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Abstract 

Secreted and intracellular purple acid phosphatases (APases) play a central role in the recycling 

and acquisition of inorganic phosphate (Pi), a limiting macronutrient that is vital for plant growth. 

In mammals, a single low molecular weight (LMW) secreted purple APase (PAP) isozyme (e.g. 

HsACP5 in humans) is expressed that exhibits bifunctional phosphatase and peroxidase (PRx) 

activities to support dual roles in dephosphorylating extracellular bone matrix phosphoproteins or 

generating reactive oxygen species (ROS) for immune-related pathogen defense. Similarly, 

AtPAP17 (At3g17790), one of twenty-nine predicted Arabidopsis PAP isozymes, is a LMW (35 

kDa) HsACP5 ortholog that exhibits APase and PRx activity. A 35 kDa monomeric PAP was 

unexpectedly purified from cell wall (CW) extracts of Pi-starved (–Pi) suspension cell cultures of 

the model plant Arabidopsis thaliana and identified as AtPAP17 (At3g17790). AtPAP17 was de 

novo synthesized and dual-targeted to the secretome and/or intracellular fraction of –Pi or salt 

stressed, or senescing leaves of Arabidopsis. Transiently expressed AtPAP17-GFP localized to 

lytic vacuoles of the Arabidopsis cells. No discernible biochemical or phenotypical changes 

associated with AtPAP17 loss of function in an atpap17 mutant occurred during Pi deprivation, 

leaf senescence, or salinity stress. Nevertheless, AtPAP17 is hypothesized to contribute to Pi 

metabolism owing to its marked upregulation during Pi starvation and leaf senescence, broad 

APase substrate selectivity and pH-activity profile, and rapid repression and turnover following 

Pi-resupply to –Pi plants. While AtPAP17 also catalyzed the peroxidation of luminol, which was 

optimal at pH 9.2, it exhibited a low Vmax and affinity for H2O2 relative to horseradish peroxidase. 

These results, coupled with absence of a phenotype in the –Pi or salt stressed atpap17 mutant, do 

not support proposals that AtPAP17’s PRx activity contributes to the detoxification of ROS 

during stresses that trigger AtPAP17 upregulation.  
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Chapter 1 

Introduction and Literature Review 

1.1. General Background and Rationale 

Phosphorus (P), in the form of orthophosphate (Pi, H2PO4
- or HPO4

2-), is a critical 

macronutrient for all known forms of life. It is a key structural component of nucleic acids, 

phosphoproteins, membrane phospholipids, and sugar-phosphates. Pi-metabolites are ubiquitous 

in plants cells, where the phosphoanhydride bond of ATP facilitates energy transfer from the 

energy-yielding processes of photo-, oxidative, and substrate-level phosphorylation, to the 

energy-dependent cellular processes of biosynthesis, ion pumping and mechanical work 

(Dissanayaka et al., 2021). Root epidermal cells can only assimilate P as fully oxidized and 

soluble Pi, so sufficient acquisition of Pi from the soil is crucial for plant growth and 

productivity. Despite this, the majority of soils worldwide are Pi-limited with soluble Pi 

concentrations typically ranging from 1-5 µM, far below the intracellular Pi concentration needed 

for optimal plant growth (5-20 mM) (Vance et al., 2003). In fact, Pi is one of the least available 

macronutrients in most unpolluted terrestrial and aquatic ecosystems, and the massive use of Pi-

containing fertilizers in agriculture demonstrates how the soluble Pi level of most soils is 

suboptimal for crop growth (Hallama et al., 2019; Plaxton and Lambers, 2015).  

Although abundant in the Earth’s crust, the vast majority of soil-P reserves are not directly 

accessible by roots (Richardson et al., 2009). Pi is readily converted by soil-dwelling microbes 

into organic-P (Po) forms unavailable for direct assimilation by roots – that is unless the Po 

molecule is enzymatically hydrolyzed to liberate soluble Pi for uptake by plasma membrane Pi 

transporters of root epidermal cells (Dissanayaka et al., 2021). Po species represent up to 80% of 

total soil-P reserves, mostly existing as Pi-esters and diesters, such as DNA, RNA, and 
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phospholipids derived from decaying biological matter. Soil Pi can also form strong ionic 

interactions with metal cations (i.e., Al3+, Ca2+, and Fe3+) present in the soil, resulting in the 

formation of insoluble mineral-Pi complexes (Chen and Liao, 2016).  

The modern agricultural solution to the problem of low soil Pi availability has been intensive 

application of Pi-containing fertilizers to crops. Although these practices have significantly 

increased crop yields over the past century, they have also created urgent issues surrounding 

agricultural sustainability, ecosystem preservation, and global food security (Tran et al., 2010a). 

Pi fertilizers are manufactured from non-renewable rock-Pi reserves, which are derived from 

marine sediments and fossilized bone deposits that have accumulated over millions of years. The 

process by which rock Pi is mined and converted into soluble Pi suitable for application in 

agricultural is expensive, environmentally destructive, and very energy intensive. Moreover, rock 

Pi reserves are rapidly being depleted, resulting from massive applications of soluble Pi fertilizers 

in agriculture, estimated to be in excess of 160 million metric tonnes per year worldwide (Plaxton 

and Lambers, 2015). Many decades of breeding crops under these high fertilization regimes have 

led to crop varieties that are poorly adapted at optimizing the acquisition and use of limited 

nutrients. Global rock Pi reserves are predicted to be depleted within the next century, which in 

the short term will lead to increased cost and economic issues, particularly for farmers in 

developing nations who have limited access to affordable P fertilizers. In the long-term, the 

inevitable depletion of global rock Pi reserves raises urgent issues surrounding how agricultural 

production can keep pace with the world’s rapid population increase (Koppelaar and Weikard, 

2013). Furthermore, the application of Pi-fertilizers to crops is highly inefficient, as less than 

20% is typically assimilated by crops in their first growing season (Roberts and Johnston, 2015). 

The remainder: (i) is converted into Po by soil microbes, (ii) is ionically bound to metal cations 

such as Al3+, forming insoluble mineral-P complexes, and/or (iii) leaches from soil into nearby 
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surface waters, causing nutrient enrichment of aquatic and marine ecosystems leading to 

‘blooms’ of green algae and toxic cyanobacteria, such as Microcystis aeruginosa. Agricultural Pi-

runoff is a primary factor in the eutrophication of our lakes, rivers, and estuaries, leading to a 

cascade of negative impacts on the balance of global ecosystems (Carpenter, 2005; Dissanayaka 

et al., 2021). Innovative approaches are required to reduce humankind’s over-reliance on 

unsustainable and environmentally destructive Pi-fertilizers. This could be achieved by 

manipulating crops to be more efficient in both their acquisition and utilization of Pi, which 

necessitates a detailed understanding of the morphological, physiological and 

biochemical/molecular adaptations of Pi-starved (–Pi) plants (Fig. 1-1).  

1.2. The Plant Phosphate Starvation Response  

To endure periods of nutrient limitation, –Pi plants exploit complex local and systemic 

signaling pathways that elicit an array of morphological, physiological, and biochemical 

adaptations collectively known as the Pi-starvation response (PSR). The PSR arises from 

coordinated changes in gene and protein expression, along with various post-translational 

controls, that reprioritize internal Pi use while maximizing external Pi acquisition (Dissanayaka 

et al., 2021). Local responses of the PSR are regulated by external Pi concentrations in the soil 

solution surrounding the rhizosphere, leading to modifications in the root system architecture that 

enhance soil exploration ability. In contrast, systemic responses depend on intracellular Pi 

concentrations and participate in the overall enhancement of Pi-uptake, reallocation, and 

recycling to ensure metabolic balance of Pi at the whole plant level (Chien et al., 2018). 

The acquisition of Pi from the rhizosphere occurs against a steep concentration gradient 

across the plasma membrane, due to the greater than 3 orders of magnitude difference between 

soluble concentrations available in soil versus a plant cell’s cytoplasm (Raghothama and 
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Karthikeyan, 2005). The Pi starvation inducible (PSI) high-affinity Pi transporters, which are 

broadly involved in Pi uptake and translocation, are crucial for efficient Pi uptake and transport 

during the PSR (Fig. 1-2). These PSI high affinity Pi transporters belong to the PHT1 gene 

family, are expressed throughout –Pi plants, localize to the plasma membrane, and possess a low 

Km(Pi) value of high affinity (2.5-12.3 µM), compared to the low affinity Pi transporters (50-100 

µM) that are expressed by Pi-sufficient (+Pi) plants (Gu et al., 2016). Upregulation of high 

affinity Pi transporters during the PSR optimizes root Pi uptake from the soil [i.e., increased Pi-

acquisition efficiency]. Furthermore, high affinity Pi transporters also support the efficient 

transport of Pi across intracellular membranes, contributing to Pi-utilization efficiency, which is 

the biomass/yield produced per molecule of acquired Pi (Fig. 1-1) (Dissanayaka et al., 2021). 

The plant PSR triggers enhanced Pi acquisition efficiency through a variety of mechanisms 

including modification in root system architecture, symbioses with mycorrhizal fungi, and 

excretion of Pi-mobilizing compounds such as organic acid anions, nucleases, and acid 

phosphatases (APases) (Fig. 1-1). Enhanced Pi utilization efficiency of –Pi plants is 

simultaneously achieved by the replacement of membrane phospholipids with amphipathic 

sulfolipids and galactolipids, intracellular Pi-scavenging from expendable Po compounds, 

including rRNA and organellar DNA, and the remobilization of Pi from older leaves to younger 

organs (Fig. 1-2) (Dissanayaka et al., 2021; Plaxton and Tran, 2011; Tran et al., 2010b).  

1.3. Purple Acid Phosphatases 

APases catalyze the hydrolysis of Pi from a broad and overlapping range of Pi-monoesters 

with an acidic pH optimum. APases are ubiquitous in living cells, existing in both prokaryotes 

and eukaryotes. In plants, APases exist as a wide variety of tissue- and/or cellular compartment-

specific isozymes that exhibit diverse physical and kinetic properties (Tran et al., 2010a). APases 
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play an indispensable role in Pi acquisition and use efficiency during the plant PSR; upregulation 

of intracellular and secreted APase activity is a key biochemical indication of plant Pi deprivation 

(Tran et al., 2010a). Purple APases (PAPs) are the most important class of plant APases. They 

are expressed in mammalian, fungal, and bacteria cells. However, plant PAPs are encoded by 

large multigene families, e.g., with 29 annotated PAP genes in Arabidopsis thaliana, 26 in rice 

(Oryza sativa), and 33 in maize (Zea mays) (Zhu et al., 2020).  

1.3.1. PAP Structure and Phylogeny  

PAPs belong to the large enzyme family of dinuclear metallophosphoesterases, members of 

which include Ser/Thr protein phosphatases and the 3’-5’-exonuclease (i.e., proof reading) of 

DNA polymerases (Schenk et al., 2013). Common features of these enzymes include a conserved 

β-α-β-α-β-fold structural motif, and a dinuclear center of two closely spaced metal ions 

coordinated by 7 invariant amino acid residues, which are required for proper folding and 

hydrolytic activity (Olczak et al., 2003). Different metal ions have been identified in the 

dinuclear center of metallophosphoesterases, including Fe2+, Fe3+, Mn2+, Mg2+, Zn2+, Co2+, Ni2+. 

All PAPs, both plant and mammalian derived, are insensitive to L-tartrate, which is a potent 

inhibitor of all other APases. PAPs also possess a distinct purple or pink color in solution with a 

characteristic absorption maximum (λmax) of 510-560 nm, the result of a charge-transfer 

interaction from a metal-coordinating tyrosine to the metal ligand Fe3+ (Schenk et al., 2013).  All 

PAPs characterized to date possess Fe3+ as one of the metal cation cofactors, which is designated 

the ‘chromophoric’ metal-binding site. The second metal ion with a 2+ oxidation state, the ‘non-

chromophoric’ site, shows variable metal-ion binding across organisms. Animal PAPs possess a 

diiron active site of Fe3+-Fe2+ that forms a redox active center, which enables the production of 

hydroxyl radicals (OH•) from hydrogen peroxide (H2O2) via a Fenton-like reaction mechanism 
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(Fig. 2-4) (Guddat et al., 1999). By contrast, the majority of plant PAPs examined to date possess 

Fe3+-Zn2+ at their active site; e.g. a red kidney bean PAP (Schenk et al., 2000), a soybean PAP 

(Schenk et al., 1999), and AtPAP26 purified from the cell wall (CW) of –Pi Arabidopsis 

suspension cells (Ghahremani et al. 2019a). However, some plant PAPs possess an Fe3+-Mn2+ 

active site; e.g., as reported for a sweet potato PAP (Schenk et al., 2001). 

A distinct feature of all characterized PAPs is some form of glycosylation, although the type 

and extent of glycan binding can differ across species and isozymes (Schenk et al., 1999). For 

example, AtPAP26 secreted into CWs and culture media of –Pi Arabidopsis suspension cells 

exists as a pair of ‘low mannose’ and ‘high mannose’ glycoforms, with the differential 

glycosylation modulating substrate selectivity, thermal stability, and interaction with a mannose-

binding, PSI lectin, AtGAL1 (Tran et al., 2010b; Ghahremani et al., 2019a, 2019b). Apart from 

adding 5 to 10% to their native molecular weight, glycosylation plays a key role in facilitating 

PAP stability, solubility, APase activity, and lectin binding (Ghahremani et al., 2019a, 2019b; 

Mitra et al., 2006; Schenk et al., 2013).  

Analysis of plant and animal PAP sequences reveals they occur in at least two main forms, 

which can be distinguished by their molecular weights – low molecular weight PAPs (LMW; 

~35-40 kDa) and high molecular weight PAPs (HMW; larger than 50 kDa) (Fig. 1-3). In 

mammals, only the monomeric 35 kDa form has been isolated and extensively studied (Guddat et 

al., 1999; Schenk et al., 2013). By contrast, the majority of well-characterized plant PAPs are 

HMW (Tran et al., 2010a). However, as discussed below some mammalian-like LMW plant PAP 

isozymes have been partially characterized (del Pozo et al., 1999; Kataya et al., 2016; Liang et 

al., 2010; Lu et al., 2008; Zhu et al., 2020). HMW plant PAPs are predominantly oligomeric, 

composed of 50-74 kDa subunits consisting of an N-terminal non-catalytic domain fused to a C-

terminal catalytic domain which is structurally related to monomeric LMW PAPs (Olczak et al., 
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2003). Although most HMW plant PAPs exist as homodimers (Veljanovski et al., 2006; Tran et 

al., 2010a), several HMW PAPs secreted by cells of –Pi plants are monomeric, such as a pair of 

secreted tomato PAPs (Bozzo et al., 2002), as well as AtPAP25 and AtPAP26 purified from the 

CW of –Pi Arabidopsis (Tran et al., 2010b; Del Vecchio et al., 2014; Ghahremani et al., 2019a). 

Phylogenetic analysis revealed that the 35 kDa animal PAPs are highly orthologous, 

exhibiting at least 80% sequence identity (Guddat et al., 1999). Similarly, the 50-74 kDa subunits 

of HMW plant PAPs share ~70% sequence identity (Schenk et al., 2013). Conversely, the 

sequence homology between LMW animal and HMW plant PAPs is low, with less than 20% 

identity (Flanagan et al., 2006; Schenk et al., 2000). Interestingly, the LMW plant PAPs are more 

closely related to their 35 kDa animal counterparts than to the HMW plant PAPs, and so they 

were termed ‘mammalian-like’ plant PAPs (Fig. 1-3) (Olczak et al., 2003; Schenk et al., 2013).   

1.3.2. Plant PAPs Play a Central Role in Pi Acquisition and Use Efficiency  

Secreted PSI PAPs improve Pi acquisition efficiency of –Pi plants by hydrolyzing Pi from Pi-

monoesters located in the rhizosphere (Bozzo et al., 2006; Robinson et al., 2012b; Wu et al., 

2003). Intracellular PAPs are important for Pi utilization efficiency by remobilizing and 

scavenging Pi from expendable intracellular Pi-monoesters and anhydrides during Pi deprivation 

or leaf senescence (Plaxton and Tran, 2011; Robinson et al., 2012a; Stigter and Plaxton, 2015). 

PSI PAP isozymes are induced at the transcriptional level by the action of transcription factors, 

such as PHR1, WRKY75, and ZAT6 (Tran et al., 2010a). The expression of Arabidopsis PAP 

(AtPAP) isozymes AtPAP12 and AtPAP17 appears to be mainly controlled at the transcriptional 

level (del Pozo et al., 1999; Li et al., 2002; Tran et al., 2010a). However, transcript accumulation 

is not always indicative of PAP protein accumulation during Pi deprivation (Tran and Plaxton, 

2008; Veljanovski et al., 2006).  
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Post-translational regulation of PAPs is also important, particularly for isozymes that exhibit 

relatively high basal transcript and protein expression, irrespective of Pi status (Wu et al., 2003; 

Tran and Plaxton, 2008). Vacuolar PAPs isolated from -Pi tomato (Bozzo et al., 2004a) and 

Arabidopsis (Veljanovski et al., 2006; Tran et al., 2010b) displayed potent product inhibition by 

Pi. The vacuolar Pi concentration of +Pi plants (>10 mM) was hypothesized to exert significant 

feed-back inhibition on their APase activity, while the depletion of vacuolar Pi pools caused by 

Pi-deprivation will relieve this inhibition and contribute to their enhanced APase activity in vivo 

(Fang et al., 2009; Plaxton and Tran, 2011). Furthermore, the resupply of –Pi plants with Pi 

quickly represses PSI PAP genes while inducing proteases that appear to target intracellular and 

secreted PSI PAPs (Tran et al., 2010a; Bozzo et al., 2002). A variety of PSI PAP isozymes, both 

intracellular and secreted, have been identified and biochemically characterized from several 

species, including Arabidopsis (del Pozo et al., 1999; Veljanovski et al., 2006; Tran et al., 2010b; 

Del Vecchio et al., 2014; Wang et al., 2014), tomato (Bozzo et al., 2002; Bozzo et al., 2004a), 

common bean (Liang et al., 2010), soybean (Zhu et al., 2020), and tobacco (Lung et al., 2008).   

Within the Arabidopsis genome, 29 PAP genes have been annotated and divided into three 

main phylogenetic groups based on their size and sequence similarity (Fig. 1-3) (Li et al. 2002; 

Tran et al., 2010a). Transcript profiling of the AtPAP family revealed that some are 

constitutively expressed, like AtPAP18 and AtPAP26, while others exhibit highly specific 

transcriptional induction during certain stages of development, such as AtPAP21 or AtPAP25 

(Zhu et al., 2005). Several AtPAPs are transcriptionally responsive to abiotic and biotic stress 

unrelated to –Pi conditions, such as AtPAP17 to osmotic, salinity and oxidative conditions, or 

AtPAP5 which is significantly induced following Pseudomonas syringae infection (del Pozo et 

al., 1999; Ravichandran et al., 2013). Seven members of the AtPAP family (i.e., AtPAP6, 11, 14, 

19, 23, 24, and 25) are preferentially expressed in flowers, among which AtPAP23 was 
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functionally characterized (Zhu et al., 2005). Several AtPAP isozymes, including AtPAP2, 

AtPAP9, and AtPAP15 have been implicated in a variety of roles mostly independent of Pi 

acquisition and use efficiency; for example, overexpression of AtPAP2 in Arabidopsis improved 

carbon metabolism efficiency, and caused increased levels of sugars and tricarboxylic acid (TCA) 

cycle intermediates (Kuang et al., 2009; Sun et al., 2012; Zamani et al., 2014). 

Many studies have demonstrated the upregulation of intracellular (i.e., vacuolar) and secreted 

(i.e., CW, apoplast, and rhizosphere) AtPAP isozymes during Pi deficiency or leaf senescence: 

e.g., AtPAP10 (Wang et al., 2011; Wang et al., 2014), AtPAP12 (Tran et al., 2010b; Robinson et 

al., 2012b; Wang et al., 2014), AtPAP17 (del Pozo et al., 1999), AtPAP25 (Del Vecchio et al., 

2014), and AtPAP26 (Veljanovski et al., 2006; Hurley et al., 2010; Tran et al., 2010b; Robinson 

et al., 2012a; Wang et al., 2014). Integrated biochemical and genetic analyses indicated that the 

closely related AtPAP12 and AtPAP26 are the predominant AtPAP isozymes involved in the 

Arabidopsis PSR (Veljanovski et al., 2006; Tran and Plaxton, 2008; Hurley et al., 2010; 

Robinson et al., 2012b; Wang et al., 2014). The central role of AtPAP12 and AtPAP26 in Pi 

acquisition and use efficiency was initially established by following a relatively unique ‘gene 

function discovery’ approach in which the major intracellular and secreted APases upregulated 

by –Pi Arabidopsis suspension cells were fully purified in their native forms, and then subjected 

to N-terminal microsequencing and/or mass spectrometry (MS) analysis; the encoding AtPAP 

genes could then be readily identified using bioinformatic databases. This biochemical approach 

led to the discovery of AtPAP12 and especially AtPAP26 as crucial PSI AtPAP isozymes 

(Veljanovski et al., 2006; Tran and Plaxton, 2008; Tran et al., 2010b). Their key Pi scavenging 

and recycling roles during senescence and/or Pi deprivation were subsequently confirmed using 

genetic approaches that exploited publicly available T-DNA insertional mutants of atpap12 and 

atpap26 (Hurley et al., 2010; Robinson et al., 2012a, 2012b; Wang et al., 2014). 
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1.3.3. Peroxidase Activity of Plant PAPs  

Due to the bifunctionality of the highly conserved PAP active site, biological roles of plant 

PAPs have been proposed beyond the hydrolysis of Pi-esters underpinning their roles in the PSR. 

Like mammalian PAPs, several purified plant PAPs exhibited the ability to generate ROS (i.e. 

OH• radicals) via peroxidase (PRx) activity (Tran et al., 2010a). AtPAP26, the principal vacuolar 

AtPAP isozyme responsible for intracellular Pi scavenging and remobilization during Pi 

deprivation or leaf senescence (Hurley et al., 2010; Robinson et al. 2012a, 2012b), displayed 

alkaline PRx activity in addition to APase activity (Veljanovski et al. 2006). Additionally, two 

secreted HMW PAP isozymes (SAP1 & SAP2), as well as an intracellular PAP isozyme (IAP), 

purified from –Pi tomato cell cultures exhibited significant PRx activity that was unaffected by 

potent inhibitors of their APase activity (Bozzo et al., 2002; Bozzo et al., 2004a). Finally, a 

LMW AtPAP purified from the intracellular fraction of –Pi Arabidopsis seedlings also displayed 

PRx activity in addition to APase activity (del Pozo et al., 1999). Interestingly, this PAP was 

originally named AtACP5, due to its structural and functional resemblance to the mammalian 

ACP5. However, it was later changed to AtPAP17 based on updated phylogenetic classification 

that arose following sequencing of the Arabidopsis genome (Li et al., 2002). Typically, plant 

PAPs contain a Fe3+-X2+ active site, where X is either Zn2+ or Mn2+ (Klabunde et al., 1995; 

Olczak et al., 2003). Further studies need to be done to identify the potential in planta functions 

underlying PRx activity of plant PAPs.  

Other than AtPAP26, whose catalytic centre contained equivalent concentrations of a Fe3+ 

and Zn2+ (Ghahremani et al., 2019a), the metal ion content of plant PAPs that exhibit PRx 

activity has yet to be determined. This suggests the diiron active site with redox active Fe2+, 

characteristic of mammalian ACP5, might not be essential for PRx activity in plant PAPs. So far, 

only the sweet potato PAP, lbPAP3, has a confirmed diiron active site with a redox active 
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Fe2+(Waratrujiwong et al., 2006). Heterologous expression oflbpPAP3 in Sf9 insect cells 

revealed it is a dimeric, disulfide-linked PAP of 110 kDa, similar to several known HMW PAP 

isozymes from vascular plants. However, its potential PRx activity has not been investigated 

(Waratrujiwong et al., 2006). Two closely related sweet potato isozymes, lbPAP1 and lbPAP2, 

possess Zn2+ and Mn2+ in their active site, respectively (Waratrujwong et al., 2006). This finding 

offers the possibility that the above mentioned LMW ‘mammalian like’ plant PAPs such as 

AtPAP17 that exhibits PRx activity may possess a ‘redox active’ Fe2+ at their active site, rather 

than Zn2+ or Mn2+ typical of HMW plant PAPs.  

The first study to show PRx activity in mammalian ACP5 employed a luminol 

chemiluminescence assay (Hayman and Cox, 1994). Under basic conditions and in the presence 

of H2O2 and a catalyst, such as Fe2+, luminol is oxidized into 3-aminophthalate*, which is formed 

in the excited state; the spontaneous shift of electrons from 3-aminophthalate* to ground state is 

accompanied by the emittance of a photon, which can be measured in a chemiluminescence assay 

(Fig. 1-5) (Giussani et al., 2019; Khan et al., 2014). In the case of mammalian ACP5, the ‘redox 

active’ Fe2+ of the active site is behaving as the catalyst with a Fenton-type reaction that oxidizes 

luminol by producing a OH• from H2O2 (Fig. 1-4). Thus, measuring the oxidation of luminol via 

chemiluminescence is a method for detecting PAP peroxidation activity. Luminol 

chemiluminescence has been used to investigate PRx activity of several purified plant PAPs (del 

Pozo et al., 1999; Bozzo et al., 2002; Bozzo et al., 2004a; Veljanoski et al., 2006), as well as 

other PRx enzymes derived from microbes (Akimoto et al., 1990) and sweet potato (Alpeeva and 

Sakharov, 2007). 
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1.3.4. Evidence for Oxidative-Stress Related, ROS Scavenging Roles of Plant PAPs 

Several plant PAPs appear to have alternative biological roles unrelated to Pi acquisition and 

use efficiency, mostly related to reactive oxygen species (ROS) metabolism. For example, 

GmPAP3 is a HMW soybean PAP induced in response to salinity, osmotic, and oxidative stress, 

but not –Pi conditions (Liao et al., 2003). Ectopically expressed GmPAP3 in tobacco BY-2 cells 

localized to the mitochondrial matrix, which is a primary site of ROS production (Li et al., 2008; 

Pang and Wang, 2008). When the cells were treated with NaCl or polyethylene glycol (i.e., 

osmotic stress) GmPAP3 mimicked the protective effects exhibited by the antioxidant ascorbic 

acid, reducing the accumulation of ROS and improving cell viability. Additionally, GmPAP3 

expressed in transgenic Arabidopsis resulted in improved seedling root elongation in response to 

NaCl, polyethylene glycol, or paraquat (oxidative stress), and also reduced lipid peroxidation in 

paraquat-treated transgenic seedlings (Li et al., 2008). Finally, GmPAP3 expressed in transgenic 

rice resulted in enhanced germination rate, longer shoots and roots, increased activity of 

superoxide dismutase and catalase, reduced markers of oxidative stress, and led to a higher 

survival rate under salt stress compared to the untransformed control (Deng et al., 2014). Taken 

together, these results provided strong genetic evidence for the role of GmPAP3 in alleviating 

oxidative stress during salinity. However, the PRx activity or kinetic properties of purified 

GmPAP3 have not been determined in vitro, thus the mechanism supporting its apparent ROS 

scavenging function has yet to be elucidated.  

In Arabidopsis, AtPAP5 is a HMW PAP induced during prolonged Pi-starvation but does not 

appear to play an important role in Pi metabolism, as loss of AtPAP5 expression resulted in no 

discrete phenotype during Pi stress (Ravichandran et al., 2013). However, AtPAP5 expression 

was required for maintaining basal resistance in response to virulent Pseudomonas syringae pv. 

DC3000 (Pst DC3000). Transgenic atpap5 knockouts exhibited increased susceptibility to Pst 
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DC3000 and a reduction in H2O2 accumulation and expression of key defense-related genes 

following pathogen infection (Ravichandran et al., 2013). In a subsequent study, AtPAP5 was 

localized to peroxisomes, a known site of ROS generation, but overexpression of AtPAP5 

resulted in similar increases in pathogen susceptibility, as well as reduced H2O2 accumulation and 

expression of defense-related genes. Since both knockout and overexpression of AtPAP5 reduced 

ROS generation, the authors proposed that AtPAP5 may function in ROS-generation in complex 

with other proteins; however, the authors were unable to predict any physical interactions using 

in silico methods (Ravichandran et al., 2015). Although a complete mechanism for AtPAP5 

remains to be determined, it appears to have an important role in pathogen-defense signalling and 

ROS accumulation (Ravichandran et al., 2013; Ravichandran et al., 2015).  

  An Arabidopsis activation tagged mutant showed increased expression of AtPAP15, a 

HMW plant PAP with significant phytase activity. The transgenic plant exhibited increased foliar 

ascorbic acid, improved tolerance to excess salinity, and reduced sensitivity to abscisic acid 

(Zhang et al., 2008). The proposed mechanism involves AtPAP15 catalyzing the degradation of 

phytic acid, yielding Pi and myoinositol, thus increasing myoinositol supply, a key precursor to 

ascorbic acid biosynthesis. The improved salt tolerance of the transgenic plants was most likely 

due to increased ascorbic acid levels, the most abundant antioxidant in plant tissues and crucial 

for protecting cells and organelles from oxidative damage by scavenging ROS (Gill and Tuteja, 

2010). A LMW AtPAP, the putative protein phosphatase AtPAP7, was identified during a screen 

of the Arabidopsis genome for phosphatase related proteins that harbor putative peroxisome-

targeting signal peptides. Targeting of AtPAP7 to peroxisomes was confirmed in vivo, and 

further evidence suggested its dual targeting to the endoplasmic reticulum. However, trafficking 

of AtPAP7 through the endoplasmic reticulum to peroxisomes could not be ruled out (Kataya et 

al., 2016). As AtPAP7 is closely related to the LMW AtPAP17, which exhibits PRx activity and 
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has been suggested to function in ROS metabolism, the authors proposed a potential PRx activity 

for AtPAP7, which would explain its targeting to peroxisomes – a major source of intracellular 

ROS (Pang and Wang, 2008). Generally, LMW plant PAPs have not been as extensively studied 

compared to their HMW counterparts, both with regard to Pi-metabolism, but especially with 

respect to their potential role in ROS metabolism, which has been frequently proposed (del Pozo 

et al., 1999; Schenk et al., 2013).  

1.3.5. LMW ‘Mammalian-like’ Plant PAPs 

The first AtPAP shown to be induced by Pi-deprivation was the LMW 35 kDa AtPAP17 (del 

Pozo et al., 1999). Since then, research on plant PAPs has been largely dominated by the HMW 

isozymes. Nevertheless, a few genetic and biochemical investigations of LMW plant PAPs have 

been published since del Pozo and colleagues (1999). Three members of the Brassica napus 

PAP17 gene family (BnPAP17-1,-2,-3) were isolated and their deduced amino acid sequences 

predicted that they are secretory LMW PAPs, with remarkable sequence identity to AtPAP17 (Lu 

et al., 2008). All three BnPAP17 genes are predominantly transcribed in reproductive organs, 

matching the expression patterns of AtPAP17 which exhibits maximal expression in senescing 

leaves, followed by flowers and siliques (del Pozo et al., 1999; Lu et al., 2008). Similar to 

AtPAP17, the three BnPAP17 genes were strongly induced by Pi-starvation, returning to basal 

levels following Pi-resupply (Lu et al., 2008; Mehta et al., 2021). Unfortunately, no further 

functional genomics or biochemical characterization of the BnPAP17 proteins have been 

reported. 

One of the most extensive characterizations of a LMW plant PAP was performed by Liang 

and colleagues (2010) who purified PvPAP3 from the roots of –Pi common bean (Phaseolus 

vulgaris). PvPAP3 is 34 kDa PAP that exhibited a broad APase pH-activity profile, and exhibited 
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maximal activity with ATP (Liang et al., 2010). PvPAP3 is secreted into the apoplast and may 

also be anchored to the plasma membrane. Transgenic hairy roots of common bean 

overexpressing PvPAP3 led to a significant increase in extracellular ATP-hydrolyzing activity of 

the transgenics, as well as improved growth and P-accumulation when ATP was the sole external 

P source (Liang et al., 2010). A close ortholog to PvPAP3 is the LMW and PSI SgPAP7 from a 

pasture legume stylo (Stylosanthes spp.) (Liu et al., 2016). It localized to the plasma membrane, 

and similar to PvPAP3, overexpression of SgPAP7 in stylo increased internal and root associated 

APase activity, and improved growth and P-accumulation with dNTP as the sole P source, 

suggesting PvPAP3 and PvPAP7 have similar roles in nucleotide triphosphate utilization during 

Pi-starvation (Liu et al., 2016). Two LMW orthologs of PvPAP3 and SgPAP7 exist in soybean 

(Glycine max), GmPAP7a/b, which also localize to the plasma membrane, exhibits highest in 

vitro APase activity with ATP, and overexpression in soybean hairy roots resulted in improved 

growth and P-accumulation with ATP as the sole P-source (Zhu et al., 2020). Together, these 

studies of LMW PSI PAP orthologs from a variety of plant species suggest a role for extracellular 

nucleotide triphosphate utilization during Pi-starvation.  

1.3.6. AtPAP17 – a LMW Arabidopsis PAP  

In their seminal paper, del Pozo and colleagues (1999) proposed that LMW AtPAP17 plays 

an important role in the Arabidopsis PSR and ROS metabolism. They reported that AtPAP17 

transcripts, and the activity of an AtPAP17:GUS translational fusion, were increased in roots and 

shoots under Pi starvation, or during leaf senescence, as well as in roots and shoots following 

treatment with H2O2, NaCl, or abscisic acid. By contrast, several other stresses including 

potassium and nitrogen deficiency did not induce AtPAP17, suggesting it is not a general stress 

response gene. del Pozo and colleagues (1999) also purified native AtPAP17 from the 
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intracellular fraction of hydroponically cultivated, –Pi Arabidopsis seedlings. Although the 

subcellular localization(s) and APase kinetic properties of AtPAP17 were not determined, it was 

hypothesized to play a key role in Arabidopsis Pi acquisition and use efficiency (del Pozo et al., 

1999). However, this hypothesis is difficult to reconcile with a subsequent genetic analysis of all 

29 AtPAPs that did not observe any developmental phenotype or alteration in extractable APase 

activity of roots or shoots of a +Pi or –Pi T-DNA atpap17 insertional mutant (Wang et al., 2014). 

This was corroborated by MSc research of Kyla Stigter of the Plaxton Lab (Stigter, 2017). 

Furthermore, several reports from independent research groups have corroborated the 

indispensable role of the dual-targeted, HMW AtPAP26 (or its closest ortholog from other 

species (Gao et al., 2017)) as the principal vacuolar PAP and major secreted PAP isozyme that 

scavenges and recycles Pi during Pi deprivation or leaf senescence (Veljanovski et al., 2006; 

Hurley et al., 2010; Robinson et al., 2012a, 2012b; Shane et al., 2014; Ghahremani et al., 2019a, 

2019b; Wang et al., 2014). As purified AtPAP17 exhibited alkaline PRx activity, del Pozo and 

colleagues (1999) also hypothesized that it may also function in ROS metabolism; i.e., by 

generating ROS during pathogen infection and/or by scavenging ROS during oxidative stress. 

The extent to which AtPAP17 may contribute to the Arabidopsis PSR or function in ROS 

metabolism via its PRx activity, remains to be further investigated.  

A recent publication proposed a critical role of AtPAP17 and AtPAP26 genes in a ‘Pi 

compensation network’ (Farhadi et al., 2020). This study reported a significant increase in 

growth of atpap17 and atpap26 T-DNA insertional mutants under +Pi conditions, apparently 

caused by a significant compensatory increase in AtPAP26 and AtPAP17 expression in atpap17 

and atpap26 mutants, respectively. However, these results are contradicted by previous studies 

that: i) detected no increase in growth of an atpap26 mutant under +Pi conditions and no increase 

in AtPAP17 transcripts when the atpap26 mutant was cultivated under -Pi conditions (Hurley et 
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al., 2010; Robinson et al., 2012b), and (ii) that detected no observable difference in root or shoot 

growth or APase activity in an atpap17 mutant compared to Col-0 Arabidopsis under +Pi and -Pi 

conditions (Wang et al., 2014; Stigter, 2017). Unfortunately, Farhadi and colleagues (2020) did 

not address these contradictions in their paper, of which there are several instances. Farhadi and 

colleagues (2020) used a different atpap17 T-DNA mutant line (SALK_097940) compared to the 

T-DNA line used by Wang and colleagues (2014) and Stigter (2017), which could be responsible 

for the discrepancies between their results and previously published work. However, as they used 

the same atpap26 T-DNA line (SALK_152821) as previously published works (Hurley et al., 

2010), different mutant Arabidopsis lines is not a possible explanation for contradictory results 

observed with respect to AtPAP26. Nevertheless, further studies are needed to either corroborate 

or refute these novel claims regarding AtPAP17 and AtPAP26, several of which are in opposition 

to previously published experiments from independent research groups. A subsequent study 

published by the same research group suggested that AtPAP17 and AtPAP26 also play an 

important compensatory role in Arabidopsis salt tolerance (Abassi-Vineh et al., 2021). They 

reported that: (i) when cultivated with 50-150 mM NaCl their atpap17 mutant exhibited (relative 

to Col-0 controls) dramatic (i.e. up to ~50%) reductions in seedling biomass, as well as total 

APase activities from clarified shoot or root extracts, and (ii) overexpression of AtPAP17 and 

AtPAP26 in Arabidopsis increased expression of salt tolerance related genes such as AtSOS1/2/3 

and AtNHX1 (Abbasi-Vineh et al., 2021). They also observed favorable intracellular Na+/K+ 

ratios in the AtPAP17-AtPAP26 overexpressors, and overall improved measures of growth and 

photosynthetic capacity. Additionally, activities of key antioxidant enzymes (i.e., catalase, 

ascorbate PRx and guaiacol PRx) were increased in the AtPAP17-AtPAP26 overexpression lines, 

while H2O2 accumulation and lipid peroxidation decreased (Abbasi-Vineh et al., 2021). Taken 

together, these results suggested AtPAP17 and AtPAP26 play important, synergistic roles 
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enhancing downstream salt-tolerant mechanisms. The authors proposed that these positive salt-

tolerant effects are derived partly from the critical roles AtPAP17 and AtPAP26 play in Pi 

metabolism, which lead to improvements in the expression of AtSOS3 and AtSOS2 and Na+/K+ 

accumulation (Abassi-Vineh et al., 2021). Although Farhadi et al. (2020) and Abassi-Vineh et al. 

(2021) cited previous studies from our lab (Tran et al., 2010b; Hurley et al., 2010; Robinson et 

al., 2012b) as supporting their results, they ignored key aspects of these studies, which are 

mentioned above, that contradicted their results. Abassi-Vineh and colleagues (2021) also 

suggested that the alkaline PRx activity of AtPAP17 (del Pozo et al., 1999) and AtPAP26 

(Veljanovski et al., 2006) contributes to their involvement in antioxidant activity and could be 

responsible for downstream enhancement in catalase, ascorbate PRx and guaiacol PRx activities 

and subsequent reduction in ROS in salt-stressed transgenic plants overexpressing AtPAP17 and 

AtPAP26. However, AtPAP17 and AtPAP26 have only been shown to exhibit luminol PRx 

activity, which measures ROS (i.e., OH•) generation, the opposite of antioxidant activity. To 

date, no studies have shown a direct antioxidant activity of AtPAP17 or AtPAP26, apart from the 

downstream effects observed in the Abassi Vineh et al. (2021) study, and so the luminol PRx 

activity of AtPAP17 and AtPAP26 is not a viable explanation for their results (Abassi-Vineh et 

al., 2021). The critical role of AtPAP26 in Pi-acquisition and use has been well established 

(Veljanovski et al., 2006; Hurley et al., 2010; Robinson et al., 2012a, 2012b; Wang et al., 2014), 

but future work examining the specific function of AtPAP17 in Pi-acquisition/mobilization or 

ROS-scavenging will be crucial to elucidate potential mechanisms for its proposed role in Pi 

metabolism and/or salt-tolerance in Arabidopsis.  
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1.3.7. Mammalian PAPs 

In contrast to plants, all mammalian PAPs characterized to date exist as LMW 35 kDa 

monomers consisting solely of a catalytic domain. Although bioinformatic analysis has identified 

a putative HMW PAP gene in mammals, insects, and nematodes, with high sequence similarity to 

the HMW plant PAPs (e.g. see Fig. 1-3), the corresponding transcript or polypeptide does not 

appear to be expressed (Flanagan et al., 2006). The mammalian PAP gene, ACP5, is most highly 

expressed in osteoclasts, the cells that resorb bone. The APase activity of secreted ACP5 

functions to partially dephosphorylate the bone matrix phosphoprotein osteopontin, regulating 

their binding to osteoclasts (Ek-Rylander et al., 1994). ACP5 is required for normal bone 

resorption, as transgenic knockout mice lacking the enzyme are mildly osteopetrotic and show 

impaired bone matrix resorption (Hayman et al., 1996). Alternatively, transgenic mice 

overexpressing ACP5, which is secreted it into the bone-resorptive space, display increased 

levels of resorption and mild symptoms of osteoporosis (Angel et al., 2000). Interestingly, ACP5 

is a bifunctional enzyme that possesses alkaline PRx activity in addition to its APase activity. The 

redox active Fe3+-Fe2+ form of ACP5 can catalyze the production of OH• from H2O2, with a 

mechanism based on Haber-Weiss-Fenton-type reactions (Fig. 1-4) (Schenk et al., 2013). 

Experiments in vitro using recombinant ACP5 confirmed its ability to catalyze the peroxidation 

of 5-aminophthalhydrazide (luminol) (Fig. 1-5) (Hayman and Cox, 1994). ROS levels are both 

required and increased at the resorptive interface between osteoclasts and bone, suggesting the 

OH• producing activity of ACP5 is also important for bone resorption (Darden et al., 2009; Hall 

et al., 1995).  

Mammalian PAPs are also abundantly expressed in activated macrophages, a type of white 

blood cell of the immune system, which shares a common lineage with osteoclasts (Hayman and 

Cox, 1994). Macrophage derived ACP5 was hypothesized to play an important role in microbial 
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killing via the generation of OH• and O2•– produced by the di-iron active site. In support of this 

hypothesis, in vivo experiments showed that macrophages derived from mice overexpressing 

ACP5 exhibited increased ROS levels and O2•– production, which correlated with an increased 

capacity for microbial killing (Räisänen et al., 2005; Schenk et al., 2013). Both the APase and 

PRx activity of mammalian PAPs require the diiron center and specifically the ‘redox-active’ 

Fe2+ for catalytic activity. Interestingly, although both APase and PRx activities of PAPs 

activities employ the same active site, the catalytic mechanism of each is distinct with different 

pH-activity optima. Site-directed mutagenesis of His113 and His216, two highly conserved 

residues of the PAP active site, severely inhibited APase activity but not ROS-generating activity 

of ACP5 (Kaija et al., 2002). This confirms that different amino acid residues of the PAP 

binuclear active site are involved in coordinating substrate binding and/or catalysis of hydrolytic 

versus peroxidation reactions.  

1.4. Peroxidases 

PRxs have various biological functions, but play a prominent role in alleviating oxidative 

stress in aerobic organisms by breaking down H2O2 via substrate oxidation. The ‘Non-Animal 

PRx Superfamily’ (plants, fungi, and bacteria) consists of three classes of phylogenetically 

related proteins designated class I, II, and III (Welinder, 1992). The common feature of PRxs 

belonging to this group is a heme moiety formed by protoporphyrin IX and Fe3+ (Passardi et al., 

2007). Class I is the most widespread and is prevalent in organisms ranging from prokaryotes to 

complex eukaryotes, suggesting it may be the origin of the other two classes (Lazzarotto et al., 

2015). This class is composed of the intracellular PRxs: ascorbate PRx, cytochrome-c PRx and 

catalase-PRx. Their main cellular function is the detoxification of excess H2O2. In vascular 

plants, ascorbate-PRxs play a key role in detoxifying H2O2, in combination with glutathione, 
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which together make up a metabolic cycle that operates in the cytosol, mitochondria, plastids and 

peroxisomes (Teixeira et al., 2004). Cytochrome-c PRxs are located in the mitochondrial 

intermembrane space and use cytochrome c as an electron donor. Catalase has the ability to 

function as either a regular PRx or it can catalyze the conversion of 2(H2O2) into 2H2O + O2 (i.e., 

catalase activity). Class II PRxs comprise fungal secretory PRxs such as lignin PRx, manganese 

PRx, and versatile PRx. These play a major role in degradation of soil debris, as no other heme 

PRx is capable of catabolizing lignin (Cosio and Dunand, 2009).  

1.4.1. Class III – Plant Peroxidases 

Class III PRxs (plant PRxs) are plant-specific and exist as large multigene families in all land 

plants, and some photosynthetic algae. They are hypothesized to have played a critical role 

during land colonization by plants, either by allowing formation of rigid plant structures, or by 

adapting the organisms to a more oxygenated environment (Cosio and Dunand, 2009).  Plant 

PRxs are generally targeted to secretory pathways, which include the CW or surrounding 

apoplast, and the cell vacuole. Class III PRxs are heme oxidoreductases, with a regular 

peroxidative mechanism that involves the reduction of H2O2 by taking electrons from various 

donor molecules such as phenolic compounds, lignin precursors, auxin, or secondary metabolites. 

A separate hydroxylic cycle has been described in plant PRxs, which leads to the generation of 

various ROS, also referred to as reactive oxygen intermediates (ROIs), thus expanding the 

potential functions of PRxs (Shigeto and Tsutsumi, 2016).  

Class III plant PRxs are encoded by a large number of genes; e.g., 73 in Arabidopsis, 138 in 

rice, and 93 in poplar (Populus trichocarpa) (Shigeto and Tsutsumi, 2016). The large number of 

genes, two possible catalytic cycles, and localization in all compartments of plant cells (including 

the cell vacuole and extracellular matrix) indicates that plant PRxs are involved in diverse 
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physiological and development process. Moreover, this suggests specialization of the isozymes 

belonging to this large protein family. The fact the plant PRxs promoter sequences are divergent 

and that protein sequences contain both highly conserved domains and variable regions supports 

this hypothesis (Cosio and Dunand, 2009). Class III plant PRxs have identified functions in 

lignification, cell elongation, seed germination and also play a role in conferring resistance to 

dehydration, salt, cold, and pathogens (Daudi et al., 2012; Kumar et al., 2012; Llorente et al., 

2002; Müller et al., 2009; Shigeto et al., 2015).  

1.4.2. Reactive Oxygen Species 

Constant ROS formation is an inevitable by-product of metabolism in aerobic organisms. 

Molecular oxygen (O2) has two unpaired electrons that have the same spin quantum number; this 

spin restriction allows O2 to preferentially accept electrons one at a time, leading to the 

generation of ROS such as O2•–, which can damage cells. ROS is produced continuously during 

various metabolic pathways that are localized in different cellular compartments, predominantly 

chloroplasts, mitochondria and peroxisomes (Gill and Tuteja, 2010). In vascular plants and green 

algae, chloroplasts possess a highly organized thylakoid membrane harboring all components of 

the light-capturing photosynthetic apparatus with structural properties promoting optimal light 

harvesting. Oxygen generated in the chloroplasts during photosynthesis can accept electrons 

passing through the photosystems, thus forming O2•–. Under steady state conditions, ROS 

production is buffered by robust antioxidant mechanisms. Additionally, ROS does not always 

have counter-productive effects on plant health, as H2O2 and O2•– can act as second messengers 

that regulate diverse functions of growth, development, immunity and gene expression 

(Choudhury et al., 2013). However, the dynamic equilibrium between ROS formation and 

scavenging can be perturbed by various biotic and abiotic stresses, including UV radiation, 
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salinity, drought, heavy metals, extreme temperatures, nutrient deficiency and pathogen attacks 

(Suzuki et al., 2012). These disturbances trigger sudden increases in intracellular ROS levels 

which can cause significant damage to cellular structures and eventual cell death (Gill and Tuteja, 

2010). 

A variety of reactions involving O2•– leads to the formation of H2O2, OH•, as well as other 

ROS that can damage proteins, lipids, carbohydrates, and DNA, which ultimately results in cell 

death. Accumulation of ROS as a result of various environmental stress contributes significantly 

to reduced crop productivity worldwide (Gill and Tuteja, 2010). Importantly, whether ROS 

contribute to coordinated signalling events or produce oxidative damage depends largely on the 

delicate equilibrium between ROS production and scavenging within the proper local and 

temporal context (Suzuki et al., 2012). Stress-induced ROS accumulation is counteracted by 

enzymatic antioxidants, such as ascorbate-PRx, superoxide dismutase, catalase, and non-

enzymatic antioxidant metabolites such as ascorbic acid, glutathione, carotenoids, flavonoids, and 

proline (Chen and Dickman, 2005; Mittler, 2002). These antioxidant systems are diverse, 

redundant and widely expressed throughout cellular compartments, demonstrating the importance 

of ROS detoxification for cellular survival (Gill and Tuteja, 2010; Pang and Wang, 2008; 

Smirnoff and Arnaud, 2019). 

1.4.3. Salinity-Induced ROS Generation and Scavenging 

Soil salinity is a global issue threatening agricultural productivity, with recent estimates 

predicting that 50% of all arable land will be adversely impacted by salinity by 2050 (Butcher et 

al., 2016). Under high salinity conditions, the production of ROS increases dramatically in plant 

cells (Pang and Wang, 2008). The chloroplast is considered a focal point of ROS generation in 

plants. During salinity stress, stomatal closure alleviates some risk of drought but limits CO2 
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fixation, which creates over-reduced conditions in the photosystem-I electron transport chain 

(ETC). The formation of O2•– occurs when electrons leak from over-reduced photosynthetic ETC 

proteins, like ferredoxin, onto molecular oxygen. The O2•– is rapidly converted into H2O2 either 

spontaneously or by superoxide dismutase, which can go on to form the extremely reactive OH• 

(Pang and Wang, 2008). To combat salinity-induced ROS accumulation in chloroplasts, plants 

express thylakoid-specific ascorbate-PRx and superoxide dismutase that function as a first line of 

defense against ROS produced by photosystems-I and II. Additionally, stromal-specific isozymes 

and the ascorbic acid-glutathione cycle scavenge ROS produced in the stroma or ROS that 

escapes the thylakoid membrane (Mittler et al., 2004). Plants with ascorbate-PRx overexpressed 

in chloroplasts show enhanced resistance to salt and drought stress, supporting the central role of 

enzymatic scavenging systems in protecting chloroplasts from salinity-induced oxidative damage 

(Badawi et al., 2004).  

Mitochondria represent another major source of ROS, since the respiratory ETC harbours 

electrons with sufficient free energy to directly reduce O2 into O2•–, which is an unavoidable 

consequence of aerobic respiration. Complex I and III of the respiratory ETC are well-known 

sites of O2•– production, which can spontaneously or enzymatically dismute into H2O2. 

Interestingly, mitochondrial ROS production in plant tissues can be relatively low compared with 

that of mammalian cells. This is because plant mitochondria have a non-energy conserving 

alternative oxidase that bypasses Complex III and IV of the respiratory ETC and catalyzes the 

tetravalent reduction of O2 into H2O by ubiquinone producing H2O, resulting in reduced ROS 

production (Pang and Wang, 2008). Nevertheless, plant mitochondria are still a significant source 

of ROS production during stress, particularly salinity. Root mitochondria of the wild salt-tolerant 

tomato species Lycopersicon pennellii upregulated levels of ascorbic acid and glutathione and 

activities of superoxide dismutase and ascorbate-PRx in response to NaCl stress (Mittova, 2004). 
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Peroxisomes are another major source of intracellular H2O2 in plant cells. Glycolate oxidase 

and fatty acid β-oxidation produce H2O2 directly, while O2•– generation occurs in the peroxisomal 

matrix by xanthine oxidase and integral peroxisomal membrane polypeptides which constitute an 

ETC (Pang and Wang, 2008). Salt stress increases lipid peroxidation in peroxisomes, indicating 

ROS-induced cellular damage in peroxisomes caused by salinity (Gill and Tuteja, 2010). Plant 

peroxisomal superoxide dismutase (which converts 2[HO2•–] into H2O2 and O2) has been widely 

reported in a variety of species. Peroxisomal H2O2 can then be detoxified to H2O through the 

activities of catalase and/or the ascorbic acid-glutathione cycle (Mittler et al., 2004). Salinity up-

regulates levels of ascorbic acid and glutathione and activities of superoxide dismutase, 

ascorbate-PRx and catalase in root peroxisomes of the wild, salt-tolerant tomato species L. 

pennellii (Mittova et al., 2004). Salinity-induced upregulation of key enzymatic and non-

enzymatic antioxidants observed in mitochondria and peroxisomes of a salt-tolerant plant species 

indicates the importance of ROS scavenging in these organelles for conferring salinity tolerance. 

Even though chloroplasts, mitochondria and peroxisomes represent the major sites of ROS 

production in plants cells, oxidative stress is still generated throughout the cell, particularly 

during biotic or abiotic stress. For example, plasma membrane NADPH oxidases contain 

multimeric flavocytochrome that forms an ETC capable of reducing O2 to O2•–. Additionally, pH-

dependent CW PRxs, such as amine oxidase that are activated by alkaline conditions, have been 

proposed to produce H2O2 in the apoplast following pathogen elicitor recognition (Gill and 

Tuteja, 2010). 

The transport of ROS throughout cellular compartments is an important factor in ROS 

metabolism. The highly reactive OH• is capable of penetrating membranes and leaving 

mitochondria (Gill and Tuteja, 2010). In contrast, H2O2 is relatively poor at permeating 

membranes and its transport is facilitated by channel proteins of the aquaporin type which exist 
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on the plasma membrane, the tonoplast, and most likely in the chloroplast inner envelope 

(Smirnoff and Arnaud, 2019). Vacuoles could comprise an H2O2 sink with uptake facilitated by 

tonoplast aquaporins. In fully expanded cells, the vacuole comprises ~90% of cell volume and 

contains ascorbate and a large proportion of class III PRx activity. Vacuolar ROS scavenging 

could involve a PRx using H2O2 to oxidize a phenolic substrate, with the resulting phenoxyl 

radical being reduced by ascorbate. Consistent with this proposal, PRx activity and phenolic 

substrate levels in vacuoles have been shown to increase during drought and high light (Smirnoff 

and Arnaud, 2019). Nevertheless, the extent to which vacuoles could act as an H2O2 buffer lacks 

sufficient evidence so far. Unfortunately, the quantification of ROS in plant cells is fraught with 

technical difficulty, leaving no consensus on the average concentration in plants, which range 

from 50 to 5000 nmol g–1 (Noctor et al., 2016). The levels of H2O2 in chloroplasts during biotic 

or abiotic stress, like salinity, has been reported as 5-15 μM (Mittler, 2002). Measurements of 

ROS within whole organelles will likely underestimate the extent to which local regions 

experience large ROS bursts. Peroxisomal catalase has Km for H2O2 in the mM range, which 

suggests ROS may exceed mM concentrations in localized regions, particularly when stress 

conditions disrupt cellular ROS homeostasis (Mittler, 2002).  

1.5. Thesis Objectives  

The overall objective of this thesis was to integrate biochemical and functional genomic 

techniques to further test the hypothesis that AtPAP17 has an important role in Arabidopsis Pi 

and ROS metabolism, As previously discussed, the LMW AtPAP17 was the first AtPAP isozyme 

shown to be transcriptionally induced during Pi deprivation or leaf senescence, as well as during 

salinity and oxidative stress. AtPAP17 was also the first PAP purified from Arabidopsis (del 

Pozo et al., 1999). Although its subcellular location was not determined, AtPAP17’s signal 
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peptide suggested targeting to secretory pathways, i.e., the CW and/or apoplast (del Pozo et al., 

1999). Additionally, del Pozo and colleagues (1999) were the first to detect PRx activity in a 

purified plant PAP, similar to the LMW mammalian ACP5 isozyme.  

Previous research in the Plaxton lab involving the isolation of AtPAP26 glycoforms from CW 

extracts of –Pi Arabidopsis suspension cell cultures (Ghahremani et al., 2019a), led to the 

unexpected purification and identification of AtPAP17 (Mina Ghahremani, unpublished1). This 

was followed by: (i) kinetic characterization of its APase activity with respect to assay pH, 

substrate selectivity, and sensitivity to Pi inhibition (Ghahremani, unpublished1), and (ii) Kyla 

Sitgter’s 2017 MSc thesis that failed to detect any impact of AtPAP17 loss of function in an 

atpap17 T-DNA insertional mutant on Arabidopsis growth or Pi metabolism during Pi 

deprivation or leaf senescence1. Mina Ghahremani also prepared a construct for transient 

transformation and subsequent localization of AtPAP17-GFP in Arabidopsis suspension cells (in 

collaboration with Rob Mullen’s lab at the Univ. of Guelph)1. The major goals of the current 

thesis were to: 

1) Optimize and exploit non-denaturing PAGE and in-gel APase activity staining, along with 

availability of a homozygous atpap17 mutant (Stigter, 2017; Wang et al., 2014), to 

determine if the marked induction of AtPAP17 transcripts during Pi deprivation, leaf 

senescence, or salinity stress (del Pozo et al.,1999; Robinson et al., 2012a), is paralleled 

by accumulation of the AtPAP17 enzyme in the extracellular matrix and/or intracellular 

fraction of Arabidopsis seedlings  

2) Kinetically characterize the PRx activity of AtPAP17 with respect to variable assay pH 

and H2O2 concentrations. As attempts to heterologously express active AtPAP17 in the 

 
1 See Chapter 2  
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soluble fraction of E. coli were unsuccessful (Mina Ghahremani, unpublished) this 

required further purification of native AtPAP17 from CW extracts of –Pi Arabidopsis 

suspension cells. This also opened up the possibility for additional physical 

characterization such as AtPAP17’s metal-ion binding, absorbance spectrum, and thermal 

stability.  

3) Finally, the atpap17 T-DNA insertional mutant line studied by Wang et al. (2014) and 

Kyla Sitgter (2017) will be used to identify potential phenotypes during oxidative stress 

imposed by excessive salinity. 

This thesis will further illuminate our current understanding of the potential role of AtPAP17 

in planta, and the proposed similarities between the mammalian ACP5 and LMW plant PAPs 

such as AtPAP17, which has been long speculated in the PAP literature.  
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Fig. 1-1. Schematic diagram providing an overview of the metabolic adaptations evolved by 

plants to enhance Pi uptake from soluble Pi-deficient soils and to improve the efficiency of use of 

the acquired Pi. (Dissanayaka et al., 2021) 
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Fig. 1-2. A model illustrating various adaptive metabolic processes (indicated by red arrows) that help –Pi plants 

acclimate to nutritional Pi deficiency. (A) Alternative reactions of cytosolic glycolysis facilitate respiration, organic 

acid anion production, and metabolic Pi-recycling by –Pi plants. (B) A common feature of the PSR is anthocyanin 

accumulation resulting in development of dark-green or purple shoots. (C) Root efflux of organic acid anions 

(especially malate and citrate) by PSI anion channels (i.e., AMLT and AACT) increases the solubility of mineral-

bound Pi and Po. (D) The tonoplast H+-PPiase is upregulated to conserve ATP by bypassing the tonoplast H+-

ATPase, while recycling Pi from PPi and maintaining active proton transport from the cytosol into the 

vacuole. (E) High-affinity Pi transporters of the plasma membrane are induced to actively assimilate Pi against a 

steep concentration gradient; the soluble Pi concentration in the rhizosphere can be up to 10,000-fold lower than that 

of root cells. (F) Phospholipase induction is accompanied by the replacement of membrane glycerophospholipids 

(orange sphere) with amphipathic sulfonyl and galactolipids (purple and green sphere, respectively). Plant 

phospholipases (PLD and PLC) hydrolyze glycerophospholipids at different ester bonds to scavenge and conserve 

Pi. (G,H) Secreted nucleases, RNases, phosphodiesterases, and PAPs mobilize Pi from soil-localized DNA and 

RNA, derived from decaying biomatter. (H-1, H-2) Upregulation of vacuolar, cell wall, and apoplast/rhizosphere 

targeted PAP isozymes is a universal feature of –Pi plants that makes an essential contribution to their overall PAE 

and PUE. (Dissanayaka et al., 2021). 
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Fig. 1-3. Phylogenetic tree of the 29 PAP isozymes encoded by the Arabidopsis genome, and the 

two human PAP paralogs – HsACP5 and HsACP7. (Fig. reproduced from Ghahremani and 

Plaxton, 2020)  
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Fig. 1-4. The Fenton reaction endows PAPs with peroxidation activity. The redox-active ferrous 

iron (Fe2+) of the dinuclear active site of LMW mammalian PAPs generates highly reactive 

hydroxyl radicals (Equation 1) which play a key role in bone reabsorption and immune responses 

(Schenk et al., 2013). In the reverse reaction the Fenton reaction can scavenge ROS (i.e. 

superoxide, O2
●-) to produce oxygen (Equation 2). 

 

 

Fig. 1-5. Luminol (3-aminophthalhydrazide) oxidation reaction mechanism. Luminol is 

converted by  basic solution into the resonance-stabilized dianion. The dianion is oxidized by the 

H2O2 (oxidation catalyzed by the presence of metal ion such as iron (II) in aqueous solutions) into 

the dicarboxylate ion, accompanied by the loss of molecular nitrogen, N2. When 3-APA* is 

formed it is in an excited (higher energy) electronic state, and sheds it’s “extra” energy by 

emitting a photon of light, allowing the molecule to go to its ground state form, 3-APA. 
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Chapter 2  

Biochemical and molecular characterization of AtPAP17: a dual-targeted, low molecular 

weight Arabidopsis purple acid phosphatase upregulated during phosphate deprivation, 

senescence, and oxidative stress 

Bryden O’Gallagher, Mina Ghahremani, Kyla Stigter, Emma J. L. Walker, Michal Pyc, 

Ang-Yu Liu, Gustavo C. MacIntosh, Robert T. Mullen, and William C. Plaxton 

 

Abstract  

A 35 kDa monomeric purple acid phosphatase (APase) was purified from cell wall extracts of Pi 

starved (–Pi) Arabidopsis suspension cell cultures and identified as AtPAP17 (At3g17790). 

AtPAP17 was de novo synthesized and dual-targeted to the secretome and/or intracellular 

fraction of –Pi or salt stressed, or senescing leaves of Arabidopsis. Transiently expressed 

AtPAP17-GFP localized to lytic vacuoles of the Arabidopsis cells. No discernible biochemical or 

phenotypical changes associated with AtPAP17 loss of function in an atpap17 mutant occurred 

during Pi deprivation, leaf senescence, or salinity stress. Nevertheless, AtPAP17 is hypothesized 

to contribute to Pi metabolism owing to its marked upregulation during Pi starvation and leaf 

senescence, broad APase substrate selectivity and pH-activity profile, and rapid repression and 

turnover following Pi-resupply to –Pi plants. While AtPAP17 also catalyzed the peroxidation of 

luminol, which was optimal at pH 9.2, it exhibited a low Vmax and affinity for H2O2 relative to 

horseradish peroxidase. These results, coupled with absence of a phenotype in the –Pi or salt 

stressed atpap17 mutant, do not support proposals that AtPAP17’s peroxidase activity contributes 

to the detoxification of reactive oxygen species during stresses that trigger AtPAP17 

upregulation. 
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2.1 Introduction 

Acid phosphatases (APases; EC 3.1.3.2) catalyze the hydrolysis of orthophosphate (Pi) from 

a wide variety of Pi-monoesters and anhydrides with an acidic pH optimum. While Pi 

metabolism is essential during the entire lifespan of a plant, the mechanisms that drive Pi 

acquisition and use are of particular importance during nutritional Pi-deprivation, a common 

stress that frequently limits plant growth in natural soils. Upregulation of intracellular and 

secreted APase activity is a hallmark of the plant Pi starvation response (PSR) that has been more 

recently linked to leaf senescence (Dissanayaka et al., 2021; Robinson et al., 2012a; Shane et al., 

2014; Tran et al., 2010a; Wang and Liu, 2018). The largest and most important class of plant Pi 

starvation- and senescence-inducible APases are the purple APases (PAPs) (Tran et al., 2010a; 

Wang and Liu, 2018). PAPs belong to the binuclear metallohydrolase family and require 

heterovalent Fe3+-M2+ catalytic centers (M = Fe, Zn, or Mn). Although primary PAP structures 

vary extensively, domains involved in formation of their bimetallic active site are highly 

conserved, with the pair of metal ions coordinated by seven invariant residues. Their 

characteristic purple or pink color arises from a charge transfer interaction between a metal-

coordinating tyrosine residue and the ferric iron (Fe3+) atom within the active cite (Schenk et al., 

2013). 

Several mammalian and plant PAPs have been characterized as bifunctional enzymes that 

catalyze both phosphatase and peroxidation reactions. The peroxidase (PRx) activity of 

mammalian PAPs arises from their redox-active ferrous iron (Fe2+) that endows them with the 

ability to evolve or scavenge reactive oxygen species (ROS) through a Fenton-type reaction (Fig. 

1-4) (Schenk et al., 2013). The physiological functions of HsACP5, the only PAP expressed by 

the human genome (Fig. 1-3), include the conversion of H2O2 into highly reactive hydroxyl 

radicals that contribute to bone resorption and immune responses (Hayman and Cox, 1994; 
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Schenk et al., 2013). Similarly, the PRx activity of several plant PAPs was hypothesized to 

contribute to ROS detoxification during salinity and other oxidative stresses, or ROS production 

during leaf senescence or pathogen attack (Bozzo et al., 2004a; del Pozo et al., 1999; Li et al., 

2008; Liao et al., 2003; Veljanovski et al., 2006). The increased tolerance to oxidative damage of 

salt-stressed tobacco (Nicotiana tabacum) BY2 cells and Arabidopsis thaliana plants 

overexpressing GmPAP3, a HMW soybean PAP, supports this hypothesis (Li et al., 2008). 

Nevertheless, the mechanistic details that may allow PAPs to scavenge ROS remain obscure and 

await further investigation (Schenk et al., 2013). 

Our most comprehensive understanding of plant PAPs has arisen from studies of the 

Arabidopsis PAP (AtPAP) family, in which 29 PAP genes were annotated and classified into 

three phylogenetic groups according to their deduced primary structures (Li et al., 2002). Groups 

I and II comprise high molecular weight (HMW) PAPs, whereas Group III consists of low 

molecular weight (LMW) PAPs that are more closely related to mammalian PAPs than to HMW 

PAPs (Fig. 1-3) (Schenk et al., 2000a; Schenk et al., 2013). The evolution of HMW and LMW 

PAPs was a very early event, probably occurring before the plant-animal divergence (Li et al., 

2002; Tran et al., 2010a). Several reports have described the upregulation of specific vacuolar or 

secreted AtPAP isozymes during Pi deficiency, namely the HMW and closely-related AtPAP10, 

AtPAP12, AtPAP25, and AtPAP26 (Fig. 1-3), along with the LMW AtPAP17 (del Pozo et al., 

1999; Del Vecchio et al., 2014; Robinson et al., 2012a; Robinson et al., 2012d; Tran et al., 

2010b; Veljanovski et al., 2006; Wang et al., 2011; Wang et al., 2014). Integrated biochemical 

and genetic approaches have identified AtPAP12 and AtPAP26 as the principal APases that are 

upregulated and secreted by Pi-starved (–Pi) Arabidopsis to scavenge Pi from the soil’s organic-P 

(Po) pool, or from cytoplasmic Po compounds that have leaked through the plasma membrane 

into the surrounding cell wall (CW) and apoplast (Ghahremani et al., 2019b; Hurley et al., 2010; 
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Robinson et al., 2012d; Wang et al., 2014).  The dual-targeted AtPAP26 is the predominant 

APase that functions in vacuolar and extracellular Pi recycling from Po compounds during Pi 

deprivation or leaf senescence (Hurley et al., 2010; Robinson et al., 2012a; Shane et al., 2014; 

Veljanovski et al., 2006; Wang et al., 2014).  

AtPAP17 was the first LMW or Pi-starvation inducible (PSI) AtPAP isozyme to be studied. 

del Pozo and co-workers (1999) purified a 35 kDa APase from the soluble intracellular fraction 

of hydroponic cultures of –Pi Arabidopsis seedlings, and identified it as AtPAP17 (At3g17790, 

previously designated as AtACP5) by N-terminal sequencing. Although AtPAP17 exhibited 

APase and PRx activities (del Pozo et al., 1999), kinetic studies of either activity have not been 

undertaken. While predicted to be a secreted protein (del Pozo et al., 1999), AtPAP17’s 

subcellular location also remains to be determined. Owing to the marked induction of AtPAP17 

mRNA in shoots and roots during Pi deprivation (del Pozo et al., 1999), AtPAP17 transcription 

has been frequently exploited as a positive control for studies of the Arabidopsis PSR; e.g. see 

(Hurley et al., 2010; Müller et al., 2004; Tran and Plaxton, 2008; Veljanovski et al., 2006). 

AtPAP17 expression is also strongly induced in response to abscisic acid, salinity or oxidative 

stress, as well as during leaf senescence (del Pozo et al., 1999; Robinson et al., 2012a). Together 

with its PRx activity, this led to the hypothesis that AtPAP17 functions in ROS metabolism, in 

addition to its potential role in Pi scavenging and recycling (del Pozo et al., 1999). A recent 

report described the apparent involvement of AtPAP17 and AtPAP26 genes in an ‘Arabidopsis Pi 

compensation network’, such that loss of expression of one of them was buffered by the 

upregulation of the other isozyme (Farhadi et al., 2020).  

The present study describes the purification, and physical, kinetic and molecular 

characterization of AtPAP17 from CW extracts of –Pi Arabidopsis cell cultures. Evidence that 

AtPAP17 is upregulated and dual-targeted to the cell vacuole and extracellular matrix of –Pi or 
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salt-stressed Arabidopsis is also presented. A reverse genetic approach allowed us to evaluate 

AtPAP17 function during Pi deprivation, leaf senescence, and salinity stress by comparing the 

phenotype of an atpap17 T-DNA insertional mutant with that of wild-type (Col-0) control plants. 

The overall results extend our understanding of the properties and potential functions of LMW 

‘mammalian-type’ PSI plant PAPs.  

2.2 Materials and methods 

2.2.1 Plant material and growth conditions 

Heterotrophic Arabidopsis (Arabidopsis thaliana, cv. Landsberg erecta) suspension cells 

were cultured at 21 °C in the dark in conventional Murashige and Skoog media (pH 5.7) 

containing 1.25 mM Pi (Caisson Labs) as previously described (Ghahremani et al., 2019b; Tran 

et al., 2010a; Veljanovski et al., 2006). For large-scale –Pi subculture, 100 ml aliquots of 7-d-old 

Pi-replete (+Pi) (5 mM K2HPO4) cultures were used to inoculate 2.6 L Fernbach flasks 

containing 400 ml of fresh Murashige and Skoog media lacking Pi (Caisson Labs, Smithfield, 

Utah, USA). –Pi cells were harvested after 7-d by filtration, frozen in liquid N2, and stored at -80 

°C.  

Seeds of a homozygous Arabidopsis mutant (SALK_085340) with a T-DNA insertion in 

the last exon of the AtPAP17 gene (locus At3g17790) (Wang et al., 2014) were kindly provided 

by Prof. Dong Liu (Tsinghua Univ.). A homozygous atpap26 mutant (Salk_152821) was 

obtained as previously described (Hurley et al., 2010). For routine plant growth, seeds were sown 

in a standard soil mixture (Sunshine Aggregate Plus Mix 1; SunGro, Vancouver, Canada) and 

stratified for 3-d at 4 C before being moved to a growth chamber where plants were cultivated at 

23 C (16:8 photoperiod at 100 µmol m-2 s-1 photosynthetically active radiation) with 70% 

humidity. Plants were fertilized as needed by subirrigation with 0.25x Hoagland nutrient solution 
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(pH 6.0). To assess the influence of Pi-deprivation, leaf senescence, or salinity stress on soil-

grown plants, seedlings were grown for 7-d under continuous illumination (100 µmol m-2 s-1) on 

0.8% (w/v) ‘plant cell culture tested’ agar (Millipore-Sigma; catalogue # A7921) containing 0.5x 

Murashige and Skoog media (Caisson Labs) and 1% (w/v) sucrose, before being transplanted into 

a 75 - 85% sphagnum peat moss/perlite soil mix lacking all soluble nutrients (Sunshine Mix 2; 

SunGro). Plants were cultivated in the growth chamber for an additional 21-d and fertilized as 

required with 0.25x Hoagland’s solution containing either 0 (for Pi deprivation studies) or 2 mM 

KH2PO4 (for all other experiments). Whenever Pi was eliminated, it was replaced by 2 mM 

K2SO4 and 0.5 mM MES.   

For growth on agar-solidified Pi-replete (+Pi) or –Pi nutrient medium, seeds were 

surfaced sterilized, stratified, and germinated on agar plates as described above. Germinating 

seedlings of similar size were transferred to horizontal or vertically-oriented 1% (w/v) agar plates 

containing 0.5x ‘Pi-free’ Murashige and Skoog media (Caisson Labs) and 1% (w/v) sucrose, 

supplemented with either 0 or 1.5 mM KH2PO4 and cultivated for 14-d at 23 C (16:8 

photoperiod at 100 µmol m-2 s-1). For liquid seedling cultures, 5 mg of seeds was surface 

sterilized, stratified, and placed in 250 ml Magenta boxes containing 50 ml of 0.5x Murashige 

and Skoog media lacking Pi (Caisson Labs) supplemented with 1% (w/v) sucrose and 0.2 mM 

KH2PO4, and cultivated at 23 C under continuous illumination (100 µmol m-2 s-1) on an orbital 

shaker set at 80 rpm. After 7-d, the seedlings were transferred into 75 ml of fresh media 

containing either 0 or 1.5 mM KH2PO4, or 1.5 mM KH2PO4 supplemented with 50 mM NaCl, and 

cultured for an additional 7-d. The 14-d old seedlings were rinsed and blotted dry, whereas 

seedling culture filtrates containing secreted proteins were passed through 0.45 µm syringe filters 
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and concentrated to 0.5 ml using Amicon Ultra-15 centrifugal filter units (30 kDa MWCO). 

Harvested tissues and seedling culture filtrates were frozen in liquid N2 for storage at -80 C.  

Prolonged exposure of individual Arabidopsis leaves to darkness closely mimics natural 

senescence (Keech et al., 2010; Robinson et al., 2012a). Therefore, once rosette leaves of 

synchronously-growing plants were fully expanded, individual leaves were wrapped with tin foil 

to induce senescence. Leaves appeared 90-100% yellow approximately 6-d after the leaves were 

initially covered. Senescing, yellow leaves along with non-senescent, green leaves (opposite, 

uncovered leaf) were excised, frozen in liquid N2, and stored at -80 C. 

2.2.2 Protein extraction  

For routine extraction of soluble intracellular proteins, quick-frozen suspension cells or 

seedlings cultivated in liquid media, or leaves of soil-grown plants were ground to a powder 

under liquid N2 using a mortar and pestle containing a small spatula of sand and homogenized 

(1:2; w/v) in 50 mM sodium acetate (pH 5.6) containing 1.5 mM MgCl2, 1 mM 

phenylmethylsulfonyl fluoride, 5 mM thiourea, and 1% (w/v) insoluble 

poly(vinylpolypyrrolidone). Homogenates were centrifuged at 14,000 g for 10 min at 4 °C. 

Supernatants were passed through 0.45 µm syringe filters and designated as the intracellular 

fraction. 

2.2.3 Enzyme activity assays and kinetic studies 

All enzyme assays were linear with respect to time and concentration of enzyme assayed. 

One unit (U) of activity is defined as the amount resulting in the use of 1 μmol min-1 of substrate 

at 23 °C. Apparent Vmax, Km, and I50(Pi) values were calculated using the enzyme kinetics feature 

of Graphpad Prism (version 9.0). All kinetic parameters are the means of at least three 

independent experiments and are reproducible to within ±10% of the mean value.  
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Phosphatase assay A: The hydrolysis of phosphoenolpyruvate (PEP) to pyruvate was 

coupled to the lactate dehydrogenase reaction and assayed at 23 °C by monitoring NADH 

oxidation at 340 nm using a Spectramax Plus Microplate spectrophotometer (Molecular Devices, 

Sunnyvale, CA, USA). Optimized assay conditions were 50 mM sodium acetate (pH 5.6), 5 mM 

PEP, 10 mM MgCl2, 0.2 mM NADH, and 3 units ml-1 of desalted rabbit muscle lactate 

dehydrogenase in a final volume of 0.2 ml. All assays were initiated by the addition of enzyme 

preparation and corrected for any background NADH oxidation by omitting PEP from the 

reaction mixture.  

Phosphatase assay B: For substrates other than PEP, Pi released by the phosphatase 

reaction was quantified as previously described (Bozzo et al., 2004a; Veljanovski et al., 2006). 

Controls were run for background amounts of Pi present at each substrate concentration tested. 

To calculate activities, a standard curve over the range of 1-133 nmol Pi was constructed for each 

set of assays.  

Peroxidase assays: A chemiluminescence assay was employed to assess the ability of 

AtPAP17 to catalyze the peroxidation of luminol (Fig. 1-5) (5-amino-2,3-dihydro-1,4-

phthalazinedione) (Akimoto et al., 1990; Hayman and Cox, 1994). Chemiluminescence was 

recorded using a Synergy H1 Microplate Reader (BioTek Instruments, Inc.). Reactions were 

initiated by the addition of 0.1 ml of 20 mM H2O2 to 0.1 ml of 50 mM bis-Tris propane (pH 9.2) 

containing 1 mM luminol and various amounts of AtPAP17. Photon emission was continuously 

monitored for 30 s following H2O2 addition and expressed as relative light units using Gen5 Data 

Analysis Software (BioTek Instruments, Inc.). In control experiments various amounts of 

horseradish peroxidase (HRP) (Millipore-Sigma, catalogue # P8375) or BSA were substituted for 

AtPAP17. We also tested the capacity of purified AtPAP17, HRP, or clarified extracts of Col-0 

and atpap17 leaves to catalyze the peroxidation of guaiacol in the presence of H2O2. Guaiacol 



 

 

  41 

PRx activity was determined at 470 nm by monitoring guaiacol’s oxidation into tetraguaiacol 

using the Spectramax Plus Microplate reader. Assay conditions were 50 mM bis-Tris propane 

(pH 8.2), containing 10 mM guaiacol and 10 mM H2O2. The reaction was initiated by adding 200 

l of the assay mixture to a well of a 96-well microtiter plate that contained a 2.5-20 µL aliquot 

of purified AtPAP17 or HRP, or clarified leaf extract.  

2.2.4 Purification of AtPAP17 from cell wall extracts of Pi-starved Arabidopsis suspension cells 

AtPAP17 was purified from a CW extract prepared from 1 kg of intact –Pi Arabidopsis 

suspension cells via butyl Sepharose, Fractogel SO3
-, Concanavlin-A, and SOURCE 15PHE 

FPLC as previously described for the low mannose AtPAP26-S1 glycoform (Ghahremani et al., 

2019b). Pooled peak SOURCE 15PHE fractions corresponding to the final AtPAP17 preparation 

(Fig. 2-1A) were concentrated to 300 μL, divided into 25 μL aliquots, frozen in liquid N2 and 

stored at -80 °C; its APase activity was stable for at least 3 months when stored frozen. 

2.2.5 N-terminal microsequencing and mass spectrometry 

N-terminal microsequencing was performed by automated Edman degradation at the 

Protein and Peptide Sequencing Facility of the Biotechnology Research Institute (Montreal QC, 

Canada). Peptide mass fingerprinting by matrix assisted laser desorption ionization quadrupole 

time-of flight MS was performed as previously described (Tran et al., 2010a). Briefly, the 35 kDa 

protein staining polypeptide that eluted with the second peak of APase activity during SOURCE 

15PHE FPLC (Fig. 2-1A) was excised from an SDS-PAGE gel, destained, dehydrated, reduced 

and alkylated. Digestion was performed using 10 ng of sequencing grade trypsin. Protein 

identification was performed by searching against the National Center for Biotechnology (NCBI) 

non-redundant database using the MASCOT server 

(https://www.matrixscience.com/server.html). For a positive identification, the identified protein 

must rank as the top hit, match at least four peptides, cover >20% of the total sequence, and 
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generate a MOWSE score greater than the significant threshold at the P < 0.05 level (MOWSE 

score >60).  

2.2.6 AtPAP17 antibody production 

A synthetic AtPAP17 peptide was designed by aligning the deduced amino acid 

sequences of the 29 AtPAP isozymes (Li et al., 2002) using Geneious 

(http://www.geneious.com). A 19 amino acid, N-terminal region unique to AtPAP17 was 

identified (i.e., VSNGELQRFIEPAKSDGSV). The synthetic peptide (Lifetein LLC, Somerset, 

New Jersey, United States) was conjugated to keyhole limpet haemocyanin (Imject™ Maleimide 

Activated mcKLH; Thermo Scientific™, Cat. #77605) and emulsified in Titer Max Gold 

adjuvant (Uptima, Interchim Research, Cedex, France) according to the manufacturer’s 

instructions. The conjugated synthetic peptide (1 mg) was injected subcutaneously into a New 

Zealand rabbit. A secondary injection (0.5 mg) was administered after 28-d. One week following 

the final injection, blood was collected by cardiac puncture and the anti-AtPAP17 immune serum 

frozen in liquid N2 and stored at -80 oC. 

2.2.7 Protein electrophoresis, immunoblotting, and in-gel APase activity staining  

SDS-PAGE, subunit molecular mass estimation via SDS-PAGE, immunoblotting onto 

poly(vinylidene) difluoride membranes and visualization of immunoreactive polypeptides using 

an alkaline phosphatase-tagged secondary antibody and chromogenic detection were conducted 

as previously described (Veljanovski et al., 2006). Non-denaturing PAGE was performed using 

Bio-Rad Mini-Protean TGX gels (10% acrylamide), a running buffer composed of 0.1 M Tris and 

0.15 M glycine (pH 6.8), and a sample loading buffer consisting of 62.5 mM Tris-HCl (pH 6.8) 

containing 25% (v/v) glycerol. Following electrophoresis gels were incubated for 20 min at 23 °C 

in 40 mM Tris-HCl (pH 9.0), 2 mM EDTA, and casein, and then for 20 min in 100 mM Na-

acetate (pH 5.3) containing 10 mM MgCl2. Red APase activity-staining bands were visualized by 



 

 

  43 

placing gels in the same buffer containing 1% (w/v) Fast Garnet GBC salt and 0.03% (w/v) β-

naphthyl-P. All SDS- and non-denaturing PAGE gels, and immunoblots were replicated a 

minimum of two times, with representative results shown in the various figures.  

2.2.8 Determination of protein, chlorophyll, total P, and anthocyanin concentrations  

Protein concentrations were determined using a modified Bradford assay with bovine γ-

globulin as the standard (Bozzo et al., 2002). Chlorophyll, total P, and anthocyanin contents were 

determined as previously described (Hurley et al., 2010; Knowles and Plaxton, 2013; Robinson et 

al., 2012a). 

2.2.9 RNA extraction and quantitative real-time PCR analysis 

Total RNA was extracted from 21 d-old +Pi and –Pi Col-0, atpap17, and atpap26 

seedlings using TRIzol Reagent (Thermo Fisher Scientific) according to a published protocol 

(Rio et al., 2010) with minor changes to the RNA precipitation steps. Briefly, total RNA was 

precipitated with isopropanol-sodium acetate and then re-precipitated with lithium chloride to 

remove gDNA. For cDNA synthesis, 200 ng of RNA was reverse transcribed by SuperScript III 

First-Strand Synthesis System (Thermo Fisher Scientific) according to the manufacturer’s 

instructions. Quantitative real-time PCR (qRT-PCR) was performed using PerfeCTa SYBR 

Green FastMix (QuantaBio) in a StepOnePlus RT-PCR system (Thermo Fisher Scientific) with 

gene-specific primers (Supplementary Table S1). Relative AtPAP17 and AtPAP26 expression 

was calculated by normalizing the CT value to that of the reference genes AtTIP41 and ACT 

(Yang et al., 2015).  

2.2.10 Subcellular localization of AtPAP17-GFP fusion protein  

An AtPAP17 cDNA clone (U23382) was obtained from ABRC and amplified using PCR 

and appropriate primers (Supplementary Table 2-S1). The resulting PCR fragment, containing 

the entire open reading frame of AtPAP17, was inserted into KpnI to XbaI of plasmid pMDC84-
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GFP to yield pMDC84-AtPAP17-GFP. pSAT4A-AtPAP26-mCherry was obtained as previously 

described (Hurley et al., 2010). Culturing of Arabidopsis (cv. Landsberg erecta) suspension cells 

in liquid Mursashige-Skoog media, and co-transient transformations of cells (4-d post 

subculturing) with 10 mg of each plasmid using biolistic bombardment were performed as 

previously described (Hurley et al., 2010). Bombarded cells were incubated for 8 h to allow 

expression and sorting of the expressed proteins, and then fixed in formaldehyde. Images were 

acquired using a Zeiss Axioscope 2 MOT epifluorescence microscope (Carl Zeiss Inc.) with a 

Zeiss 633 plan apochromat oil-immersion objective. Image capture was performed using a Retiga 

1300 charge-coupled device camera (Qimaging) and Northern Eclipse 5.0 software (Empix 

Imaging Inc.). Figure compositions were generated using Adobe Photoshop CS (Adobe Systems 

Inc.).  

2.2.11 Statistical analysis  

Unless otherwise indicated, all statistical analyses were conducted using GraphPad Prism 

Version 9.0 Two-factor analyses of variance (ANOVA) were utilized to identify the effects of 

genotype and treatment, as well as their interaction, on the dependent variable. Data is presented 

as means ±SE. 

2.3 Results and Discussion 

2.3.1 Purification of AtPAP17 from cell walls of Pi-deprived Arabidopsis suspension cells 

Ghahremani and co-workers (2019a) isolated a pair of secreted AtPAP26 glycoforms 

(AtPAP26-S1 and -S2) from the CW proteome of –Pi Arabidopsis suspension cells. During 

lectin‐affinity chromatography on Concanavlin‐A Sepharose, the low mannose AtPAP26‐S1 

failed to bind, whereas the high mannose AtPAP26‐S2 was bound and then eluted using a 

mannopyranoside gradient (Ghahremani et al., 2019b). SOURCE 15PHE hydrophobic interaction 

FPLC of the pooled non-binding Concanavlin‐A fractions unexpectedly resolved two peaks of 
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APase activity, with the first, larger peak representing AtPAP26-S1 (Fig. 2-1A) (Ghahremani et 

al., 2019b). Fractions corresponding to the second APase activity peak shown in Fig. 2-1A 

(specific activity = 27.5 units mg-1) were pooled and concentrated for further investigation. The 

major 35 kDa protein-staining polypeptide observed following SDS-PAGE of this preparation 

(Fig. 2-1B) was excised and subjected to N-terminal microsequencing, as well as peptide mass 

fingerprinting using MS. Comparison with database sequences identified it as AtPAP17 

(At3g17790), with 51% sequence coverage obtained during MS analysis (Fig. 2-2, 

Supplementary Table 2-S2). These results indicate that AtPAP17 was targeted to the CW of the –

Pi cells. This has been corroborated by a proteomics study that listed AtPAP17 (i.e. At3g17790) 

as one of 370 different proteins identified in the CW proteome of rosettes of Arabidopsis plants 

that had been cultivated at 15 oC (Duruflé et al., 2019).  

2.3.2 Bioinformatic analysis  

AtPAP17 shares 56-59% sequence identity with its Group IIIb AtPAP paralogs, which 

include AtPAP3, AtPAP4, AtPAP7, and AtPAP8 (Fig. 2-2, Fig. 1-3), whereas its identity with its 

closest orthologs from other plant species is over 88% (Supplementary Table 2-S3). In silico 

analysis of AtPAP17’s cDNA-deduced amino acid sequence revealed that it is translated as a 338 

amino acid polypeptide with a predicted molecular mass of 38.3 kDa (Fig. 2-2). The 3.3 kDa 

discrepancy with the 35 kDa molecular mass of purified AtPAP17 as estimated by SDS-PAGE 

(Fig. 2-1B) can be explained by cleavage of a signal peptide. Signal P 

(http://www.cbs.dtu.dk/services/SignalP/) predicted that AtPAP17’s N-terminus contains a 31 

amino acid signal peptide that targets it to the secretory pathway, which includes secreted and 

vacuolar proteins. The N-terminal sequence of AtPAP17 isolated from the CW (Fig. 2-2) or 

intracellular (del Pozo et al., 1999) fraction of –Pi Arabidopsis begins at position 32, confirming 

an actual signal peptide length of 31 amino acids.  
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Glycosylation is an important post-translational modification that can modulate enzymatic 

stability, localization, and kinetic properties. Although all characterized PAPs are glycosylated, 

few details of their N-linked glycans are available (Del Vecchio et al., 2014; Ghahremani et al., 

2016; Ghahremani et al., 2019b; Olczak and Olczak, 2007). AtPAP17 is predicted to have a 

single N-linked glycosylation site at Asn-61, which forms part of a conserved NX(S/T) 

glycosylation motif (where X is any amino acid except Pro) (Fig. 2-2). AtPAP17 glycosylation at 

Asn-61 was confirmed during an N-glycopeptide profiling study of the Arabidopsis inflorescence 

proteome, which employed wheat germ lectin affinity chromatography to enrich glycopeptides 

(Xu et al., 2016).  

2.3.3 AtPAP17 is dual-targeted to the cell vacuole and extracellular matrix of Pi-deprived 

Arabidopsis  

In contrast to the current study, del Pozo and colleagues (1999) purified AtPAP17 from 

the soluble, intracellular fraction of –Pi Arabidopsis seedlings. To further evaluate the subcellular 

targeting of AtPAP17, a protocol was devised for simultaneous extraction of intracellular and 

ionically-bound CW proteomes from –Pi Arabidopsis cell cultures that exhibit negligible 

contamination by CW and cytoplasmic marker proteins, respectively (Supplementary Fig. 2-S1). 

Immunoblotting demonstrated that the abundant cytosolic marker enzymes aldolase and sucrose 

synthase were undetectable in the CW extract (Supplementary Fig. 2-S2A and 2-S2B). By 

contrast, immunoreactive 40 kDa aldolase and 93 kDa sucrose synthase polypeptides that co-

migrated with the respective purified enzymes were readily detected on parallel immunoblots of 

the corresponding intracellular fraction (Supplementary Fig. 2-S2A and 2-S2B). The same 

extracts were subjected to immunoblotting for AtPAP25, a 55 kDa HMW AtPAP (Fig. 1-3) 

previously purified and characterized from the CW proteome of –Pi Arabidopsis suspension cells 

(Del Vecchio et al., 2014). A 55 kDa immunoreactive polypeptide that co-migrated with purified 
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AtPAP25 was detected on an anti-(AtPAP25) immunoblot of the CW extract, but not the 

corresponding intracellular extract (Supplementary Fig. 2-S2C). SDS-PAGE followed by total 

protein staining with SYPRO-Red revealed that the CW and intracellular samples exhibited 

highly dissimilar banding patterns (Supplementary Fig. 2-S2D). These results indicate that the 

protocol outlined in Supplementary Fig. 2-S1 is a reliable method for the concurrent isolation of 

soluble intracellular and ionically-bound CW proteomes of Arabidopsis suspension cells.  

 Non-denaturing PAGE followed by in-gel APase activity-staining allows visualization of 

the presence and relative abundance of HMW and LMW APase isozymes present in plant 

extracts (Hurley et al., 2010; Robinson et al., 2012a; Sun et al., 2018; Tran et al., 2010a; Wang et 

al., 2014; Wang and Liu, 2018). Non-denaturing PAGE of CW and intracellular extracts from –Pi 

suspension cells revealed a LMW APase-activity staining band that co-migrated with purified 

AtPAP17, and that was well resolved from other co-extracted APases (Fig. 2-3A). AtVSP3, a 29 

kDa PSI vegetative storage protein that exhibits APase activity (Sun et al., 2018), was only 

detected in the intracellular fraction of the –Pi suspension cells, and like AtPAP17 showed 

marked turnover 48 h following resupply of 2 mM Pi to the –Pi cells (Fig. 2-3A). Sun and co-

workers (2018) purified and characterized native AtVSP3 from the soluble, intracellular fraction 

of hydroponically-cultivated –Pi Arabidopsis seedlings.  

 Comparable results were obtained following non-denaturing PAGE of intracellular and 

secretome samples of hydroponic cultures of two-week-old Arabidopsis seedlings that had been 

cultivated for 7-d in –Pi liquid media prior to harvest (Fig. 2-3B). The LMW APase activity 

staining band of the –Pi samples that co-migrated with purified AtPAP17 was absent in 

corresponding extracts of +Pi plants, as well as a –Pi atpap17 T-DNA mutant that is discussed 

below. In contrast to the suspension cells, the fastest migrating APase activity staining band 
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representing AtVSP3 (Sun et al., 2018) was detected in intracellular and secretome fractions of 

the Arabidopsis seedlings (Fig. 2-3A and 2-3B).  

To visualize subcellular AtPAP17 localization in intact cells, its coding region was fused 

with a GFP reporter gene and transiently expressed in Arabidopsis suspension cells. 

Epifluorescence microscopy demonstrated that AtPAP17-GFP was targeted to lytic vacuoles 

(Fig. 2-4A) as evidenced by its co-localization with co-expressed AtPAP26-mCherry (Fig. 2-4B 

and 2-4C), serving as a well-characterized vacuole marker fusion protein (Ghahremani et al., 

2019a, 2019b; Hurley et al., 2010). This result is consistent with those of Fig. 2-3, as well as del 

Pozo and co-workers (1999) who isolated AtPAP17 from the intracellular fraction of –Pi 

Arabidopsis seedlings. The collective results of Figs. 3 and 4 support the conclusion that 

AtPAP17 is dual-targeted to the cell vacuole and extracellular matrix during Pi deprivation, as 

occurs with AtPAP26 and its interacting lectin AtGAL1 (Ghahremani et al., 2019a; Hurley et al., 

2010). Although several other members of the LMW plant PAP family are also upregulated and 

dual-targeted during Pi deprivation, none were localized to the cell vacuole (Kataya et al., 2016; 

Liang et al., 2010; Liu et al., 2016; Zhu et al., 2020). For example: (i) AtPAP7 is a LMW 

AtPAP17 paralog (Fig. 1-3) targeted to the endoplasmic reticulum and peroxisomes of 

Arabidopsis leaves (Kataya et al., 2016), (ii) the LMW GmPAP7a and GmPAP7b paralogs of –Pi 

soybean were localized to the cytoplasm, plasma membrane, and apoplast when expressed in in 

tobacco leaf epidermal cells (Zhu et al., 2020), (iii) PvPAP3, the predominant LMW PAP 

upregulated by –Pi bean plants, was localized to the plasma membrane and apoplast (Liang et al., 

2010), whereas (iv) SgPAP7, a LMW PAP upregulated by –Pi Stylosanthes, was localized to the 

plasma membrane and cytoplasm when expressed in bean roots (Liu et al., 2016).  
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2.3.4 Pi deprivation, leaf senescence, and salinity stress induce AtPAP17 gene and protein 

expression 

Transcript profiling via semi-quantitative RT-PCR and/or qRT-PCR corroborated many 

reports (e.g., see: del Pozo et al., 1999; Hurley et al., 2010; Müller et al., 2004; Tran and Plaxton, 

2008; Veljanovski et al., 2006) that AtPAP17 expression is strongly induced in –Pi suspension 

cells, and shoots and roots of –Pi seedlings (Supplementary Fig. 2-S3). Similarly, the non-

denaturing PAGE results of Fig. 2-3 indicated that AtPAP17 was de novo synthesized by the –Pi 

suspension cells and seedlings. This supports the view that AtPAP17 upregulation during Pi 

deprivation is controlled mainly at the transcriptional level since the AtPAP17 promoter contains 

a binding site for PHR1, a transcription factor that functions as a master controller of the PSR 

(Bustos et al., 2010). Interestingly, intracellular- and secreted AtPAP17 polypeptides appeared to 

be largely turned over within 48 h of resupply of 2 mM Pi to the –Pi suspension cells (Fig. 2-3A). 

It is remarkable that AtPAP17 was the most significantly downregulated of over 1,000 

intracellular proteins whose abundance significantly changed 48 h following resupply of 2 mM Pi 

to the –Pi Arabidopsis cells (Mehta et al., 2021). This parallels the rapid repression of AtPAP17 

transcription (i.e., within 30 min) that ensues Pi-resupply to –Pi Arabidopsis suspension cells or 

seedlings (del Pozo et al., 1999; Müller et al., 2004; Veljanovski et al., 2006). Mehta and co-

workers (2021) also identified several intracellular proteases whose abundance significantly 

increased 48 h following Pi-resupply to the –Pi Arabidopsis cells, whereas the Pi-resupply 

mediated turnover of a pair of secreted, PSI HMW PAP isozymes of tomato suspension cells was 

correlated with the de novo synthesis and secretion of a pair of serine protease isoforms (Bozzo et 

al., 2004b). Additional studies are needed to determine the identities, regulation, and mechanism 

of Pi-resupply inducible proteases that target PSI enzymes, including PAPs, for degradation. 
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Stable overexpression of PSI proteins such as AtPAP17 in transgenic plants could be enhanced 

by modified protease expression and/or the design of protease-resistant PSI proteins. 

While the PSR involves strategies such as the upregulation of secreted and vacuolar PAPs 

and ribonucleases to improve Pi acquisition and use efficiency, the redistribution of Pi from the 

Po pool (particularly rRNA) of senescing leaves to developing seeds and immature leaves makes 

a crucial contribution to plant Pi use efficiency (Stigter and Plaxton, 2015). AtPAP17 transcript 

profiling and AtPAP17 promoter-GUS reporter gene fusion assays demonstrated that AtPAP17 

transcription is strongly induced during leaf senescence, as well as in roots and shoots during 

salinity stress (del Pozo et al., 1999; Robinson et al., 2012a). This is paralleled by de novo 

synthesis of 35 kDa AtPAP17 polypeptides as indicated by non-denaturing PAGE and in-gel 

phosphatase activity staining of extracts prepared from senescing Arabidopsis leaves, or 

intracellular extracts and culture filtrates of hydroponically cultivated +Pi seedlings that had been 

incubated with 50 mM NaCl for 7-d prior to harvest (Fig. 2-5A and 2-5B). The LMW 

phosphatase activity-staining band of the various samples that co-migrated with purified 

AtPAP17 was absent following non-denaturing PAGE of corresponding extracts of the atpap17 

T-DNA mutant. The overall results demonstrate that AtPAP17 transcription closely correlates 

with relative levels of the AtPAP17 enzyme. A similar relationship between transcript and 

protein abundance was reported for AtPAP12 and AtPAP25, HMW AtPAPs that are also 

upregulated and secreted into the extracellular matrix of –Pi Arabidopsis (Del Vecchio et al., 

2014; Tran et al., 2010b; Wang et al., 2014).  

Interrogation of mRNA expression datasets for the AtPAP family deposited in the Bio-

analytic Resource for Plant Biology (http://bar.utoronto.ca): (i) confirmed that AtPAP17 is 

markedly induced in shoots and roots by multiple abiotic stresses, particularly during Pi 

deprivation, and osmotic and salt stress, and (ii) AtPAP17’s stress-inducible expression patterns 
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appear to be relatively unique compared to other AtPAP family members, including its closest 

LMW paralogs AtPAP3, AtPAP4, AtPAP7, and AtPAP8 (Supplementary Fig. 2-S4). While 

AtPAP17 transcription is induced by multiple stresses, it is not a general stress response gene 

since its expression was unresponsive to nitrogen or potassium starvation, or oxidative stress 

mediated by paraquat or salicylic acid (del Pozo et al., 1999). 

2.3.5 AtPAP17 immunological and physical properties 

For production of anti-AtPAP17 antibodies (anti-PAP17), a 19 amino acid peptide 

matching a portion of AtPAP17’s N-terminus was synthesized with an N-terminal cysteine 

residue to enable its conjugation to keyhole limpet hemocyanin prior to rabbit immunization. A 

1:500 dilution of the immune serum cross-reacted with as little as 15 ng of purified AtPAP17 

(Fig. 2-1C). AtPAP17 is immunologically distinct from AtPAP12, AtPAP25, or AtPAP26 (Fig. 

2-1A, Supplementary Fig. 2-S5), which corroborates its distant phylogenetic relationship with 

these HMW group Ia AtPAP members (Fig. 1-3)  

When an aliquot of the final AtPAP17 preparation was subjected to gel filtration on a 

calibrated Superdex 75 column and analyzed by SDS-PAGE, a single 35 kDa protein-staining 

polypeptide was observed that cross-reacted with anti-AtPAP17 (Supplementary Fig. 2-S6A), 

indicating that AtPAP17 had been purified to apparent homogeneity. AtPAP17’s native 

molecular mass was estimated by analytical gel filtration to be 35 4 kDa (mean SE of n = 3 

determinations) (Supplementary Fig. 2-S6B). Thus, native AtPAP17 exists as a 35 kDa 

monomer, as occurs with PvPAP3 and HsACP5, LMW PAP orthologs of common bean and 

humans, respectively (Liang et al., 2010; Schenk et al., 2013). Despite its sensitivity (Fig. 2-1C), 

the anti-AtPAP17 failed to detect any immunoreactive polypeptides following immunoblotting of 

clarified extracts prepared from –Pi suspension cells or seedlings, using either chromogenic or 

enhanced chemiluminescent detection. This suggests that cellular levels of AtPAP17 



 

 

  52 

polypeptides are comparatively low relative to highly expressed PAPs such as AtPAP26 

(Robinson et al., 2012a; Tran et al., 2010a; Veljanovski et al., 2006). 

AtPAP17 was relatively heat-stable, losing no APase activity when 10 µL aliquots 

containing 0.5 µg of the purified enzyme were incubated for 4 min at 50 or 60 oC. However, a 

90% loss in APase activity that was detected following its 4 min incubation at 70 oC indicates 

that AtPAP17 undergoes irreversible denaturation beyond 60 oC. Similar results were obtained 

with PvPAP3, a 34 kDa PSI and secreted AtPAP17 ortholog of common bean (Liang et al., 

2010).  

2.3.6 AtPAP17 phosphatase kinetic properties 

Unless otherwise indicated, all kinetic studies were performed using phosphatase assay A. 

Purified AtPAP17 was activated approximately 50% by 10 mM MgCl2 at pH 5.6. Similar results 

were reported for a variety of plant PAPs, including the LMW PvPAP3 (Liang et al., 2010). 

Thus, 10 mM MgCl2 was routinely included in AtPAP17’s phosphatase assay mixture. AtPAP17 

displayed a broad pH-APase activity profile, exhibiting maximal activity between pH 5.5-7.5 

(Fig. 2-6A). This differs from the majority of characterized plant PAPs, which exhibit sharper 

pH-activity profiles with optimal activity centred around pH 5.5-6.0 (Tran et al., 2010a). 

However, PvPAP3 also exhibited a broad pH-APase activity optima in the range of pH 5.5 – 8.0 

(Liang et al., 2010), indicating that this may be a unique kinetic feature of LMW plant PAPs. 

This unusual property could facilitate their Pi-scavenging ability during: (i) alkalinization of the 

extracellular matrix that accompanies salinity or drought stress, or leaf senescence, or (ii) loss of 

tonoplast integrity that occurs during programmed cell death that accompanies senescence, and 

vacuolar proteins such as AtPAP17 become exposed to higher pH values characteristic of the 

cytoplasm (Borniego et al., 2020; Geilfus, 2017).  
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2.3.7 Substrate specificity 

APase activity of AtPAP17 was determined at pH 5.6 using assay B and a wide range of 

phosphorylated compounds tested at a concentration of 5 mM. Similar to most PAPs 

characterized to date (Tran et al., 2010a), AtPAP17 exhibited broad substrate specificity (Tables 

2-1 and 2-2). PEP, phenyl-P, para-nitrophenyl-P, α- and β-napthyl-P, and ATP were the most 

effective substrates (Table 2-1). AtPAP17 also showed phosphatase activity with 

phosphotyrosine, phosphothreonine, phosphoserine, as well as the egg storage phosphoprotein 

phosvitin (Table 2-2). Extracellular protein phosphorylation is widespread in animal and plant 

cells, and HsACP5, the 36 kDa human ortholog of AtPAP17 (Fig. 1-3), plays a key role in bone 

metabolism by dephosphorylating osteopontin, a secreted bone matrix phosphoprotein 

(Ghahremani and Plaxton, 2020; Schenk et al., 2013). Similarly, CW-targeted plant PAPs such as 

AtPAP25, or NtPAP12 of tobacco, appear to function in signaling and/or CW metabolism by 

dephosphorylating CW phosphoproteins (Del Vecchio et al., 2014; Ghahremani and Plaxton, 

2020). It will be of interest to assess AtPAP17’s potential contribution to CW phosphoproteome 

reprogramming when Arabidopsis is subjected to stresses that trigger AtPAP17 upregulation and 

accumulation in the extracellular matrix. However, AtPAP17 did not use 5 mM phytate as a 

substrate, which demonstrates that in contrast to AtPAP15 (Tran et al., 2010a), it is not a phytase. 

Likewise, no phosphodiesterase activity was detected with 5 mM bis-para-nitrophenyl-P. 

Kinetic parameters of AtPAP17 for those P-esters that were the most effective substrates 

were determined at pH 5.6 (Table 2). AtPAP17’s catalytic efficiency (Vmax/Km) with PEP was at 

least 7-fold greater than that of any of other substrate. Hyperbolic saturation kinetics were 

routinely observed, with a low Km(PEP) value of 100 μM in the same range as that reported for 

AtPAP12, AtPAP25, or AtPAP26 purified from CW extracts of the –Pi cells  (Del Vecchio et al., 

2014; Ghahremani et al., 2019a; Tran et al., 2010a). AtPAP17’s Vmax(pNPP) value of about 20 
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units mg-1 (Table 2) was far lower than the specific pNPP hydrolyzing activity of 1,333 units mg-

1 reported by del Pozo and co-workers (1999) for AtPAP17 purified from –Pi Arabidopsis 

seedlings. The reason for this huge discrepancy is unknown, but a maximal pNPP hydrolyzing 

activity in the range of 20 units mg-1 was consistently achieved for multiple AtPAP17 

preparations that I purified from the –Pi suspension cells (e.g., see Appendix-I). AtPAP17’s 

Km(pNPP) value of 0.85 mM (Table 2) was comparable to the value of 0.4 mM reported for its 

LMW ortholog isolated from rat bones (Ek-Rylander et al., 1997).  

2.3.8 Metabolite and ion effects 

Several compounds were examined for effects on AtPAP17’s APase activity at pH 5.6 

with 5 mM PEP as substrate (Supplementary Table 2-S4). Tartrate (5 mM) exerted no influence 

on AtPAP17 activity, which is consistent with its PAP classification (Schenk et al., 2013). By 

contrast, potent inhibition was exerted by molybdate, vanadate, and Zn2+, as reported for other 

PAPs (Bozzo et al., 2004a; Del Vecchio et al., 2014; Tran et al., 2010a; Tran et al., 2010a; 

Veljanovski et al., 2006). AtPAP17 also exhibited effective feedback inhibition by Pi as reflected 

by its relatively low I50(Pi) value of 0.93 ±0.10 mM. Coupled with the rapid repression of 

AtPAP17 transcription, and turnover of AtPAP17 polypeptides following Pi-resupply to –Pi 

Arabidopsis (Fig. 2-4A) (del Pozo et al., 1999; Mehta et al., 2021; Müller et al., 2004; 

Veljanovski et al., 2006), this indicates tight feedback control by Pi that would curtail AtPAP17’s 

phosphatase activity except when cellular Pi levels are relatively low.  

2.3.9 AtPAP17 peroxidase activity 

Several mammalian and plant PAPs, including HsACP5, AtPAP17, and AtPAP26 were 

characterized as bifunctional enzymes that exhibit APase and PRx activities (Bozzo et al., 2002, 

2004a; del Pozo et al., 1999; Hayman and Cox, 1994; Veljanovski et al., 2006). We initially 

attempted to measure AtPAP17’s PRx activity using a spectrophometric assay based upon H2O2-
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mediated oxidation of guaiacol (2-methoxyphenol) to tetraguaiacol (biphenoquinone). Although 

this assay readily detected PRx activity in control HRP assays, as well as in pooled fractions from 

earlier steps of AtPAP17 purification, it failed to detect any activity during parallel assays with 

up to 2.5 µg of our final AtPAP17 preparation. We next investigated the ability of AtPAP17 to 

catalyze the peroxidation of luminol in the presence of H2O2 using a chemiluminescence assay. 

The limitations imposed by the requirements of the luminol reaction negate chemiluminescence 

determinations at acidic pH values. However, in the pH range 7-10 the peroxidative activity of 

AtPAP17 elicited significant chemiluminescence relative to equimolar concentrations of BSA 

(Supplementary Fig. 2-S7A), with maximal activity occurring at about pH 9.2 (Fig. 2-6A). The 

induction of chemiluminescence likely resulted from formation of hydroxyl radicals as products 

of the Fenton reaction (Fig. 1-4) (Schenk et al., 2013). Photon emission generated by AtPAP17’s 

PRx activity was proportional to protein concentration (Supplementary Fig. 2-S7A). Calibration 

of the luminometer with known amounts of HRP (3,236 units mg-1; see Appendix-II) 

(Supplementary Fig. 2-S7B) allowed us to estimate a specific PRx activity of 41 units mg-1 for 

our final AtPAP17 preparation when assayed at pH 9.2 with 10 mM H2O2 and 1 mM luminol. 

AtPAP17’s H2O2 saturation kinetics were examined at pH 9.2 and revealed standard Michaelis-

Menten kinetics (Fig. 2-6B) with a relatively high Km(H2O2) value of 3.4 ±0.7 mM, compared to 

glutathione or ascorbate PRxs, and HRP that all exhibit Km(H2O2) values in the µM range 

(Akimoto et al., 1990).  

2.3.10 Impact of AtPAP17 loss of function during Pi deprivation, leaf senescence, and salinity 

stress 

Wang and co-workers (2014) capitalized on the publicly available T-DNA insertion lines 

of Arabidopsis to identify and isolate a homozygous atpap17 mutant (SALK_085340) that 

contained a T-DNA insert in its last exon (Supplementary Fig. 2-S8A). We verified this by 
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extracting gDNA from leaves of atpap17 and Col-0 plants followed by PCR-screening using 

gene-specific and T-DNA left border primers (Supplementary Fig. 2-S8B, Table 2-S1). 

SALK_085340 is a null allele, as demonstrated by the absence of AtPAP17 mRNA in –Pi 

atpap17 plants (Wang et al., 2014). The non-denaturing PAGE results of Figs. 3 and 5 

demonstrated that: (i) upregulation of AtPAP17’s phosphatase activity during Pi deprivation, leaf 

senescence, or salt stress was also abolished in this atpap17 line, and (ii) there was no obvious 

upregulation of any other intra- or extracellular HMW or LMW APase isozyme to compensate 

for the loss of AtPAP17 expression. Wang et al. (2014) reported that AtPAP17 knockout did not 

influence the upregulation of total root or shoot APase activities during Pi-deprivation, nor 

development or appearance of +Pi or –Pi atpap17 seedlings during their cultivation on agar 

plates. We expanded this analysis to assess the growth and several biochemical parameters of 

atpap17 plants growing in +Pi or –Pi media or soil, during leaf senescence, or following salinity 

stress. Consistent with the observations of Wang et al. (2014), there was no discernable alteration 

in the developmental or biochemical phenotype of atpap17 relative to Col-0 plants under each of 

these conditions (Figs. 7-9). No significant differences between Col-0 and atpap17 seedlings 

were noted regarding the degree to which Pi deprivation increased total APase activity, root:shoot 

fresh weight ratio during cultivation on vertically-oriented agar plates, or leaf anthocyanin 

content when grown in a –Pi soil mix under a regular light-dark regime (Fig. 2-7). By contrast, 

Farhadi and colleagues (2020) reported that relative to Col-0 controls, 21-d-old atpap17 mutant 

seedlings cultivated under +Pi and –Pi conditions respectively exhibited an approximate 33% 

increase and 10% decrease in fresh weight, and (ii) about 40% lower and 43% greater total APase 

activities. These results were attributed to the compensatory upregulation of AtPAP26 

transcription, which was reported to increase by about 1.5-fold in the +Pi atpap17 mutant relative 

to Col-0 plants, as determined by qRT-PCR with ACTIN as the reference gene (Farhadi et al., 
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2020). By contrast, our qRT-PCR analysis failed to detect any significant alteration in AtPAP26 

expression in +Pi atpap17 mutant seedlings when using either ACTIN or TIP41 as a reference 

gene (Supplementary Fig. 2-S9). Similarly, under –Pi conditions no difference in AtPAP26 

expression was observed in atpap17 seedlings when TIP41 was the reference gene, whereas a 

marginal 1.24-fold increase in AtPAP26 expression occurred when ACTIN was the reference gene 

(Supplementary Fig. 2-S9). Moreover, there was no obvious upregulation of a HMW APase 

activity staining band corresponding to the 100 kDa AtPAP26 homodimer following non-

denaturing PAGE of intracellular or secretome extracts from +Pi or –Pi atpap17 plants relative to 

Col-0 controls (Figs. 3 and 5). Farhadi et al. (2020) also described a huge compensatory increase 

(i.e. >6-fold) in AtPAP17 transcript levels in an atpap26 mutant relative to Col-0 seedlings. This 

contradicts semi-quantitative qRT-PCR analysis of Hurley and colleagues (2010) who did not 

detect any obvious alteration in abundance of shoot or root AtPAP17 transcripts in +Pi (or –Pi) 

atpap26 mutant seedlings relative to Col-0 controls. Nor was any difference apparent in the 

intensity of the LMW phosphatase activity-staining band corresponding to AtPAP17 that was 

observed following non-denaturing PAGE of extracts from –Pi atpap26 versus Col-0 plants 

(Hurley et al., 2010). Likewise, although our qRT-PCR analysis confirmed results of 

Supplementary Fig. 2-S8 (and numerous prior studies) that AtPAP17 expression is greatly 

induced during Pi-deprivation, there was no significant difference in AtPAP17 mRNA abundance 

of –Pi atpap26 versus Col-0 plants when using either ACTIN or TIP41 as reference genes 

(Supplementary Fig. 2-S9). The reasons for these conspicuous discrepancies with corresponding 

results of Farhadi et al. (2020) are unclear, but could be a result of the different atpap17 T-DNA 

line used (SALK_097940) compared to the T-DNA line used in the present study 

(SALK_085340). Farhadi and co-workers (2020) also reported that complementation of their 

atpap17 and atpap26 plants with AtPAP17 and AtPAP26 genes, respectively, abolished all 
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growth and biochemical phenotypes they observed with the mutants; this is difficult to evaluate, 

however, as both the methods employed, and results obtained with the respective AtPAP17 and 

AtPAP26 complementation lines were not shown.  

  Leaves of soil grown Col-0 and atpap17 plants were fully expanded 21-d after planting 

and showed no phenotypic differences or signs of yellowing. Individual leaves were wrapped 

with aluminum foil to induce a senescence program that closely mimics natural senescence 

(Keech et al., 2010; Robinson et al., 2012a). The progression of senescence was monitored by 

observing the extent of leaf yellowing, as well as by assaying chlorophyll contents at various time 

points following initiation of prolonged darkness (Fig. 2-8). Delayed senescence of Arabidopsis 

leaves occurred when the expression of senescence-associated genes encoding key hydrolytic 

enzymes, such as a membrane lipase, ribonuclease, or AtPAP26 was repressed or eliminated (He 

and Gan, 2002; Lers et al., 2006; Robinson et al., 2012a; Thompson et al., 2000). This lag is 

believed to arise as a consequence of reduced macromolecule degradation, as the progress of 

senescence is tightly coordinated with the efficient recycling of nutrients freed by the catabolism 

of cellular macromolecules (Stigter and Plaxton, 2015). However, in contrast to the atpap26 

mutant (Robinson et al., 2012a) there was no significant difference in the: (i) rate at which the 

senescing Col-0 and atpap17 leaves yellowed or their chlorophyll contents decreased (Fig. 2-8A 

and 2-8B), nor (ii) Pi remobilization efficiencies of fully senesced Col-0 and atpap17 leaves 

which were determined to be 59 ±6% and 65 ±8% (means ±SE, of n = 3 replicates), respectively. 

APase activities of clarified extracts prepared from atpap17 and Col-0 leaves were also 

determined. Although leaf senescence triggered a marked increase in intracellular APase activity, 

which has been attributed to AtPAP26 upregulation (Fig. 2-5A) (Robinson et al., 2012a), no 

significant difference in extractable APase activity of non-senescing or senescing leaves of 

atpap17 plants was detected relative to Col-0 controls (Fig. 2-8C).  
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Similarly, AtPAP17 loss-of-function exerted no obvious impact on appearance, shoot fresh or 

dry weights, nor leaf APase or guaiacol PRx activities of 28 d-old soil-cultivated atpap17 plants 

that had been irrigated with 150 mM NaCl for one week prior to harvest (Fig. 2-9A-C). Although 

APase activity of the clarified leaf extracts of atpap17 plants appeared to be unaffected, guaiacol 

PRx activity uniformly increased by about 200% in leaves of the salt stressed Col-0 and atpap17 

plants (Fig. 2-9C). Glutathione and ascorbate PRx upregulation are well-established adaptations 

that contribute to ROS detoxification during plant acclimation to salinity stress (Ismail et al., 

2014). In contrast to our results (Fig. 2-9), a follow-up study to (Farhadi et al., 2020) reported 

that when cultivated with 50-150 mM NaCl their atpap17 mutant exhibited (relative to Col-0 

controls) dramatic (i.e. up to ~50%) reductions in seedling fresh and dry weights, as well as total 

APase and guaiacol PRx activities of clarified shoot or root extracts (Abbasi-Vineh et al., 2021). 

Unfortunately, I was also unable to corroborate any of these results with the salt-stressed atpap17 

plants that were examined in the current study (Fig. 2-9).  

2.4 Concluding remarks 

The present study described the purification and characterization of AtPAP17 from the CW 

proteome of –Pi Arabidopsis suspension cells. We also established that de novo AtPAP17 

synthesis occurred in Arabidopsis suspension cells or seedlings responding to Pi deprivation or 

salinity stress, as well as in senescing leaves. Its unique expression profiles, dual-targeting to 

CW/apoplast and cell vacuole, broad substrate selectivity and pH-phosphatase activity profile, 

and rapid repression and turnover following Pi-resupply to the –Pi cells is indicative of its role in 

specialized metabolic pathways. Since PAP17 exhibits phosphoamino acid and protein 

phosphatase activity (Table 2-1), and extracellular protein phosphorylation is well established in 

plants (Ghahremani and Plaxton, 2020), a similar role for this enzyme cannot be discounted. 
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AtPAP17's induction by numerous stresses combined with the broad distribution of AtPAP17‐

like, LMW PAPs in phylogenetically diverse species also implies an important and conserved 

function for AtPAP17 orthologs within the plant kingdom. Nevertheless, our analysis of a 

homozygous atpap17 mutant failed to detect any biochemical or phenotypical changes associated 

with AtPAP17 loss of function during Pi deprivation, leaf senescence, or salinity stress (Figs. 2-

7–9). This corroborates results of Wang and colleagues (2014), and is likely due to compensation 

by other members of the AtPAP family, particularly AtPAP26, a highly expressed vacuolar and 

secreted HMW PAP that plays a central role in Pi scavenging and recycling during Pi deprivation 

and leaf senescence (Ghahremani et al., 2019a; Hurley et al., 2010; Robinson et al., 2012a; 

Robinson et al., 2012d; Tran et al., 2010b; Veljanovski et al., 2006; Wang et al., 2014). By 

contrast, the PRx activity of AtPAP17, as well as several HMW PAPs including GmPAP3, was 

hypothesized to contribute to ROS detoxification during stress (del Pozo et al., 1999; Li et al., 

2008; Liao et al., 2003). Owing to superoxide and hence H2O2 generation as toxic byproducts of 

the photosynthetic and respiratory electron transport chains, ROS accumulates during stresses 

such as Pi deprivation or excessive salinity that trigger AtPAP17 upregulation (Ismail et al., 

2014; Malusa et al., 2002; Mittler, 2002). Because H2O2 readily diffuses through aquaporins, 

H2O2 produced at a specific cellular site rapidly accumulates in other areas of the cell, including 

compartments where AtPAP17 is localized, namely the cell vacuole and extracellular matrix 

(Mittler, 2002). del Pozo and colleagues (1999) hypothesized that AtPAP17’s PRx activity might 

contribute to ROS scavenging during oxidative stress that accompanies excessive salinity or 

drought, Pi deprivation, or treatment with H2O2. However, an important H2O2 metabolism role 

for AtPAP17 is difficult to reconcile with its relatively low Vmax and affinity for H2O2, coupled 

with the absence of phenotypic changes in the salt-stressed atpap17 mutant relative to Col-0 

control plants (Fig. 2-9). It is also important to recognize that H2O2 metabolism via a PAP’s 
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Fenton reaction does not ‘scavenge’ ROS, as suggested by several studies (del Pozo et al., 1999; 

Li et al., 2008; Liao et al., 2003), but is actually a ROS-generating process that produces highly 

reactive hydroxyl radicals (Fig. 1-4). Furthermore, stresses that induce AtPAP17 also induce a 

wide assortment of ROS scavenging enzymes, including glutathione and ascorbate PRxs that 

exhibit a high activity and affinity for H2O2, and that are targeted to all of the major subcellular 

compartments of plant cells, including the cell vacuole and CW (Mittler, 2002). An important 

ROS scavenging role for AtPAP17 during Pi deprivation is also difficult to reconcile with 

transcriptomic studies that have documented a host of PSI Arabidopsis genes involved in cell 

defense and oxidative stress amelioration (Morcuende et al., 2007), as well as proteomic 

approaches that identified numerous intracellular and secreted antioxidant enzymes upregulated 

by –Pi Arabidopsis suspension cells (including glutathione reductase, dehydroascorbate 

reductase, superoxide dismutase, and several peroxidases) (Mehta et al., 2021; Tran and Plaxton, 

2008). Despite significant efforts and advances, further investigations will be required before our 

understanding of the biochemistry, biological functions, and regulation of LMW mammalian-

type PAPs such as AtPAP17 will be complete. Overall, these studies are pertinent to applied 

efforts to bioengineer Pi-efficient crops, urgently needed to reduce or eliminate the over-use of 

non-renewable and polluting Pi-containing fertilizers in agriculture.  
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2.7 Tables  

Table 2-1. Substrate specificity of purified AtPAP17. APase activity was determined at pH 5.6 

with 5 mM of each compound (or 10 mg/ml of phosvitin, an egg storage phosphoprotein) using 

assay B as described in the Materials and Methods. APase activity is expressed relative to the rate 

of Pi hydrolysis from PEP set at 100%. All values are the means of at least three independent 

determinations and are reproducible within 10% of the mean. (Co-authored by Mina 

Ghahremani) 

 

Substrate Relative Activity 

PEP 100 

Phenyl-P 73 

para-nitrophenyl-P 70 

-naphthyl-P 56 

-naphthyl P 40 

ATP 39 

Phosphotyrosine 35 

6-Phosphogluconate 35 

β-Glycerophosphate 35 

ADP 31 

Glucose-6-P 30 

Phosphothreonine 28 

Glycerate-3-P 23 

Fructose-6-P 15 

Phosphoserine 11 

Glucose-1-P 8 

AMP 8 

deoxyAMP 7 

Phosvitin 2 
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Table 2-2.  Substrate saturation kinetics of AtPAP17.  Kinetic parameters were determined at pH 

5.6. All values are the means of at least three independent determinations and are reproducible 

within 10% of the mean. (Co-authored by Mina Ghahremani) 

 

Substrate Vmax 

(units mg-1) 

Km 

(mM) 

Vmax/Km 

(units mg-1 mM-1) 

PEP 30 0.1 300 

Phenyl-P 22 0.5 44 

para-nitrophenyl-P 21 0.85 25 

-naphthyl-P 17 1.2 14 

-naphthyl-P 12 1.6 7.5 
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2.8 Figures  

 

 

Fig. 2-1. Purification of AtPAP17 from a CW extracts of Pi-deprived Arabidopsis suspension 

cells. (A) SOURCE 15PHE hydrophobic interaction FPLC of pooled Concanavlin‐A Sepharose 

‘flow through’ fractions containing the low mannose AtPAP26‐S1 glycoform resolved two peaks 

of APase activity, with the first representing AtPAP26-S1 (Ghahremani et al., 2019a). An aliquot 

(2 l) of each APase-activity-containing fraction was subjected to immunodot blotting with anti-

PAP26 and anti-PAP17 as indicated.  (B, C) SDS-PAGE of indicated amounts of pooled fractions 

corresponding to the second APase activity peak shown in panel A was followed by protein 

staining using Coomassie Blue G-250 (CBB-G250) (B) or immunoblotting with anti-PAP17 (C). 

‘M’ indicates various non-prestained (B) or prestained (C) molecular mass standards. (Co-

authored by Mina Ghahremani) 
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Fig. 2-2. Deduced amino acid sequence alignment of AtPAP17 (At3g17790) with other Group 

IIIb members of the AtPAP. These are AtPAP3 (At1g14700), AtPAP4 (At1g25230), and 

AtPAP8 (At2g01890) (Fig. 1-3). Tryptic peptides derived from the 35 kDa protein-staining 

polypeptide of purified AtPAP17 (Fig. 1B) were subjected to peptide mass fingerprinting using 

MALDI-TOF MS and are underlined. The arrow indicates the predicted signal peptide cleavage 

site, whereas the N-terminal sequence determined for purified AtPAP17 is overlined. The star 

indicates the glycosylation site for AtPAP17 (Asn-61) and its three paralogs. Conserved PAP 

sequence motifs containing metal-ligating residues are marked with asterisks. Identical and 

similar amino acids are denoted by dark and light gray shading, respectively. (Co-authored by 

Mina Ghahremani) 
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Fig. 2-3. AtPAP17 is upregulated and dual-targeted to the intracellular fraction and extracellular 

matrix of Pi-deprived Arabidopsis cell cultures and seedlings. (A) Non-denaturing PAGE was 

followed by in-gel APase activity staining of purified AtPAP17 (150 ng), alongside intracellular 

and CW extracts of –Pi suspension cells, as well as –Pi cells that had been resupplied with 2 mM 

NaPi for 48 h (designated as ‘Pi-resupplied’) as described by Mehta et al. (2021). Intracellular 

and CW extracts were prepared according to the protocol outlined in Supplementary Fig. 2-S1. 

About 10 and 5 µg of protein from replicate intracellular and CW extracts (R1 and R2) was 

loaded per lane, respectively. (B) Non-denaturing PAGE was followed by in-gel APase activity 

staining of purified AtPAP17 (150 ng), alongside soluble intracellular extracts and corresponding 

concentrated growth media (12 µg lane-1) of 14-d-old wild-type (WT) and homozygous atpap17 

T-DNA insertional mutant seedlings (atpap17) (Wang et al. 2014) that had been hydroponically 

cultivated for the previous 7 d in media containing 1.5 or 0 mM Kpi (+Pi and –Pi, respectively). 

Prior to analysis, growth media containing secreted proteins was filtered and concentrated about 

100-fold as described in the Materials and Methods. A and B. ‘HMW PAPs’ include the 100 kDa 

AtPAP26 homodimer which is dual-targeted to the cell vacuole and extracellular matrix of –Pi 

Arabidopsis suspension cells and seedlings  (Hurley et al., 2010; Robinson et al., 2012d; Shane et 

al., 2014; Tran et al., 2010a; Veljanovski et al., 2006; Wang et al., 2014), whereas the fastest 

mobility Apase activity-staining band is due to AtVSP3, a 29 kDa Pi starvation-inducible 

vegetative storage protein that exhibits Apase activity (Sun et al., 2018). The gels were stained 

for phosphatase activity using β-naphthyl-phosphate and Fast Garnet GBC. 
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Fig. 2-4. AtPAP17-GFP localizes to lytic vacuoles of transiently transformed Arabidopsis 

suspension cells. Heterotrophic Arabidopsis suspension cells were co-transformed via biolistic 

bombardment with AtPAP17‐GFP and AtPAP26‐mCherry, the latter serving as a well 

characterized lytic vacuole marker (Ghahremani et al., 2019a; Hurley et al., 2010). Following 

bombardment, cells were incubated for 8 h to allow for gene expression and protein sorting, then 

fixed in formaldehyde and viewed using epifluorescence microscopy. Note that the fluorescence 

patterns attributable to AtPAP17‐GFP (A) and AtPAP26‐mCherry (B) co-localize, as evidenced 

by the yellow colour in the merged image (C); obvious examples of colocalization are also 

indicated by arrowheads. (D) Differential interference contrast (DIC) image is also shown. Scale 

bar is 10 µm. (Co-authored by Michal Pyc and Robert T. Mullen) 

 

A B C D

Fig. 5
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Fig. 2-5. AtPAP17 is upregulated during leaf senescence or following salinity stress. Non-

denaturing PAGE was followed by in-gel Apase activity staining of purified AtPAP17 (150 ng), 

alongside: (A) soluble intracellular extracts (15 µg protein lane-1) of non-senescing (NS) versus 

senescing (S) leaves of 21-d-old wild-type (WT) and atpap17 mutant seedlings (Wang et al., 

2014) that had been cultivated in a standard soil mix under a regular 16:8 h  light:dark regime, 

and (B) soluble intracellular extracts and corresponding concentrated growth media (8 µg lane-1) 

of 14-d-old wild-type (WT) and atpap17 mutant plants that had been hydroponically cultivated 

for the previous 7 d in +Pi media containing 0 (-) or 50 mM NaCl (+). Prior to analysis, growth 

media containing secreted proteins was filtered and concentrated as described in the Materials 

and Methods.   
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Fig. 2-6. (A) AtPAP17’s phosphatase versus PRx activity as a function of assay pH, and (B) 

relationship between its PRx activity and H2O2 concentration. Assays were buffered by: (A) a 

mixture of 25 mM sodium acetate, 25 mM MES and 25 mM Bis-Tris propane, and (B) 50 mM 

bis-Tris-propane (pH 9.2). All values in panels A and B represent the mean ±SE of n = 4 separate 

determinations; where invisible the error bars are too small to be seen.  
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Fig. 2-7. AtPAP17 knockout does not impact the acclimation of Arabidopsis to Pi-deprivation. 

+Pi and –Pi Col-0 and atpap17 seedlings were cultivated: (A) on vertically oriented agar-

solidified 0.5x MS media plates for 14-d, (B) in a peat moss/perlite soil mixture for 21-d, or (C) 

in liquid 0.5 x MS media for 14-d, as described in the Materials and Methods. All images shown 

in panels A-C are representative of at least n = 15 replicates; scale bars = 1 cm. (D and E) The 

fresh weight per seedling (D) and root:shoot fresh weight ratio (E) of seedlings grown on +Pi or –

Pi Murashige-Skoog media plates as shown in panel A; all values represent means ±SE of n = 15 

replicates. (F and G) Rosette fresh weight per pot (F) and leaf anthocyanin content (G) of plants 

cultivated for 21-d on a soluble Pi-deficient soil mix that had been irrigated with +Pi or –Pi 

nutrient solutions as shown in panel B; values represent means ±SE of n = 10 biological 

replicates, where four plants made up each replicate. (H) The fresh weight per flask and APase 

activity of 14-d old seedlings grown hydroponically in +Pi and –Pi liquid Murashige-Skoog 

media; values represent means ±SE of n = 3 biological replicates. Letters denote values that are 

significantly different (p < 0.05) as determined by a two-factor analysis of variance. (Co-authored 

by Kyla Stigter) 
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Fig. 2-8. AtPAP17 knockout does not influence the rate of senescence or chlorophyll 

degradation, or APase activity upregulation of senescing leaves. (A) Col-0 and atpap17 plants 

were cultivated for 21-d in a standard soil mixture as described in the Materials and Methods, and 

individual leaves in the fifth or sixth position wrapped in foil sleeves for up to 8-d to induce 

senescence. Images shown are representative of at least 10 replicates each. (B) Chlorophyll 

content of Col-0 and atpap17 leaves was determined at various times following the induction of 

leaf senescence. Dotted lines illustrate the rate of chlorophyll degradation as determined by linear 

regression. (C) APase activities were determined for clarified extracts of non-senescent (NS) and 

senescing (S) leaves. All values in panels B and C represent means ±SE of n = 3 biological 

replicates; letters denote values that are significantly different (p < 0.05) as determined by a two-

factor analysis of variance. (Co-authored by Kyla Stigter) 
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Fig. 2-9. AtPAP17 knockout does not influence appearance, growth, or total APase or guaiacol 

PRx activities of salt-stressed, soil-cultivated plants. Col-0 and atpap17 seedlings were 

established on agar-solidified nutrient plates for 7-d, then transferred to soil and cultivated in a 

growth cabinet under a regular fertilization and 16:8 h light:dark regime for an additional 21-d as 

described in the Materials and Methods. The 28-d old plants were irrigated with and without 150 

mM NaCl for one week prior to harvest. Images shown in panel A are representative of at least 

10 replicates. Shoot fresh and dry weights (B), and extractable guaiacol PRx (GPOX) and APase 

activities of clarified extracts prepared from fully expanded leaves (C) were also determined. All 

values in panels B and C represent means ±SE of duplicate determinations performed with n = 3 

biological replicates; letters denote values that are significantly different (p < 0.05) as determined 

by a two-factor analysis of variance. 
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2.9 Supplemental Information  

Table 2-S1. Primers used for PCR and cloning. 

Primer Designation  Sequence (5’→3’)  Description 

FP AtPAP17-GFP ATGAAACTTCTAGAATGAATTCTGGTCGTCGATCG Forward primer used 

for AtPAP17-GFP 

construct cloning 

RP AtPAP17-GFP TGATGGTACCGGAACAGAGGAATGAAGAAGTTG Reverse primer used 

for AtPAP17-GFP 

construct cloning 

FP AtPAP17 (A) AGTTAGTGCTAAGGGCTTCGG  Forward primer used 

for PCR identification 

and verification of 

AtPAP17 T-DNA 

insertion 

RP AtPAP17 (B) TTTGTCGTTGATGCAGAGTTG Reverse primer used 

for PCR identification 

and verification of 

AtPAP17 T-DNA 

insertion 

Rp LBa1  TGGTTCACGTAGTGGGCCATCG  Reverse primer used 

for PCR identification 

and verification of 

AtPAP17 T-DNA 

insertion 

FP PAP17-qPCR 

 

TTTGTCGTTGATGCAGAGTTGGTAG Forward primer used 

for qRT-PCR analysis 

of AtPAP17 transcripts 

RP PAP17-qPCR ACATAAGAGTTGCGAGATGGAAC Reverse primer used 

for qRT-PCR analysis 

of AtPAP17 transcripts 

FP PAP26-qPCR 

 

TAGGCGATATGGGTCAGACATTC Forward primer used 

for qRT-PCR analysis 

of AtPAP26 transcripts 

RP PAP26-qPCR CGGTACTACGCTCCACAAAACGA Reverse primer used 

for qRT-PCR analysis 

of AtPAP26 transcripts 

FP ACTIN-qPCR CGGTACTACGCTCCACAAAACGA Forward primer used 

for qRT-PCR analysis 

of AtACTIN transcripts 
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RP ACTIN-qPCR TAGTCAACAGCAACAAAGGAGAGC Reverse primer used 

for qRT-PCR analysis 

of AtACTIN transcripts 

FP TIP41-qPCR CCGGCGATTCAGATGGAGACGG Forward primer used 

for qRT-PCR analysis 

of AtTIP41 transcripts 

RP TIP41-qPCR TGCTGAGACGGCTTGCTCCTG Reverse primer used 

for qRT-PCR analysis 

of AtTIP41 transcripts 

 

Table 2-S2. Peptide mass fingerprinting via MALDI-TOF MS identified the 35 kDa protein 

staining polypeptide that eluted from the SOURCE 15PHE FPLC column (Fig. 2-1A) as 

AtPAP17.  

Identification  Protein accession MASCOT 

MOWSE score 

Sequence 

coverage 

Number of 

matching peptides 

Arabidopsis thaliana 

PAP17 

Q9SCX8 

 

256 51% 20 
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Table 2-S3.  Protein accession numbers of several AtPAP17 orthologs and their predicted 

molecular mass and location. 

 

Plant Source Protein  

Accessiona 

Percent 

Identity to 

AtPAP17  

Predicted Mr 

(kDa) 

Predicted 

Locationb 

Arabidopsis thaliana 

(AtPAP17) 
Q9SCX8 100 38.3 Secretory 

Arabidopsis lyrata D7L7W5 98 38.2 Secretory 

Capsella rubella ROI3Z2 96.1 37.7 Secretory 

Eutrema salsugineum V4M031 91.5 37.8 Secretory 

Brassica campestris D6MW84 88.9 38.3 Secretory 

Brassica oleracea A0A0D3ACR6 88.6 37.8 Secretory 

Brassica napus B5KRG7 88.3 38.2 Secretory 

aUniProt identifierot.org). 

bPredicted by the Signal P program; secretory denotes presence of a putative signal peptide for targeting to the 

secretory pathway which includes the cell vacuole, cell wall, and apoplast.  

 

Table 2-S4. Effect of various substances on AtPAP17 activity. The standard assay A was used 

and activity is expressed relative to control assays lacking any additions (set at 100). All values 

are the means of at least three independent determinations and are reproducible within 10% of 

the mean.  

 

Addition (5 mM) Relative Activity 

ZnCl2 0 

Vanadate 0 

Molybdate 15 

NaPi 35 

Tartrate 100 
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Fig. 2-S1. Flow-chart outlining the method used for extracting and processing the intracellular and CW proteomes of 

–Pi Arabidopsis suspension cells. This was adapted from a CW extraction protocol developed for Arabidopsis 

seedlings (Feiz et al., 2006, Plant Methods, 2: 10 doi:10.1186/1746-4811-2-10). (Co-authored by Emma J. L. 

Walker) 
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Fig. 2-S2. SDS-PAGE of an intracellular and CW extract was followed by immunoblotting (A-C) or fluorescent 

protein staining with SYPRO-Red (D). Intracellular and CW extracts were simultaneously prepared from –Pi 

Arabidopsis suspension cells according to the method outlined in Supplementary Fig. S2. (A) The immunoblot was 

probed with rabbit anti-(castor cytosolic aldolase [ALD]) immune serum (Hodgson and Plaxton 1998. Arch. 

Biochem. Biophys. 355: 189-196). About 20 μg of protein was loaded into each lane, whereas 50 ng of cytosolic 

ALD purified from germinating castor beans (Hodgson and Plaxton, 1998) was used as a reference and positive 

control. (B) The immunoblot was probed with rabbit anti-(castor sucrose synthase-I [SUSY])-immune serum 

(Fedosejevs et al. 2014. J. Biol. Chem. 289: 33412-33424). About 20 μg of protein was loaded into each lane, 

whereas 20 ng of SUSY purified from developing castor beans (Fedosejevs et al., 2014) was loaded into the last 

lane. (C) The immunoblot was probed with rabbit anti-AtPAP25-immune serum (del Vecchio et al., 2014). About 20 

μg of protein was loaded into each lane, whereas 25 ng of AtPAP25 purified from CWs of –Pi Arabidopsis 

suspension cells (del Vecchio et al., 2014) was loaded into the last lane. (A-C) Immunoreactive polypeptides were 

visualized using an alkaline phosphatase-conjugated secondary antibody and chromogenic detection. (D) SDS-PAGE 

was followed by total protein staining using SYPRO-Red. About 30 μg protein was loaded into each lane for the CW 

and intracellular extracts; the gel was imaged using a Typhoon 8600 fluorescent imager. ‘M’ denotes various 

prestained (A-C) or non-prestained (D) protein molecular mass markers. (Co-authored by Emma J. L. Walker) 
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Fig. 2-S3. AtPAP17 is strongly induced following nutritional Pi-deprivation of Arabidopsis 

seedlings or suspension cells. (A) Semi-quantitative RT-PCR was performed as previously 

described (Ghahremani et al. 2019a) using gene-specific primers for AtPAP26, AtGAL1, 

AtPAP17, and AtACTIN. AtACTIN was used as a reference to ensure equal template loading. All 

PCR products were taken at cycle numbers determined to be non-saturating. Control RT-PCR 

reactions lacking reverse transcriptase did not show any bands. (B) AtPAP17 transcript levels 

were also determined by qRT-PCR as previously described (Robinson et al., 2012a). Relative 

expression was normalized to the abundance of AtACTIN mRNA. Transcript data represent 

means ±SE using cDNAs prepared from n = 3 biological replicates. An asterisk indicates values 

that are significantly different (p < 0.05) as determined by a two-factor analysis of variance. (Co-

authored by Mina Ghahremani) 
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Fig. 2-S4. Heat map of the impact of various abiotic stresses on AtPAP1-29 transcript levels in 

(A) shoots versus (B) roots of Arabidopsis seedlings compared to a control. The heat map was 

produced in MATLAB (MATLAB 9.1.0, The MathWorks, Inc., Natick, Massachusetts, United 

States) using values obtained from the ePlant tool (Waese et al. 2016; data from Kilian et al. 

2007) provided by the Bio-analytic Resource for Plant Biology 

(http://www.bar.utoronto.ca/welcome.htm), where values represent the difference in expression 

of a stressed plant with respect to an unstressed control plant. The colour key represents the 

quantile-normalized log10-transformed values. Dark red indicates a large increase in expression 

whereas dark blue indicates a large decrease in expression. LMW Group IIIb paralogs of 

AtPAP17 (Fig. 1-3) are indicated with an asterisk. (Co-authored by Kyla Stigter) 
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Fig. 2-S5. AtPAP17 is immunologically distinct from group I, HMW PAPs purified from CW 

extracts of –Pi Arabidopsis cell cultures. SDS-PAGE of the final AtPAP17 preparation as well as 

fully purified AtPAP12, AtPAP25, and AtPAP26-S1  (50 ng each) was followed by 

immunoblotting with rabbit antibodies raised against each respective isozyme (Veljanovski et al., 

2006; Tran et al., 2010a; del Vecchio et al., 2014). ‘M’ denotes various molecular mass 

standards. (Co-authored by Mina Ghahremani) 
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Fig. 2-S6. A. Superdex 75 HR 10/30 gel filtration FPLC elution profile of purified AtPAP17, obtained 

following butyl Sepharose, Fractogel SO3
-, Concanavlin-A and SOURCE 15PHE FPLC of a clarified cell 

wall extract prepared from 1 kg of –Pi Arabidopsis suspension cells (as described by Ghahremani et al., 

2019a). The sample volume was 200 µl and flow rate 0.25 ml min-1. The column’s void volume (Vo) is 

indicated with an arrow. Insets: an aliquot (2 l) of each APase-activity-containing fraction was subjected 

to immunodot blotting with anti-PAP17. Peak APase activity fractions were pooled, concentrated, and 

subjected to SDS-PAGE followed by protein staining with Coomassie Blue G-250 (CBB-G250) or 

immunoblotting with anti-PAP17 as indicated; approximately 2 g and 25 ng of protein were loaded for 

the protein-stained SDS gel and immunoblot, respectively. ‘M’ denotes various pre-stained protein 

molecular mass standards.  B. AtPAP17’s native molecular mass was estimated from a plot of Kav versus 

log Mr for the specified protein standards. Kav = (Ve – Vo)/(Vt – Vo), in which Ve is the protein’s elution 

volume, and Vo and Vt are the column’s void and total volume, respectively. (Co-authored by Mina 

Ghahremani) 
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Fig. 2-S7. Relationship between protein concentration and PRx activity of AtPAP17 (A) versus 

HRP (B). Luminol (5-aminophthalhydrazide) peroxidation was determined using a Synergy H1 

microplate luminometer as described in the Materials and Methods. Photon emission was 

measured for 30 s after initiating the reaction by the addition of 0.1 ml of 20 mM H2O2 to a 0.1 

ml reaction mix containing 50 mM Bis-Tris propane (pH 9.2) and 1 mM luminol. The results 

represent means ±SEM of n = 3 replicates; where invisible the error bars are too small to be seen.  
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Fig. 2-S8. Confirmation of T-DNA insert location in the atpap17-2 T-DNA insertional mutant 

(SALK_08530) studied by Wang et al. (2014). (A) Schematic representation of AtPAP17 gene 

(At3g17790), where exons and introns are respectively denoted by white and grey rectangles. T-

DNA insertion location is indicated by a triangle, and arrows indicate primers used for PCR and 

genotyping. (B) Assessment of T-DNA location and mutant homozygosity via PCR-based 

screening of gDNA templates isolated from leaves of +Pi Col-0 and atpap17 seedlings. PCR 

products were amplified from the corresponding gDNA in a PCR reaction using AtPAP17-

specific primers (primers A + B) and the overlapping region between AtPAP17 and T-DNA 

insert-specific primers (primers LBa1 + B) (Supplementary Table S1); both PCR products were 

consistent with their predicted size (bp, base pair). The lack of multiple amplification products 

for AtPAP17 DNA in atpap17 demonstrates that the mutant is homozygous.  
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Fig. 2-S9. The relative expression of AtPAP17 (A,B) and AtPAP26 (C,D) in 21-d old Col-0, 

atpap17, and atpap26 mutant seedlings was determined with respect to the reference genes 

AtTIP41 (A,C) and AtACTIN (B,D). Seven-d-old seedlings were grown under Pi sufficient (+Pi, 

1.25 mM KH2PO4) or Pi starved (−Pi, 0 mM KH2PO4) conditions for 2 weeks before RNA 

extraction, and qRT-PCR performed as described in the Material and Methods using primers 

listed in Supplementary Table 2-S1. All values represents means ±SE of n = 5 biological 

replicates; different letters denote values that are significantly different (p < 0.05) as determined 

by a two-factor analysis of variance. (Co-authored by Ang-Yu Liu and Gustavo C. MacIntosh) 
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Chapter 3  

General Discussion  

 Previous research has established the critical role of HMW AtPAPs in Pi scavenging and 

remobilization during Pi deprivation and/or leaf senescence (Robinson et al., 2012b; Robinson et 

al., 2012a; Tran et al., 2010b; Wang et al., 2014). By comparison, the existing body of research 

regarding LMW plant PAPs has failed to reach a clear consensus on their key in planta functions. 

The primary objective of this thesis was to identify the potential roles of the LMW AtPAP17 by 

kinetically characterizing its APase versus PRx activity, while exploiting functional genomic 

techniques to investigate phenotypes of an atpap17 knockout in response to Pi-stress, leaf 

senescence, and oxidative stress imposed by salinity. Results presented here indicate that 

AtPAP17 does not contribute significantly to Pi-deprivation or leaf senescence in Arabidopsis, 

which corroborates the findings of Wang and colleagues (2014). However, a recent publication 

suggested that AtPAP17 possesses a critical role, along with the extensively studied HMW 

AtPAP26, in a gene compensation network during Pi homeostasis (Farhadi et al., 2020). Work 

presented in this thesis, corroborated by existing published data on AtPAP17 and AtPAP26 under 

+Pi and –Pi conditions, is discordant with the AtPAP17/AtPAP26 gene compensation network 

proposed by Farhadi and colleagues (2020). Future work may be necessary to resolve the 

discrepancies between existing published data, results of this thesis, and those presented in 

Farhadi and colleagues (2020).  

Several reports have identified LMW PAP isozymes from common bean (Liang et al., 

2010), stylo (Liu et al., 2016), and soybean (Zhu et al., 2020) as contributing to extracellular 

nucleotide triphosphate utilization during Pi-starvation. Whether AtPAP17, or other LMW 

AtPAPs possess an indispensable function in scavenging extracellular nucleotide phosphates in 
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Arabidopsis remains to be tested. Conversely, the role of AtPAP17 in ROS metabolism has been 

frequently proposed (del Pozo et al., 1999; Schenk et al., 2013; Kataya et al., 2016), but has yet 

to receive extensive biochemical investigation. Abassi-Vineh and colleagues (2021) presented 

genetic evidence implicating AtPAP17 and AtPAP26 in Arabidopsis salinity tolerance via their 

antioxidant activity, however, this is not a viable explanation for their results, since only the ROS 

producing activity in the form of the OH• has been identified in AtPAP17 (del Pozo et al., 1999) 

and AtPAP26 (Veljanovski et al. 2006).  

This thesis presents my own work, as well as work by former Plaxton lab members Kyla 

Stigter and Mina Ghahremani, that contributes to our understanding of potential in-planta 

function(s) of AtPAP17 in both Pi and ROS metabolism. With a focus on native enzyme 

purification and subsequent kinetic and physical characterization, this work attempts to reveal 

biochemical mechanisms underpinning AtPAP17’s proposed functions, which have thus far been 

investigated primarily utilizing genetic techniques.  

3.1 Summary of Key Results and Future Directions  

3.1.1 Stress Induced Expression and Dual Targeting of AtPAP17  

One objective of this thesis was to determine if AtPAP17 enzyme accumulates in 

response to stresses that markedly induce AtPAP17 transcripts, notably Pi deprivation, leaf 

senescence, and salinity stress. Additionally, since AtPAP17 had been purified from both 

intracellular extracts of –Pi Arabidopsis seedlings (del Pozo et al., 1999) and CW extracts of –Pi 

Arabidopsis suspension cells (Ghahremani, unpublished), a key objective involved determining 

whether AtPAP17 is secreted (i.e., CW, apoplast) and/or intracellularly targeted (i.e., cell 

vacuole). Non-denaturing PAGE and in-gel APase activity staining revealed that AtPAP17 was 

de novo synthesized by –Pi Arabidopsis suspension cells and seedlings, senescing leaves, and +Pi 
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seedlings in response to NaCl treatment. Remarkably, AtPAP17 was identified as the most 

significantly downregulated of over 1,000 intracellular proteins whose abundance significantly 

changed following 48 h Pi resupply to –Pi suspension cells (Mehta et al., 2021). AtPAP17 

transcription is also rapidly repressed (i.e., within 30 min) following Pi-resupply to –Pi 

suspension cells or seedlings, indicating its expression is controlled primarily at the 

transcriptional level (del Pozo et al., 1999; Muller et al., 2004; Veljanovski et al., 2006).  

To begin elucidating the subcellular targeting of AtPAP17, an AtPAP17-GFP construct 

was transiently expressed in Arabidopsis suspension cells. Epifluorescence microscopy 

demonstrated that AtPAP17-GFP was targeted to lytic vacuoles, but provided no evidence that 

AtPAP17-GFP was also targeted to the CW. To determine whether AtPAP17 is targeted to the 

CW and/or apoplast, a protocol was optimized for simultaneous extraction of intracellular and 

ionically-bound CW proteomes from –Pi Arabidopsis cell cultures exhibiting negligible 

contamination by CW and cytoplasmic marker proteins, respectively. Once immunoblotting of 

reliable cytosolic versus CW marker enzymes demonstrated the protocol reliably achieved 

isolation of ‘clean’ intracellular and CW-proteomes, my non-denaturing PAGE and in-gel APase 

activity-staining analyses revealed that a significant LMW APase-activity staining band that co-

migrated with purified AtPAP17 was present in both the CW and intracellular extracts from the –

Pi suspension cells. This provides strong evidence, in combination with comparable staining 

bands detected in the seedling culture filtrates (i.e. secretome) of –Pi and salinity stressed 

Arabidopsis seedlings, that AtPAP17 is dual-targeted to lytic vacuoles and the CW/apoplast.  

Taken together, the expression of AtPAP17 in response to multiple stresses, its rapid 

turnover upon alleviation of Pi-deprivation, and dual targeting to lytic vacuoles and CW/apoplast 

seem to indicate an important function for AtPAP17. It appears that Arabidopsis has evolved to 

tightly control the expression of AtPAP17 during specific stresses, and to rapidly repress its 
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expression when those stresses are reversed. It’s important to note, however, that AtPAP17 is not 

a general stress response gene, since its expression was unresponsive to nitrogen or potassium 

starvation, or to oxidative stress induced by paraquat or salicylic acid (del Pozo et al., 1999). 

Since AtPAP17 exhibited phosphoamino acid and phosphoprotein phosphatase activity (Table 2-

1), and extracellular protein phosphorylation is well established in plants (Ghahremani and 

Plaxton, 2020), a promising future direction would be to investigate this role for AtPAP17. A 

working hypothesis could posit that AtPAP17 functions to dephosphorylate extracellular 

phosphoproteins. We know that phosphate deprivation results in significant changes to the CW 

phosphoproteome of Arabidopsis plants (Ellis, 2013). One experiment could involve comparing 

the CW phosphoproteome of Col-0 versus atpap17 Arabidopsis under –Pi conditions, where 

we’d predict that the CW phosphoproteome of atpap17 plants will differ from Col-0 Arabidopsis 

if AtPAP17 contributes to extracellular protein phosphatase activity. An additional experiment 

could involve incubating CW extracts with or without purified AtPAP17 to determine whether 

the phosphoproteome changes as a result of AtPAP17’s phosphoamino acid or phosphoprotein 

phosphatase activity.  

3.1.2 AtPAP17’s APase and PRx Kinetic Properties 

The major objective of this thesis, which sets it apart from previously published works on 

AtPAP17 and most other HMW or LMW PAPs, involved kinetic characterization of AtPAP17’s 

PRx activity. To fulfill this objective, native purification of AtPAP17 from CW extracts of –Pi 

suspension cells was performed, which enabled additional physical and kinetic characterization. 

Work by Mina Ghahremani characterizing its APase kinetics revealed that AtPAP17 exhibits 

broad substrate specificity like other PAPs, but more notably an unusually broad APase-pH 

activity optimum (pH 5.5-7.5), which differs from the majority of characterized plant PAPs that 
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exhibit much sharper pH-activity optima (pH 5.5-6.0) (Tran et al., 2010a). Interestingly, the 

LMW PvPAP3 exhibited a similarly broad pH-activity profile (pH 5.5-8.0), and thus might be a 

unique property of LMW plant PAPs (Liang et al., 2010). The broad pH-activity optimum of 

LMW PAPs might facilitate Pi-scavenging functions when the compartments where they occur 

become alkaline; this occurs in the extracellular matrix during salinity and drought, or when 

tonoplast integrity is lost during the programmed cell death that accompanies senescence, upon 

which vacuolar proteins such as AtPAP17 would be exposed to higher pH values (Borniego et 

al., 2020; Geilfus, 2017).  

The PRx activity of AtPAP17 was originally established by del Pozo and colleagues 

(1999) who showed it induced ‘striking’ chemiluminescence in a luminol PRx assay compared to 

equimolar concentrations of bovine serum albumin; however, they did not perform any further 

kinetic analysis. Using a well-established luminol chemiluminescence assay, I confirmed that 

AtPAP17 induced significant chemiluminescence, with a pH optimum occurring at pH 9.2. This 

pH optimum may exceed AtPAP17’s actual in-planta PRx optimum, since the reaction 

mechanism of luminol peroxidation necessitates alkaline assay conditions of at least pH 7.0. The 

extensively-characterized pH optimum for HRP is 6.0-6.5 (Veitch, 2004), while the optimum 

measured with the luminol chemiluminescence assay is 8.5. Therefore, I can approximate that the 

actual in planta pH optimum of AtPAP17’s PRx activity might lie between 6.7-7.2, which is 

compatible with physiologically relevant cellular conditions during which AtPAP17 is expressed 

and active.  

I also determined the H2O2 saturation kinetics of AtPAP17, which revealed it possesses a 

Km(H2O2) value of ~3.4 mM. This corresponds to a relatively low affinity, considering 

glutathione PRx, ascorbate PRx, and HRP all exhibit Km(H2O2) values in the µM range (Akimoto 

et al. 1990). However, the major peroxisomal H2O2 scavenging enzyme is catalase, which also 
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possesses a Km(H2O2) in the mM range, although it does possess an extremely high kcat. A 

possible reason for the large discrepancy in ROS affinities between ascorbate PRx and catalase is 

that they belong to different classes of H2O2-scavenging enzymes: ascorbate PRx (µM range) 

might be responsible for the fine modulation of ROS for signaling, whereas catalase (mM range) 

might be responsible for the removal of excess ROS during stress (Mittler, 2002). The low 

affinity for H2O2 observed in AtPAP17 might suggest it functions to remove excess ROS during 

stress and thus becomes most active at high concentrations, like those that correspond to the H2O2 

affinity of catalase. 

My luminol chemiluminescence-based PRx activity assay was first validated by 

confirming photon emission generated by AtPAP17’s PRx activity was proportional to protein 

concentration. This allowed calibration of the luminometer with known amounts of HRP (3,236 

units mg-1) to estimate a specific PRx activity of 41 units mg-1 for AtPAP17. This apparently low 

in vitro specific activity observed for AtPAP17 is commonly encountered when studying plant 

PRxs. Specifically, class III plant PRxs can react with numerous plant compounds in vitro, but it 

is uncertain which of these compounds are in planta substrates (Cosio and Dunand, 2010). In 

vitro activity cannot therefore offer precise observations of the actual specific activity of 

AtPAP17 with its in planta PRx substrates. It is possible that AtPAP17 exhibits higher specific 

activity and H2O2 affinity in the context of its optimal in planta peroxidation substrate and 

cellular environment. A ROS detection method that could avoid this difficulty is in vivo 

histochemical staining and/or ROS imaging using fluorescent probes. Several established 

techniques exist, such as colored reagents like 3,3’-diaminobenzidine (DAB) or fluorescent 

probes like 2’7’-dichlordihydrofluorescein (H2DCFDA), each with their own advantages and 

limitations (Smirnoff and Arnaud, 2018).  
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An important experiment to further elucidate the role of AtPAP17 in ROS scavenging 

would be to perform histochemical staining and/or imaging of ROS accumulation during various 

stresses including salinity, comparing Col-0 and atpap17 knockout plants. A recent study utilized 

the 3,3’-diaminobenzidine or DAB staining technique, which is fairly specific for H2O2, to 

compare ROS accumulation in the root tips of Arabidopsis plants, comparing Col-0 plants to 

transgenics with a gene of interest either knocked out or overexpressed (Lu et al., 2020). This 

analysis yielded images with clear qualitative differences in DAB staining of Arabidopsis root 

tips, which were quantitatively measured using ImageJ software to compare H2O2 accumulation 

between genotypes exposed to various conditions. This experiment could be employed with the 

atpap17 T-DNA insertional mutant to determine whether it exhibits differences in H2O2 

accumulation as compared to Col-0 Arabidopsis during various stresses like salinity. In vivo ROS 

imaging may reveal an important role for AtPAP17 that could not be determined by in vitro 

assays, and should be priority for future work studying the role of AtPAP17 in ROS metabolism  

All plant PAPs that have been analyzed for metal ion content contain an Fe3+-X2+ active 

site, where X is either Zn or Mn. The only exception is the recombinantly expressed lbPAP3 

from sweet potato, which contained an Fe3+-Fe2+ diiron active site but was not kinetically 

characterized (Waratrujiwong et al., 2006). The similarities between AtPAP17 and the 

mammalian ACP5, with its characteristic diiron active site, has been frequently mentioned in 

PAP literature (del Pozo et al., 1999; Li et al., 2008; Schenk et al., 2013). The active site metal 

ions have yet to be determined for any LMW plant PAPs, so determining AtPAP17’s active site 

metal ions would be an important step towards identifying the kinetic mechanism for PRx 

activity and revealing the potential similarities between LMW plant PAPs and ACP5. Attempts to 

determine metal ion content of AtPAP17 are currently underway using ICP-MS, a technique that 
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successfully identified the active site metal ions of AtPAP26 glycoforms purified from the CW of 

Arabidopsis suspension cells (Ghahremani et al., 2019b).  

3.1.3 Role of AtPAP17 in the Arabidopsis PSR and During Salinity Stress 

An important thesis objective was to perform functional genomic analysis utilizing the 

atpap17 T-DNA insertional mutant previously studied by Wang et al. (2014) and Kyla Stigter 

(2017) to assess potential phenotypes during oxidative stress imposed by excessive salinity. 

Functional genomic analysis of atpap17 knockout plants revealed that they did not differ 

significantly from Col-0 plants in response to –Pi conditions, leaf senescence, or salinity imposed 

by NaCl. Although reductions in fresh and dry weight, as well as increased guaiacol PRx activity 

were observed in Arabidopsis plants exposed to NaCl, atpap17 knockout plants did not exhibit 

significant differences from Col-0.  

The study of class III plant PRxs, which AtPAP17 most resembles, has two inherent 

difficulties, one being the issue of accurately measuring in vitro specific activity of PRxs. The 

other difficulty is that the modification of expression of a single gene often results in no visible 

mutant phenotype, because it is compensated by redundant PRx genes (Cosio and Dunand, 2009). 

There are over 70 class III PRx genes in Arabidopsis, and many other class I and II PRx genes 

with overlapping functions, which makes it difficult to identify the function of specific class III 

isoforms using functional genomic techniques. In Arabidopsis, AtPAP17 belongs to a family of 

29 AtPAP genes, many of which exhibit APase kinetics that, in combination, could be capable of 

compensating for the loss of AtPAP17 APase activity, which is the likely reason no significant 

phenotype was observed in the atpap17 knockout under Pi-deprivation or senescence. Moreover, 

AtPAP26 has exhibited luminol PRx activity with a similar pH optimum to AtPAP17 

(Veljanovski et al., 2006). Therefore, it is possible that AtPAP26 has redundant PRx activity and 
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compensates for AtPAP17 during oxidative stress such as salinity. Afterall, AtPAP17 and 

AtPAP26 are both targeted to lytic vacuoles and the CW/apoplast. To be clear, I refer to 

compensation at level of enzyme activity and not the ‘gene compensation network’ proposed by 

Farhadi et al. 2020 and Abissi-Vineh et al. 2021, which has not yet been corroborated . 

An important future objective should be to generate higher order mutants that would include 

an atpap17/atpap26 double knockout, an AtPAP17 overexpression line, as well as an 

atpap4/atpap17 double knockout. Given that AtPAP4 is the closest paralog to AtPAP17 (Fig. 2-

2), it should be considered a major candidate for potential compensation for AtPAP17's function. 

To credit Farhadi and colleagues (2020) and Abissi-Vineh and colleagues (2021), they did study 

an atpap17/atpap26 double knockout and each respective overexpression. However, given the 

major discrepancies with regard to results from their single atpap17 and atpap26 single 

knockouts, it remains prudent to prioritize the study of these higher order mutants independently.  

The double knockouts could be phenotypically analyzed alongside each single knockout during 

Pi-deprivation, senescence, or oxidative stress, which could allow differentiation of the respective 

roles of AtPAP17, AtPAP26, and AtPAP4 in Pi and ROS metabolism. Additionally, analyzing 

Arabidopsis plants with AtPAP17 overexpressed could reveal whether AtPAP17 has an important 

function while circumventing the issue of redundancy by other AtPAPs or class III PRxs.  

An experiment is currently in progress assessing the capacity of hydroponically cultivated 

Col-0 and atpap17 Arabidopsis seedlings to utilize ATP as a sole extracellular Po source; 

however, this analysis could be improved by incorporating higher order mutants. In particular, an 

AtPAP17 overexpression line could be used to determine whether extracellular nucleotide 

triphosphate utilization is improved relative to Col-0 Arabidopsis, which was the case for the 

LMW GmPAP7a/b when overexpressed in soybean (Zhu et al. 2020). Obtaining higher order 
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mutants should be a priority for future work on AtPAP17 to examine its potential functions in Pi 

and ROS metabolism independent of AtPAP26 and other potentially redundant PRx enzymes. 
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Appendix I – AtPAP17 Purification from CW of Pi-starved Arabidopsis Suspension Cells 

Table A-1. Purification of native AtPAP17 from CW extracts prepared from 0.5 kg of Pi-starved 

Arabidopsis suspension cells 

 
Step  Vol. 

(mls) 

Activity 

(Units)  

Protein  

(mg) 

Specific 

Activity 

(Units/mg) 

Purification  

(-fold) 

Yield 

(%)  

Clarified CW Extract 

  

755 2718 6040 0.45 ___________ 100 

(NH4)2SO3 (35% Sat.)  750 2812.5 3600 0.78 1.73 103 

 

Butyl Sepharose FPLC 

 

30 

 

1560 

 

1065 

 

1.46 

 

3.23 

 

57 

 

Dialysis  

 

36 

 

921 

 

378 

 

2.4 

 

5.3 

 

33 

 

Fractogel FPLC  

 

0.6 

 

300 

 

2 

 

150 

 

331.25 

 

22 

 

Source Phenyl FPLC 

 

0.4 

 

7.2 

 
  

 
 

0.00264 

 

Superdex 75 Gel 

Filtration FPLC 

 

0.35 

 

7 

 

0.6125 

 

11.4 

 

25 

 

0.00257 
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Figure A-1. Butyl Sepharose Fast Flow (hydrophobic interaction) elution profile obtained during 

AtPAP17 purification using AKTA FPLC. Every 2nd fraction 5 µl was subjected to non-

denaturing PAGE and in-gel APase activity alongside purified AtPAP17 (lane 1) staining to 

identify fractions containing 35 kDa AtPAP17 that needed to be pooled. The blue plot represents 

A280, the brown plot is conductivity, and the green plot is (%buffer B). 

 

Figure A-2. Fractogel EMD SO4
- (cation exchange) elution profile obtained during AtPAP17 

purification using AKTA FPLC. Every 2nd fraction 5 µl was subjected to non-denaturing PAGE 

and in-gel APase activity staining to identify fractions containing 35 kDa AtPAP17 that needed 

to be pooled. The blue plot represents A280, the brown plot is conductivity, and the green plot is 

(%buffer B). 
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Figure A-3. Source 15 PHE FPLC (hydrophobic interaction) elution profile obtained during 

AtPAP17 purification using AKTA FPLC. Every 2nd fraction 5 µl was subjected to non-

denaturing PAGE and in-gel APase activity staining to identify fractions containing 35 kDa 

AtPAP17 that were pooled and concentrated. The blue plot represents A280, the brown plot is 

conductivity, and the green plot is (%buffer B). 

 

Figure A-4. Superdex 75 (gel filtration) elution fractions subjected to non-denaturing PAGE and 

in-gel APase staining to identify fractions containing 35 kDa AtPAP17. SDS PAGE and 

immunoblot analysis of pooled and concentrated fractions from Superdex 75.  
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Appendix II – Calculating the Specific PRx Activity of AtPAP17  

 

Calculating specific activity of Sigma Horseradish Peroxidase in standard international 

enzyme activity units (1 ‘unit’ = 1 µmol of Product formed per min) 

 

- Sigma states that their HRP = 283 PG units/mg protein, but 1 ‘unit’ of Sigma HRP 

(catalogue#: P8375 forms 1 mg of pyrogallin (PG)/20 sec = 3 mg PG/min 

 

- PG mol wt = 220.2 g/mol = 220.2 µg/µmol  

- ⸫ 1 unit of Sigma HRP = 3 mg PG formed/min = 3,000 µg/min = (3,000/220.2) µmol 

/min = 13.6 µmol/min 

- ⸫ 283 PG units/mg protein = (283 x 13.6) (µmol/min)/mg protein = 3,850 

(µmol/min)/mg HRP protein  

If maximal peroxidase activity of HRP is 94x greater than that of AtPAP17,  

⸫ AtPAP17 specific peroxidase activity = 3,850/94 (µmol/min)/mg = 41 (µmol/min)/mg = 41 

‘units’/mg 
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