allowed the
tube to cool down before adding 500 uL of concen-
trated HCLO,. The final volume was brought to 5 mL
by water in the capped tube and incubated in a boiling
water bath for 60 min to hydrolyze any pyrophosphate
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formed in the ash. 50 pL of the homogeneous was
assayed as above description (Zamani et al. 2012).
Finally, the result of the subtraction of total P con-
tent from Pi led to the organic P level which refers to
unreachable phosphorus for cells as structural macro-
molecules containing P.

Measurement of dry and fresh weight

Roots and shoots of 21-day-old plants were separately
harvested and assayed by five biological replicates
(eight plants per replicate). The plants were dried at
70 °C for 72 h to note dry weights.

Bioinformatic analysis

All primers were designed using Oligo software ver-
sion 7.56 available at oligo.net. The specificity of the
primers was evaluated by Primer-BLAST software at
NCBI. SnapGene software from GSL Biotech; avail-
able at snapgene.com was utilized for in silico clon-
ing process. The software of Megalign, SeqMan, and
Editseq from Lasergene package version 7.1.0 from
DNASTAR. Madison, WI.; available at DNAstar.com
was applied for sequence alignments.

Amino acid (aa) sequences were obtained from
the UniProt database (Pundir et al. 2017) and the
three-dimensional structure of solved proteins were
acquired from the RCSB protein data bank data-
base (Burley et al. 2019) available at rcsb.org (Ber-
man et al. 2000). Homology modeling was done with
different algorithms aimed to build three-dimensional
protein structure models using as Swiss Model with
different blast algorithms (Camacho et al. 2009; Rem-
mert et al. 2012; Biasini et al. 2014), M4T with mul-
tiple templates and multiple mapping method algo-
rithms (Fernandez-Fuentes et al. 2007), and ModBase
with psi-blast, impala and based on satisfying spatial
restraints (MODELLER) algorithm (Pieper et al.
2014).

The relationship between protein families was
investigated through the Pfam database (Finn et al.
2016). Problematic or erroneous parts of predicted
protein structure were surveyed according to protein
structure analysis (ProSA) local model quality assess-
ment (Wiederstein and Sippl 2007). Modeling accord-
ing to Threading/Fold Recognition approaches were
done through bioinformatics server as I-TASSER
(Yang and Zhang 2015), IntFOLD (McGuffin et al.
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2015), RaptorX (Killberg et al. 2012; Ma et al. 2012)
and Phyre2 (Kelley et al. 2015). The models were ana-
lyzed by the sum of validation and quality servers as
RAMPAGE with Ramachandran plot analysis (Lovell
et al. 2003), QMEAN (Benkert et al. 2008; Studer
et al. 2014) from ExPASy server, ERRAT (Colovos
and Yeates 1993), Procheck G-factors (Laskowski
et al. 1993, 1996) and VERIFY_3D (Bowie et al.
1991; Liithy et al. 1992) through SAVES v 5.0 server.
Loop refining was performed through GalaxyLoop
from the GalaxyWEB server (Coutsias et al. 2004;
Park et al. 2011, 2014; Park and Seok 2012; Ko et al.
2012). The structure refinement model was gained
through the GalaxyRefine server (Heo et al. 2013;
Lee et al. 2016). For energy minimization was used
DeepView/Swiss-PDBViewer software V4.1.0 (Guex
and Peitsch 1997). The resulting model was visual-
ized by PyYMOL software V 2.0.7 (Delano 2015).

Statistical analysis

The normality distribution hypothesis of residuals
was surveyed for statistical analysis tests. Analysis
of variance (ANOVA) was generalized to study the
effect of multi-factors based on the completely ran-
domized design (CRD) at least in three replicates.
Duncan’s method was used to compare significant
differences between means. The whole of statistical
analyses such as analysis of variance, chi-square test,
t-test, means comparison, and means standard errors
were accomplished by using SPSS software V.19.

Results

Identification of suitable templates for AtPAP17
structure prediction

AtPAP17 gene with three exons and two introns is
located on the third chromosome of~135 Mbp A.
thaliana genome in 6089381 to 6091231 loci. A pro-
tein with 338 amino acid sequences and 38.3 kDa
molecular mass is encoded by this region. Although
the three-dimensional structure of AtPAPI7 protein
has not been solved in the RCSB protein data bank,
the putative structure model could be predicted using
the experimentally determined structures of related
family members as templates. For the structure pre-
diction, the whole 338 AtPAPI7 full-length aa was

obtained from the UniProt database. The homology
modeling was executed with different algorithms that
aim to build three-dimensional protein structure mod-
els using as the Swiss Model, M4T, and ModBase
databases.

Alignment results from the Swiss model server
were matched with six solved templates from the PDB
database with maximum sequences identity ~30% as
follows: Ighw (purple APase from rat bone), 2bq8
(crystal structure of human purple APase with an
inhibitory conformation of the repression loop), lute
(pig purple APase complexed with phosphate), 3tgh
(GAP50 the anchor in the inner membrane complex
of Plasmodium), lwar (recombinant human purple
APase expressed in Pichia pastoris), and 1qfc (struc-
ture of rat purple APase). The QMEAN Z-score for
all templates was calculated |ZI>2. Likewise, a sig-
nal peptide with 31 aa lengths elimination for reduc-
ing background interference has no significant shift in
previous results. Thus, the 338 ArPAPI7 full-length
aa was introduced to the Pfam database and the met-
allo-phosphoesterase domain was extracted which
contains 210 aa, the positions 47-256. The putative
domain was subjected to modeling once again as tar-
get sequences. The best hits according to the Swiss
model QMEAN Z-score (1<IZI<2) with sequences
identity ~30% were matched with Iwar, 2bg8, and
lute, respectively (Table 1).

In the ModBase server, the overall estimated mod-
els based on 1qfc and 5Suq6 (pig purple APase com-
plexed with phosphate in two coordination modes
along with a bridging hydroxide ion) templates were
considered reliable for AtPAP17 full-length aa accord-
ing to its evaluation. However, the sequence identity,
another quality criterion, was calculated as unreliable
with 25% identity for both templates. Afterward, the
signal peptide was removed and the main chain was
selected as the target sequence. Nevertheless, there
are no significant changes in the results. Finally, the
amino acid sequence of ArPAP17 metallo-phospho-
esterase domain was uploaded in ModBase as input
protein sequences. Two templates 2bq8 and 5uq6
with equal sequences identity 32% were considered
reliable for all quality criteria parameters (Table 1).

The M4T comparative modeling portal used mul-
tiple templates 1ghw-lute-lwar, 1ghw-lute-1war,
and lute-3tgh-1ghw for targets sequences as follows
AtPAP17 full-length aa, the main chain without a sig-
nal peptide and the metallo-phosphoesterase domain,
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Table 1 Evaluation of models validation through RAMPAGE, ExPASy, SAVES servers

Servers Length Template Favored Allowed Outlier QMEAN4 ERRAT VERIFY_3D
of target region % region % region % (overall (passed
sequence (expected (expected quality fac-  model > 80%)
(aa)* value~98%) value~2%) tor)
Swiss model 210 Iwar 94.20 4.80 1.00 -1.37 83.94 78.57
210 lute 94.70 4.30 1.00 - 1.98 72.45 82.38
210 2bq8 95.20 4.30 0.50 - 1.89 85.15 78.57
ModeBase 210 2bq8 92.20 5.80 1.90 —4.45 62.50 75.96
210 Suq6 94.20 4.40 1.50 -3.83 57.00 74.04
MA4T 210 lute-3tgh- 90.40 6.70 2.90 -3.91 64.35 74.29
1ghw
307 1ghw-lute-  92.00 6.30 1.70 -3.92 54.24 81.52
1war
338 1ghw-lute-  91.60 3.70 4.70 —4.44 54.27 78.74
Iwar
RaptorX 307 lute 93.10 3.60 3.30 —4.96 57.09 73.94
210 lute 94.70 2.40 2.90 -3.77 52.97 77.14
I-TASSER 307 Iwar 82.00 12.50 5.60 - 6.84 94.97 88.93
210 Iwar 83.70 11.10 5.30 - 6.34 97.53 94.29
Phyre2 210 3tgh 92.80 4.60 2.60 —4.34 66.49 70.10
210 lute 95.50 3.50 1.00 -247 64.14 74.76
210 1ghw 92.90 5.60 1.50 -2.21 68.18 81.55
IntFold3 307 1war 90.20 6.60 3.30 -5.18 50.84 83.71
210 Iwar 92.80 2.90 4.30 —4.24 56.44 90.95

The best hits templates chose according to each server scoring principles. The italicized model was selected to subsequent investiga-

tion

*Values referring to the AtPAP17 full-length with 338 aa, ArPAPI7 main chain without signal peptide with 307 aa, and metallo-

phosphoesterase domain with 210 aa

respectively. The first two M4T templates were pre-
dicted equivalent. Furthermore, lower problematic or
erroneous parts in the two mentioned templates were
gained according to the ProSA local model quality
assessment (Table 1).

Due to low similarity, the putative structure
was predicted with Threading/Fold Recognition
approaches through different bioinformatics server as
I-TASSER, IntFOLD, RaptorX, and Phyre2.

According to RaptorX server interpretation, the
best-matched templates for all three target sequences
as AtPAPI7 full-length aa, the main chain with-
out signal peptide, and the metallo-phosphoesterase
domain predicted lute alone. Furthermore, all three
mentioned target sequences were assessed separately,
and only 15%, 3%, and 0% positions were predicted
as disordered, respectively (Table 1).

Based on I-TASSER results, the top three mod-
els were calculated based on lwar, lute, and 1ghw
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templates for all three target sequences. The 1war was
located in rank 1 absolutely in all cases. The best esti-
mated C-score, TM-score, and RMSD were gained
for the main chain without signal peptide with 0.83
confidence score, 0.83 +0.08 TM-score, and 4.50+3
A RMSD followed by metallo-phosphoesterase and
then ArPAP17 full-length aa as the targets sequences
(Table 1).

In Phyre2, all three targets sequences were ranked
with wider templates according to its raw alignment
score algorithm, among all of them, the best templates
predicted 3tgh with 100% confidence, 97% coverage
(97% of sequences have been modeled with 100%
confidence) and 8% of disordered for metallo-phos-
phoesterase target sequences compared with the two
other one’s targets. However, when metallo-phospho-
esterase domain was introduced as target sequences,
after 3tgh the two templates lute and 1ghw similarly
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took the next ranks with 99.97% confidence as well as
98% coverage, respectively (Table 1).

Through the IntFOLD server based on its multi-
ple-template modeling approach and applied quality
estimates algorithm, for all three target sequences, the
top five predicted models were gained only according
to lwar as a template. The best model for the main
chain without signal peptide as the target sequences
was predicted based on the lwar template with
p<0.001 (p-value cut-off) and 0.89 Global model
qualities (Table 1).

Prediction of AtPAP17 enzyme structure

To predict, according to the last model of the
AtPAP17 enzyme to investigate the role of metal-
ligating amino acids in forming active sites, the best
model from each of the above-mentioned server was
adopted under the criterion of appropriacy. The mod-
els were analyzed by the sum of validation and qual-
ity servers as RAMPAGE, QMEAN, ERRAT, and
VERIFY_3D (Table 1). More confidence and quality
were there in the model which was based on the lute
template through the ExPASy server.

The other aspect of validation was considered
based on the available experimental resolution in
the PDB database. The resolutions of experimental
x-ray diffraction for the seven templates from high
to low resolution were solved as follows: 5uq6, lute,
3tgh, 1ghw, 2bq8, lwar, 1qfc with 1.18 A, 1.55 A,
1.70 A, 2.20 A, 2.20 A, 2.22 A, 2.70 A, respec-
tively. The lute protein was placed in the high-res-
olution range. The models created according to the
mentioned template provide more confidence in the
location of atoms in structures compared to the tem-
plates like 1war or 2bq8 with moderate resolution.
Furthermore, only in high-resolution ranges can
deviations be justified. After the selection steps, the
ERRAT plot of the initial model was calculated and
regions of the structure that can be rejected at the
99% confidence level were selected and subjected to
loop refining. Then, by molecular dynamics simula-
tion, the structure of the model was refined. Eventu-
ally, after energy minimization, the resulting model
visualized (Fig. 1A, B). The differences between
the first and last refined model as shown in Table 2.
The small PAPs are closely related to mammalian
homologs. Therefore, the last crystal structure of
pig PAP (5uq6) with a high resolution, compared

with the AtPAP17, predicted a model which is based
on lute. The superposition of invariable metal-
ligating residues between the model of AtPAP17
and 5uq6 indicated full conformity of each residue
in the vicinity of the active site (Fig. 1C). The small
circular tunnel on the active site of Suq6 as well as
the lack of REKA motif makes 5uq6 like AtPAP17
suitable candidates for smaller substrates (Fig. 1D).

Selection and verification of AtPAPI7 homozygote
mutant line

Among all atpapl7-mutant  polymorphisms
recorded in “The Arabidopsis Information Resource
(TAIR) database”, a small percentage of atpapl7-
mutant accessions showed at least a single T-DNA
insertion in the coding sequence region. Among
those, only a few had insertion either in the neigh-
borhood or inside of the metallo-phosphoesterase
region. In this study, the SALK_097940.47.75.x
(TAIR Accession; Polymorphism: 1005456219)
was selected to determine the function of PAP17
in A. thaliana, and the effect of APase activity on
phosphate supply in Pi-sufficient and Pi-starved
conditions. The T-DNA fragment has been inserted
in only five amino acids far from metallo-phospho-
esterase conserved GHDH metal ligating amino
acids in this line. Finally, the selected line was pre-
ferred by the TAIR database and SALK collection.
The pairwise alignment and assembly of full-
length AtPAP17 genomic DNA (GenBank acces-
sion: NM_112660) and DNA insertion flank-
ing sequence of polymorphism (TAIR accession:
1005456219) based on the Smith—Waterman algo-
rithm showed a~4478 bp length T-DNA inserted
in the third exon of ArPAPI7 gene in the reverse
direction (Fig. 2A). A multiplex PCR reaction using
reverse/forward AtPAP17 gene-specific and T-DNA
left border (LBbl) primers verified the position
and orientation of inserted T-DNA at the locus of
AtPAP17 gene (Fig. 2A). The homozygosity of the
inserted T-DNA was confirmed in some atpapl7-
mutant individual plants by PCR using AtPAP17-
specific oligonucleotide primers. Among all culti-
vated mutants, only the plants represented a single
1031 bp fragment were selected as a homozygous
atpapl7-mutant line. Other individual plants either
showed a single 1500 bp electrophoresis DNA band
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Fig. 1 The predicted A
AtPAP17 protein structure FeM
along with SUQ6 PDB code I
(Pig purple APase). A The .
predicted secondary struc-
ture of AtPAP17, a-helix,
fB-sheet and loop are shown
by cyan, red and magenta
color, respectively. B The
predicted 3D structure of
AtPAP17. C Superposition
of invariable metal-ligating
residues between the model
of AtPAP17 and 5UQ6 in
vicinity of the active site,
the residue numbers are
according to the 5UQ6
sequence. D The surfaces C
of the active site of SUQ6.

Invariable metal-ligating

amino acids in predicted

purple APase 17 enzyme

and 5UQG6 are marked by

red color. FeM represents

the heterovalent bimetallic

center which M is Fe(Il), |
Zn(II), or Mn(II) "

1
C terminal

Active site

Active site
\

\
N terminal FeM
D 1
Active site .

Table 2 Refinement of the gained model based on lute template through the Swiss model

Model refinement Favored region Allowed region Outlier ~ G-factor overall ERRAT VERIFY_3D
% (expected % (expected region (overall quality (passed
value ~98%) value ~2%) (%) factor) model > 80%)
Initial 94.70 4.30 1.00 -0.27 72.45 82.38
Loop refining 96.20 2.90 1.00 -0.24 82.47 85.24
Structure refining 96.20 3.40 0.50 0.08 91.41 85.71
Energy minimization 95.70 3.80 0.50 0.11 93.43 85.71

The quality of model was assessed by RAMPAGE server and ERRAT, VERIFY_3D and Procheck G-factors from SAVES server

similar to WT or corresponded to both 1031 and
1500 bp amplicons (Fig. 2B).

Generation of transgenic overexpressed plants

The expression vector pARM2/AtPAP17 was trans-
ferred into A. thaliana WT genome via Agrobac-
terium-mediated delivery. The hemizygous trans-
genic (T,) genotypes were screened using selection
on kanamycin-MS culture medium and verified by
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PCR reaction. For the recognition of the internal
AtPAP17 gene from the transgene in the overex-
pressed plant genomes, Unige PAP17F&R primers
were designed based on two separated exons (I &
1) (Fig. 2A). Based on these primers, the AtPAP17-
overexpressed plants showed an extra 544 bp PCR
fragment that was shorter than the internal AtPAP17
gene with 737 bp lengths due to the lack of two
internal introns. The confirmed transgenic T, plants
were allowed to self-fertilize and produce T, seeds.
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Fig. 2 Representation of AtPAP17 gene in
SALK_097940.47.75.x line. A Schematic diagram of AtPAP17
gene represents the exons (solid boxes), introns (lines) and a
T-DNA insertion in exon 3 as reverse form (3'—5’). Exon/
intron structures were determined by alignment of the
AtPAP17 genomic and mRNA sequences. The PAP17m for-
ward/reverse and LBbl primers are shown by bold arrows.
(The length and positions are not drawn to scale). The atg and
tga illustrate the putative CDS start and stop codons, respec-

Among nineteen distinct T, transgenic plants pro-
ducing T, seeds (Table S1), twelve showed segrega-
tion ratios close to 3:1 for kanamycin-resistant: sen-
sitive (p-value <0.05), and these were selected as
single-locus insertion events for further studies. The
remaining seven lines (highlighted as dashed line
rows in Table S1) represented a deviation from the
3:1 ratio. Among these, three genotypes (11, 15, and
19) matched with 15:1 Mendel’s ratio with the sub-
sequent Chi-square tests. The rest genotypes deviated
from Mendelian independent assortment proportions
and showed linkage relationships, as cis configuration
type (Table S1).

The selected T, single-locus insertion seedlings
were transferred to soil and produced T; seeds. Sub-
sequently, T; full green seedling plates on kanamy-
cin-MS culture medium were screened as a homozy-
gote plant. To be more confident about single-locus
insertion events, five independent transgenic plants
were randomly selected and 100 seeds were collected
from each of them. Seeds were mixed and used for
further experiments as OE plants.

LBb1
<« T-DNA

LR N
: : tga

PAP17mR

<— 1500 bp
<«— 1031 bp

tively. B The multiplex PCR reaction product using three
primers PAP17mF, PAP17mR, and LBbl and DNA samples
from the wild-type and three different atpapl7-mutant lines
(progenies of SALK_097940.47.75.x selfing) on 1% agarose
gel: WT represent A. thaliana Col-0 plants as control, lane 1:
No T-DNA insertion line similar to the WT, 2: Homozygous
atpapl7-mutant line, and 3: Heterozygous atpapl7-mutant
line. M: DNA Ladder mix (Fermentas, Canada) as a molecular
weight marker

Gene expression analysis of knockout mutant and
overexpressed plants

Semi-quantitative RT-PCR reaction was performed to
evaluate the transcriptional level of the AtPAP17 gene
in the studied plants. The RT-PCR reaction confirmed
the lack of transcript either in the root or in the shoot
of the atpap17-mutant plant using gene-specific prim-
ers (Fig. S1A). Also, the homozygous OE plants were
examined for the expression level of the AtPAPI7
gene.The AtPAP17 transcripts level was higher in OE
versus the WTplants (Fig. S1B). The results indicated
a different expression level of AtPAPI7 gene in the
root than in the shoot compare to the a-tubulin as the
reference gene. Although the expression level of the
AtPAP17 gene was higher in the root than shoot in the
WT plants, the expression level was almost similar in
the shoot and root of the OE plants (Fig. S1C).

AtPAP17 significantly contributes to cellular APase
activity in both+P and — P conditions

In Pi-sufficient (+P) condition, the atpapl7-mutant
plant displayed a 71% decrease in phosphatase activ-
ity compared to the WT, whereas an increase of 24%
was detected in APase activity of OE plants (Fig. 3).
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Fig. 3 APase activity assay by protein extracted from 21-days-
old A. thaliana seedlings (14 days of growth in Pi-fed (+P;
1.2 mM KH,PO,) and Pi-starved (— P; 0 mM KH,PO,) con-
dition) in the presence of pNPP substrate. Wild-type plant,
atpapl7-mutant plant and the AtPAPI7-overexpressed plants
are shown by WT, Mu and OE, respectively. Each histogram
is the mean of three assays (50 plants per replication). Vertical
bars show standard errors (+SE). Mean values with the same
letters have no significant difference as compared by Duncan’s
method at p <0.05

In no phosphate condition (— P), the APase activity
was dramatically increased in comparison to a phos-
phate-sufficient condition in all studied genotypes.
The highest and the lowest increment were obtained
for mutant and AtPAPI7-overexpressed plants with
9.3-folds and 1.6-folds, respectively. Also, the mutant
and OE plants represented 61% and 19% more APase
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Fig. 4 Phosphorus content in WT, atpapl7-mutant line (Mu)
and AtPAPI7-overexpressed (OE) line of A. thaliana. The
seedlings were grown for 14 days on solid MS medium con-
taining 0 mM Pi (—P) or 1.2 mM Pi (+P). A Pi and B organic
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activity compared to WT plants in the — P condition.
It was also found that the effect of inducible genes
was related to phosphate starvation (PSI) conditions
at a 66% increase in WT APase activity from+P
compared to — P condition. As a result, the AtPAP17
gene knockout showed different effects on APase
activity in+P and — P conditions (Fig. 3).

Effect of AtPAP17 overexpression on cellular
phosphate content

The measurement of organic and inorganic free phos-
phate proportion in the + P condition showed that the
lowest amount of Pi belonging to the atpap7-mutant
plant with a 38% decrease compared to the WT. How-
ever, the Pi content in OE plants was 111% more than
in WT plants in the same condition (Fig. 4A).

The phosphate starvation caused 25% and 50%
decreases in total P and free Pi content of WT plants
compared to the sufficient conditions, respectively.
When plants have grown in Pi-sufficient conditions,
total P increased gradually up to 7% in Mu plants with
a huge increment of up to 45% in OE plants versus
WT (Fig. 4). No significant difference was detected
in the organic phosphate of WT and OE plants in+P
condition, whereas a significant 38% increase was
interestingly observed in the organic phosphate con-
tent of atpapl7-mutant plants versus WT (Fig. 4B).
Consequently, in the + P condition, OE plants showed
more increment in Pi content than WT plants, and the
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P contents. All histograms represent means + SE of three repli-
cates. Mean values with the same letter have no significant dif-
ferences as compared by Duncan’s mean comparison method
at p<0.05
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Mu plants represented higher organic phosphate than
the WT, respectively. Nevertheless, in the — P condi-
tion, the statistically insignificant content of organic P
and free Pi were observed in OE plants than the WT,
whereas the afpapl7-mutant plant represented a 42%
increase and 73% decrease, respectively (Fig. 4).

Transgenic plants acquired more water in sufficient
and deficient phosphate conditions

To show the effect of AtPAP17 expression on Arabi-
dopsis biomass production, we compared the fresh
weight (FW) and dry weight (DW) of 21-day-old
seedlings after 14 days of growth separately in+P
and — P conditions (Fig. 5). Under Pi-sufficient con-
ditions, the OE and Mu plants showed 29% more
and 18% less in FW as compared to the WT plants,
respectively (Fig. 5A). In the Pi-starved condition,
the FW of the atpap17-mutant plant was significantly
reduced versus the WT seedling, while no significant
changes were detected in OE plants compared to the
WT in the same conditions (Fig. 5B).

Notably, the DW was statistically equal in all
studied genotypes both in+P and in — P condi-
tions. The comparison of FW and DW in the stud-
ied plants showed that the highest and the lowest
amount of absorbed water belonged to OE plants
(with 38 and 12 mg plant™') and Mu plants (with
22 and 7 mg plant™) in+P and — P conditions,
respectively. Separated investigation of root and
shoot fresh/dry weights of AtPAP17-overexpressed,
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Fig. S The growth rate of AtPAPI7-overexpressed (OE) lines
along with the atpapl7-mutant (Mu) and WT of A. thaliana
plants. FW and DW were measured by 21-days-old seedlings
when grew on MS medium containing A 1.2 mM Pi (+P) or B

atpapl7-mutant, and WT seedlings revealed that
the shoot FW of OE plants was significantly higher
(36%) than in the WT plants at+P conditions,
while no notable difference was observed between
OE and WT root FW when grown at+P condition
(Table 3). Similarly, a significant 31% increase was
detected in the shoot FW of OE plants versus WT in
— P condition. Inversely, the atpapl7-mutant plant
demonstrated no significant differences in shoot FW
compared to WT plants, whereas a remarkable 93%
and 73% reduction was observed in root FW both
in+P and — P conditions, respectively (Table 3).
Despite no significant differences between the
total dry weight of OE, Mu, and WT plants both
in+P and — P conditions, the root DW of the

Table 3 The FW and DW of separated A. thaliana tissues

Genotype Root FW Shoot FW Root DW Shoot DW

+P WT 6.96 24.62 0.55 2.61
Mu 0.51 25.37 0.40 3.06
OE 7.17 33.55 0.65 2.52
-P WT 6.66 6.99 0.73 0.95
Mu 1.85 6.10 0.24 1.08
OE 4.57 9.16 0.54 1.01

The separated tissues obtained from 21-days-old seedlings of
AtPAPI17-overexpressed (OE), atpapl7-mutant (Mu) and WT
plants have grown for 14 days on MS medium culture contain-
ing 1.2 mM Pi (+P) or no Pi (—P). All values represent five
replicates (eight seedlings per replicate) in three independent
experiments
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no Pi (—P). All values represent means + SE of five replicates
(eight seedlings per replication) in three independent experi-
ments. Mean values with the same letters have no significant
difference as compared by Duncan’s method at p <0.05
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atpapl7-mutant plant was 27% and 67% lower than
WT plants in+P and — P conditions, respectively.
Yet, a significant increase in root biomass was
observed in OE root DW under + P condition with a
19% increase and a 26% decrease in — P compare to
WT root DW (Fig. 6).

Discussion

Knowledge about gene function, expression pattern,
and cellular enzymatic activities has been allowed
the identification of novel candidate genes potentially
involved in the specific mechanism and activity. So,
the prediction of protein structures and their catalytic
sites are one of these puzzle pieces. As an evolution-
ary point, the PAP enzymes belong to a metallo-phos-
phoesterase family and their members have consisted
phospho-protein phosphatases, diadenosine tetrap-
hosphatases, exonucleases, S-nucleotidases and some
of phosphor-monoesterases (Li et al. 2002). Although
the protein structure of several metallo-phosphoester-
ase family members have been experimentally deter-
mined until now, the AtPAP17 structure has not been
solved on the Protein Data Bank (PDB). Thus, homol-
ogy modeling has been applied for the prediction of
protein structure. To do this, the highly conservative
domain was extracted and subjected to comparative
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Fig. 6 Root growth (dry weight) of A. thaliana plants in
1.2 mM Pi (+P) or no Pi (—P) conditions. The pooled root
obtained from 21-days-old seedlings of AtPAPI7-overex-
pressed (OE), atpapl7-mutant (Mu) and WT plants. All val-
ues represent means = SE of five replicates (eight seedlings per
replicate) in three independent experiments. Mean values with
the same letters have no significant difference as compared by
Duncan’s method at p <0.05
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modeling. The predicted protein 3D structure dem-
onstrated that seven invariable metal-ligating amino
acids have key roles in forming the active site. There-
fore, the best mutant plant for functional assess-
ments could be destructed genomes in these sites.
So, the SALK _097940.47.75.x line was preferred
as the T-DNA insertion in this line has located only
five amino acids further than GHDH metal-ligating
conserved sequences. Semi-quantitative RT-PCR
revealed no AtPAP17 transcript in the mentioned line
(Fig. S1A). This result ensured that the AtPAPI7 tran-
script would not participate in the translational and
post-translational events. Accordingly, the AtPAP17
function is disrupted.

In the A. thaliana genome, the AtPAP17 gene is
regulated under a native internal inducible promoter,
while in OE plants, the expression of AtPAPI7 is
also under the control of CaMV-35S promoter, in
addition to the internal promoter. So, the WT plants
were fortified with AtPAP17 cDNA under the control
of CaMV-35S promoter causing a high level of gene
expression. Later semi-quantitative RT-PCR results
confirmed this postulation (Fig. S1). Hence, the fluc-
tuation of APase activity and phosphate metabolism
in three distinct genotypes as WT, verified atpapl7-
mutant, and created ArPAPI7-overexpressed plants
in both phosphates sufficient and deficient conditions
could be evidence of AtPAP17 function in A. thaliana
plant (Wang et al. 2014).

Roots development is a typical symptom of plants
when grown in a circumstance where Pi availability
is the only limitation to growth. Our results indicated
that in Pi-sufficient conditions, the AtPAPI7 gene
knockout led to a significant decrease in root dry
weight, while the transgenic plants with an excess of
the AtPAP17 gene were able to develop their roots to
get more phosphate from the medium culture (Fig. 6).
In this condition, Pi was the highest and the lowest in
OE and Mu plants, respectively (Fig. 4). These results
are consistent with Abbasi-Vineh et al. (2021). WT
plants with internal AtPAP17 could spread their roots
and subsequently acquire more phosphate. However,
a significant shift in root development was observed
when WT plants grew in a Pi-starved condition (Fig.
S2). The observed difference in 21-day-old roots may
refer to the first 7 days where the whole samples have
grown in sufficient phosphate. Since the transgenic
plants have a more surplus copy of the AtPAPI17
gene in addition to the internal one, this advantage
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empowers them to achieve more Pi than WT plants
during the first 7 days (Fig. 4A). Therefore, the exten-
sion of the root was unnecessary for OE plants, while
the WT plants expand their roots to attain more Pi
at Pi-starved conditions. Also, the atpapl7 knock-
out plants should expand their roots, whereas the
AtPAPI17 locus has been impeded by T-DNA inser-
tion, and the lack of PAPI7 enzyme reduced root dry
biomass and consequently the Pi content. Thus, as a
major result, AtPAPI7 has an important role in root
morphology and structure, but not shoot developmen-
tal and structural programming (Fig. S2).

Induction of APases genes in Pi limitation stress is
a general response of higher plants to Pi scarcity
(Mukatira et al. 2001; Wu et al. 2003; Lin et al. 2009).
Since most known APases have an inducible pro-
moter, there is expected to observe a significant shift
in their expression pattern when faced with phosphate
deficiency. According to that, transcriptional level
mainly controlled AtPAP17 up-regulation during Pi
deprivation. Thus, PHR1 as a transcription factor for
the binding site in the AtPAP17 promoter has a key
role in Pi-Starvation-Response (PSR) (Bustos et al.
2010). In such a situation, it seems to be impossible
to relate an appropriate role for a specific phos-
phatase. Unlike that, Pi sufficient condition could be a
better option when expressed APase genes profile
associated with phosphate deficiency stress has less
interference with the contribution of the AtPAPI7
gene. Gallagher et al. found non-denaturing PAGE
followed by in-gel APase activity staining of the solu-
ble intracellular proteome from Arabidopsis seedling
extracts. Also, the AtPAP17 isozyme was greatly
downregulated in phosphate-sufficient conditions,
whereas it is highly up-regulated when faced with
phosphate deficient condition. Furthermore, Pi resup-
ply with 2 mM NaPi for 48 h to — P cells or seedlings
of Arabidopsis caused a significant downregulate of
AtPAP17 isozyme. Interestingly, PAP17 was the most
downregulated among all proteins detected in the +P
cells, relative to — P controls (Mehta et al. 2021).
Thus, it is difficult to understand how eliminating
AtPAP17 in atpapl7 knockout plants could have any
impact on growth or APase activities in Pi-sufficient
conditions. Nevertheless, the creation of overexpress-
ing lines of 35S:AtPAP10, 35S:AtPAPI12 and
35S:AtPAP26 indicated significant increases in their
APase activities in all+P and — P conditions (Wang
et al. 2014). The results indicated that in the

Pi-starved condition, the mutant plants displayed a
further 61% increment in APase activity than WT
plants. This surplus alteration or adaptation may be
acquired due to a difference in the expression level of
the complementary genes to compensate for the lack
of AtPAP17 expression level in atpapl7-mutant plant.
In seedlings of the atpapl7-mutant a significant up-
regulation is observed of HRP9, AtPAPS8, and
AtPAP26 genes (Farhadi et al. 2020). However, there
is a contradiction with O’Gallagher et al. (2022). This
discrepancy may be due to various terms of the treat-
ments or experiments such as periods of growth
length and/or Pi deficiency. So, 21-day-old seedlings
in this work as well as 14-day-old seedlings in previ-
ous studies (Wang et al. 2014; O’Gallagher et al.
2022) were used for APase activity measurement.
Indeed, in this study, an additional 7-day period of Pi
deficient stress was considered for the seedlings as
compared to previous studies (Wang et al. 2014;
O’Gallagher et al. 2022). Therefore, according to
(Farhadi et al. 2020) the longer period of Pi deficient
stress likely induced more APase genes and finally
may result in more APase activity in atpapl7-mutant
lines. The other outcome indicated that less increment
in APase activity in OE plants with a 60% increase
from+P to — P compared to Mu plants with a 9.3-
folds increase from+P to — P arose from the extra
copy number of AtPAP17 gene under the control of
CaMV-35S promoter. Therefore, the presence of this
gene may lead to fewer efficacies or less perception of
Pi deficiency stress. In 14-day-old AtPAPI0-overex-
pressed Arabidopsis seedlings grown on both+P and
— P medium, root-associated APase activity was
150-200% greater than WT. In contrast, intracellular
APase activity of AtPAPI2 and AtPAP26-overex-
pressed plants was 150-300% greater than WT (Wang
et al. 2014). Also, APase activity increased due to the
heterologous expression of AtPAP26 as overexpressed
in tobacco plants (Zamani et al. 2012, 2018; Sabet
et al. 2018). Inversely, the lack of the AtPAP17 gene
in atpapl7-mutant plant resulted in the APase activ-
ity being greatly reduced when cultivated in sufficient
phosphate conditions. These results are identically
consistent with Farhadi et al. (2020). Also in another
study, the two independent atpapl5 mutants had
15-20% more phytate than WT plants. These results
demonstrated a significant reduction in their APase
activity because AfPAPI5 acts as phytase (Zhang
et al. 2008). Nevertheless, O’Gallagher et al. (2022)
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reported no obvious differences in APase activity for
all conditions which may be due to various terms of
the treatments or experiments as mentioned earlier.
Comparing phosphatase activity between WT and
atpapl7-mutant plants in the phosphate-free medium
may imply that the degradation of AtPAPI7 gene
encourages a portion of complementary Pi hemosta-
sis genes to change their expression to tolerate the
AtPAP17 gene deficiency (Farhadi et al. 2020).
Hence, in the phosphate-free condition, a huge
increase in phosphatase activity of the atpapl7-
mutant plant can prove that the AtPAP17 enzyme has
a key role in phosphate homeostasis in A. thaliana
plants. Several studies have shown that in the absence
of phosphate, the AtPAP17 gene expression level sig-
nificantly increased in WT Arabidopsis plants, so
AtPAP17 is a highly up-regulated purple APases in
the phosphate-deficient condition (Del Pozo et al.
1999; Veljanovski et al. 2006; Hurley et al. 2010).
Wang et al. (2009) demonstrated that overexpressed
AtPAPI5 plants containing CaMV-35S promoter
exhibited significantly improved P efficiency and
enriched plant P content as compared to WT when
planted on phytate as the lone P source. Also, the
only reason for reducing the amount of Pi in the
atpapl7-mutant plant arose from the lack of AtPAP17
activity due to absorbing more Pi in both conditions.
Hurley et al. (2010) has revealed that the atpap26-
mutant plant shows a 35% reduction in Pi concentra-
tion. On the other hand, the AtPAP17-overexpressed
plants were the most Pi absorption compared to WT
in Pi-sufficient conditions. Non-denaturing PAGE fol-
lowed by in-gel APase activity staining clearly
showed that the AtPAP17 isozyme existed in both
intracellular proteome and secretome (O’Gallagher
et al. 2022). Although AtPAP17 is up-regulated in Pi-
deficient conditions, the kinetic studies revealed that
AtPAP17 catalytic efficiency is much less than
AtPAP12 and AtPAP26. Therefore, AtPAP17 cannot
be the dominant Purple Apase in Arabidopsis (TRAN
et al. 2010b; O’Gallagher et al. 2022). Nevertheless,
AtPAP17 displayed maximal APase activity between
pHS.5 and 7.5. This broad pH profile which is much
wider than the majority of characterized AtPAPs with
optimal activity between pH 5.5 and 6.0 plays a spe-
cialized role in P metabolism during salinity or
drought stress or leaf senescence. During these
stresses the extracellular matrix and/or cytoplasm pH
shifts to alkalinization. In these situations, AtPAP17
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could facilitate the remobilization and recycling of Pi
from intracellular P monoesters and anhydrides of
older tissues and/or scavenge Pi from external organ-
ophosphate compounds (Wang et al. 2014;
O’Gallagher et al. 2022). Many studies show that Pi
uptake from the environment is regulated by changes
in water absorption in plants (Greenway and Klepper
1968). Thus, the increased fresh weight of OE plants
compared with WT cause them to absorb more water
to absorb more phosphate. Therefore, greater fresh
weight in OE plants is related to more water absorp-
tion, but, the dry weight of these OE plants as com-
pared with WT has not revealed any remarkable dif-
ference in similar conditions. Semi-quantitative
RT-PCRrevealed that the AtPAP17 gene expression in
the root tissue was more than in the shoot tissue in
WT. So, AtPAPI7 gene knockout may leave more
extensive damage to the root tissue (Fig. S2). Also,
the results indicated a significant reduction in the
fresh and dry weight of atpapl7-mutant roots com-
pared with the roots of WT both in+P and — P condi-
tions. After the perception of stress, the phosphate-
free plants alter their root structure (Schachtman et al.
1998; Plaxton 2004; Czarnecki et al. 2013). In this
vein, earlier studies (Farhadi et al. 2020) have also
reported that the root length of atpapl7-mutant was
less and more than WT in+P and — P conditions,
respectively whereas OE plants represented more root
length in both+P and — P conditions. Furthermore,
lateral root numbers in all three WT, atpap7-mutant,
and OE plants indicated no differences in — P while
atpapl7-mutant and OE plants have more and less
lateral root numbers in+ P condition. In the — P con-
dition the root-to-shoot ratio was observed the most
and the least in WT and atpap17-mutant plant respec-
tively for both fresh and dry weight. Our results
clearly show that the WT plants perceived phosphate
deficiency stress and expanded their roots to maintain
nutrient uptake from the environment when grown in
phosphate-free conditions. As a result, the atpapl7-
mutant plant despite sensing phosphate deficiency
stresses cannot develop roots, due to the lack of the
AtPAP17 gene, and eventually, it led to the least root
biomass production (Fig. S2).
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Conclusion

This study integrates structural modeling and
genetic tools to assess the function of the purple
acid phosphatase AtPAP17 isozyme in Arabidopsis
Pi metabolism. It would be of significant interest
to those concerned with the role of PAPs in plant
Pi acquisition and use efficiency. For this, homol-
ogy modeling was applied for the prediction of the
AtPAP17 isozyme structure. For more confidence,
the best mutant plant for functional assessments was
selected based on T-DNA insertion around invaria-
ble metal-ligating amino acids which have key roles
in forming the isozyme active site. In the following,
OE plants generated and accompanied by WT were
subjected to biochemical studies.

It was found in this study that the AtPAP17
isozyme plays a direct role in Apase activity and
interacts with other phosphatases to maintain phos-
phorus homeostasis, and it has a special role in root
growth and development. Wang et al. (2014) sug-
gested that APases may have other roles besides
improving Pi recycling or Pi scavenging for plants
so that the lack of AtPAP17 isozyme leads to a
significant change in root biomass. Therefore, the
study of interactions between PAP genes provides a
better understanding of cellular P homeostasis regu-
latory processes. Finally, these processes may lead
to facilitating the bioengineering of P-efficient crop
varieties, urgently needed to reduce or eliminate the
use of inefficient, non-renewable, and polluting Pi-
containing fertilizers in agriculture.
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